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PREFACE

This Lecture Series was recommende d by the Propulsion and Energetics Panel of
AGARD and is imp lemented under the Consultant and Exchange Programme.

In recent years many optical measuring methods , most using lasers, for determing
flow velocity (with turbulence and fluctuations ), temperature , and species concentration
have been studied. The main advantage is that the flow is not disturbed. They are of
great value for research and development on engines and components and for the under-
standing of fundamental  flow processes.

The Lecture Series will inform propulsion specialists of the techni ques that are currently
available , how to use them and their limitations . It will review experience to date in
prac ti cal applications. Laser-velocimetry will be emphasized since it is the only techniqu e
which has achieved practical importance up until now. Raman scattering and holography
interfero rn etry will also be addressed. Commonly-used techni qu es and qualit at ive type
methods such as infrared for surface temperature and Schlieren techniques will not be
addressed.

Dr tng. H.B .WEYER
Lecture Series Director
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REQUIREMENTS OF AERO-EN GINE DEVELOPMENT TO ADVANCED EXPERIMENTAL TECHNIQUES

By

H.B. Weyer

DFVLR —I nstltut fUr Luftstrahlantr iebe
- 

. u nder Hdhe . 5 Kbln 90, W.Gerniany

ABSTRACT

The development of an new aero engine needs today always a very long time and requires
an extremely high budget of money , because in each case a lot of individu a l problems
(aero-thermodynamic design , materials, structures , a.s.o.) must be solved.

Concerning the aero-thermodynamic design of aero-engines worldwide efforts are focused
on lowering the developmental costs by improving the calculation techni ques for designing
the various engine components - more reliability and more general validity are demanded.
However the activities are also - a i,med at increasing the performance capability and the
efficiency of the engine. In order to arrive at satisfactory solutions it is necessary to
learn - by detailed experimental studies - more about the complex flow patterns, about
the combustion processes, and about the cooling phenomena in real engines and their
components.

In this paper the attempt will be made to expose the primary problems of the aero-
thermodynamic design , to outline the requirements to adequate experimental studies and to
the corresponding testing techniques.

INTRODUCTION H

A m a i n  aspect of aero—e ng ine research and development was always to provide reliabl e
measuring and testing techniques appropriate for the detailed experimental study of flow,
of materials , of mach ine dynamics a.s.o. Qualified experimental data will contribute in
the future to realizing the next steps of performance increase ,of efficiency improvement ,
of life—time extension , and of reducing the extremely high developmental costs by re- -

fining the today ’s design and off-design calculation techniques.

Excellent reviews of the past efforts in the field of developing appropriate measuring
techniques are given in ref.1 and 2. Although being aware of the very serious materials
and vibration problems in aero-eng ines the Lecture Series on ‘Laser Optical Measurement
Methods ” will only deal with the aero-thermodynam ic R and D aspects focused on non-in-
strus ive optical methods which allow to measure the flow velocity and direction , the
flow turbulence and fl uctuations, the temperature, and the species concentrations with—
out disturbing the flow. These new methods enable measurements which up to now could not
be or not easil y be performed , such as measurements inside the rotating blade channels of
turbomachines , interstage measurements of multistage machines , or inside combustors . The
use of such techniques in engine R and D will provide a better understanding of the fun-
damental flow phenomena In the different engine components. Thus they offer great possi-
bil ities to achieve more confidential data for component design and to prove respectively
to improve theoretical flow models.

Some of these techniques are still in the development phase in laboratories, others
have already become appropriate for app lication in engine R and 0. The objecti ve of this
Lecture Series is to inform propulsion specialists in research and development which
techniques are presently available for the use in engine and component test rigs and how
to handle these methods.

A critical review of all optical techniques being presently under development shows
that today only the laser velocimetry has achieved practical importance. Therefore, these
methods including their practical application in engine R and D are covered with particu-
lar emphasis. Other methods (such as Raman scattering, holography , interferometry) are
treated In a review lecture paying attention to their status of development and their pro-
mises for engine R and 0.

Before opening the series of the expert lectures I would like to comment briefly upon
some fundamental aero-thermodynami c aspects of engine research and development particu-
larly upon the status of today ’s engine technology , its future trends, and their re-
quirements to advanced experimental techniques.

AERO-ENGINE TECHNOLOGY AND TRENDS

As in the past also the development of future aircraft engines will be dictated pri-
marily by the following fundamental requirements:

- Low Specific Fuel Consumption

- High Specific Thrust or Power
- Minimum Weight and Dimensions

-

~

2=- —-.—~~— - - ~~~~~~~~~~~~~~ 
_ •~~; -~~~ — ~~~~ - ~~ . ,



-
~~~~~~~

.-- 
~—,-———.—— -~~—•- ————..-- ~~~~~~~~~~~~~~~~~~~~~~ — - ..-—~.~~ ——— -. - .,~~~~~ .——.——-,.-- ~~~~~-. ——— -.-— -.-—~..-——.— . .  

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

Due to quite different operational missions of civil and military aircrafts, heli-
copters an d RPV’ s additional requirements exist for each engine category :

Civil Aircraft M ill t.Aircr a ft Helicopter RPV
En gi nes En gi nes Eng in es En gi nes

— Long Life — Mu lti Mission- — Low Price - Extreme Low Price
Endurance Capability

— Long Time - Max. Reliability - High Acce- - Very Small
between ler ation Overall Dimensions
Overhaul Capability

- Low Noise - Short Duration - Hi g h Eme rgenc y
Level Max im.Thrust Power

Capability

The develo pm ent of mili tary ai rcra ft en gi nes has alwa ys reveale d the mos t adva nced
engine and component technology associated however by relatively short life cycles.
This technology has then been transferred into the field of civil aircraft engines and
has been modified to meet the special demands of common civil aircraft missions as for
instance longer life times (ref.3).

Ar m strong fro m NGTE publ i shed i n the Ae ronaut i cal Journal an excelle nt rev i ew paper -

on the conventional aero—eng ine and its progress over the last three decades since
World War II (ref.4). The following set of figures was taken from this paper to demon-
strate here - more or less completely — the today ’s engine technology and its future
trends. Fig.1 illustrates the considerable increase in thrust—to-weight ratio of military
engines from about 2 in 1945 to about 8 in 1975. The physical boundary is obviousl y not
yet arrived as indicated by the arrow. Further increase seems to be attainable by aug-
menting the aerodynamic blade loading which may lead to a reduced number of blades or
even stages, and by introducing new materials and structures.

Fig.2 emphasizes the great progress in civil engine equivalent power that has grown
since 1945 by more than one magnitude with no effective size limit in sight. The figure
reveals also the great superiority of turbo-engines against piston engines. As shown in
Fig .3 the overall pressure ratio of both civil and military engines are now approaching
a value of 30. A remarkable increase in aerodynamic stage loading since 1945 has led to
th is figure without Increasing the total number of engine stages — compressor plus
turbine. Armstrong outlines that progress is by no means exhausted; considerably higher
pressure ratios than 30 may be expected in 20-stage engines with current efficiency
levels.

To give an idea on the performance situation of modern axial compressors the poly—
tropic efficiency is plotted against the mean stage pressure ratio in Fig.4. The trend
of fall ing efficiency with increasing pressure ratio is evident as exspected . The single-
stage fans at the right-hand side of the diagram now used in advanced civil turbofan
eng ines are operating at relative tip Mach numbers of about 1.5; they produce consider-
a b l e  pressure ratios up to 1.7 at an acceptable efficiency of about 83 %. However , fur ther
great progress is indicated in the diagram by the “research un it s” incorporating all re-
searc h experience which Is today available but not yet applied to engines , beca u se a lo t
of still existing research and developmental problems must be solved before.

The last figure (Fig.5) taken from Armstrong ’s paper Is conce rned with the turbine
i nlet temperature , its past progression,and its future prospect. The large stepwise in-
crease in the fifties was achieved by introducing cooling techniques; however , si nce
there again a steady progression is observed with data between 1 400 and 1 600 K pre-
sently used in both civil and •Ilitary engines. The entry temperatures of 1985 are
assume d to be around 1 600 to 1 800 K. Today ’s research turbines are running at tempera-
tu res considerably higher than realized in engines indicating that already research ex-
perience on more advance d cooling techni ques and high temperature materials is available
which will be applied to real engines - after a further period of research and develop-
ment.

The fo llowing more fundamental conclusion can be drawn from Armstrong ’s paper: in
spite of the enormous progress in aero—engine technology over the last three decades to-
day the physical boundary is by no means in sight; the capabilities assumed to be still
inherent promise a similar progression for at least the next decade.

It is now the point to study the effects which the technology progress will probably
have in the sense of the aforementioned requirements to future aircraft engines. Thereby
the term “technology ’ comprehends cycle and component optimisation in conventional engines
as shown in the preced ing figures as well as the app licat ion of new unconventional con-
cepts as var iable cycle , var iable geometry , heat-exchangers, and so on , which offer addi-
tional great possibilities to push forward the perfo rmance and economy of aero-engines .
The possible improvement of engine specific fuel consumption (SFC) has been selected here
as an example to illustra te the above mentioned effects. Fig.6 demonstrates - for a large
c ivil fan engine — the step-by-step SFC improvement process attainable with the intro-
duction of more and more advanced technologies. The diagram originally published by
Dinn ing and Miller in ref.5 presents - for the Rolls Royce RB-211 - the estimated SFC
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im provement as a percentage of the basic engine (211—22) datum . The data are plotted -

against the cruise specific thrust. An overall SFC gain of about 25 S could be achieved
by incorporating d ifferent technology Steps into the engine design as (ref.5):
1. refinement of current engine components; 2. increase of propulsive efficiency by in-
creasing the total engine air flow; 3. optimising the component geometry to produce
maximum efficiency from current technology standards; 4. general component technology
objectives; 5. new design concepts.

Concern ing the small turbo engines (mass flow: 0.5 to 7 kg/s) the ‘Small Turbine
Advanced Gas Generator ’ (STAGG) program has revealed the possibility of a considerable
reduction in specific fuel consumption for this engine class by applying advanced tech—
nolog ies as shown in Fig .7. An overall improvement of SFC between 20 and 35 S — depending
on the shaft horse power — seems realistic to be gained. The STAGG—program was initiated
in 1971 with high risk gools because small engines were “unable to ut ilize directly the
advanced technology from large engine research and development due to inherent geometry
and size limitations ” accord ing to Johnsson and Elliot.

Th is brief survey on current engine technology , its future progress , an d it s i nfluence
on engine economy does not claim for completness; it just should emphasize the potentials
still inherent with the aero— eng ine to justify and stimulate further research and deve-
lopment activities.

ENGINE RESEARCH AND DEVELOPMENT

In the following only those research and development activities to meet the fundamen-
tal requirements to aero-engines are summarized which - as previously mentioned - are cx-
clusively concerned with the engine aero- and thermodynamics. The synopsis does not
d ifferentiate between the various engine categories; only those problems have been in-
cluded which are similar for all engines, and wh ich - in the case of successful solution
— promise great progress in aerodynamic component technology. New concepts as variabl e
cycle or geometry are not considered due to their very early stage.

From that a research and development program on aerc-engines results with the follo-
wing aero— and thermodynamic objectives:

COMPRESSOR AND T U R B I N E  COMBUSTION C H A M B E R

- Increase of Aerodynamic Loading - Aero-Thermodynam ic Optimization of Primary
and Dilution Zones

- Imp rove m en t of Effic i ency - Imp rovemen t of Combus tor L iner Cool i ng
Techn iq ues

- Inc rease  of Sta l l  Marg i n - Deve lo pm ent of New Com bus tor Concepts  for
Reduced Exhaus t Gas Emissions

— Improvement of Blade Cooling Techniques — Development of Reliable Calculation Tech-
niques

- Reduce of No i se Em i ssi on . 
-~

- Development of Reliable Design and Off-
Des ign Calculation Techniques

COMPRESSORS

Curren t research activities on compressors are focused on increasing the performance
capab ility and on improving the design techniques; they inc lude both extensive experimen- . -

tal investigations and theoretical efforts to develop reliable calcu lation methods.
However , the complete theoretical treatment always suffers from a lack in detailed infor-
mation on real fl ow effects as compressibility , three-dimensiona lity , viscosity , and
unsteadiness. Some of these flow phenomena are normally not considere d in the flow models
but are approached by empirical corre lations, for instance the estimation of flow losses,
flow turning, boundary-layer and secondary flow effects.

In transonic axial compressors additional problems arise due to the three—dimensional
shock waves and their interactions with wall and blade boundar y—la yers; in radial conipres—
sors the well-known jet-wake flow pattern plays a dominant role jointly with the strong
flow fluctuations, the high streamline curvature , and the field force effects.

The basic compressor flow equations are often - for practical purposes — drasticly
simplified by assuming the fl ow being steady , Invisc id , two-dimensiona l , and even in-
compressible. In order to improve the knowledge and understanding of the real flow pheno-
mena for compressor performance, efficiency , and stall mar gin optimization as well as to
accomplish the theoretical flow models , detailed experimenta l Investigations of the
comp lex internal compressor flow are absolutely necessary addressed to the following ob-
jectives:

— Optimization of blade profiles with respect to high aerodynamic loading and
low flow losses.

- Analysis of the 3-dimensional nature of compressor flow; effects of annulu s 
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- geometry ; 3-dimensional shock waves ;  secondary f lows ; gap f lows ; boundary-layer
movement.

— Par t icu lar i t ies  of 3—dimensional  f low in radial compressors ;  ef fect of strong
str eamline curvature and f low f luctuat ions;  f low separat ion , sec ondary f lows and
je t -wake  f low pattern.

- Study of part icular f low processes in mul t i -s tage / mul t i—spoo l  compressors;
stage match ing; onset of instabi l i t ies and surge.

— Anal ysi s of unsteady f low phenomena ; blade wake interact ion; rotat ing s ta l l ;
e f fec ts  of inlet f low d is tor t ion.

Optim i sat lon of Blade Prof i les

Today s ing le—stage  transonic c ompressors have achieved high levels  of pressure rat ios
around 2:1 whi le  mainta in ing quite high ef f ic iencies.  For supersonic inlet f low (rotor
tip sect ions ) the blade prof i le design must careful ly take into account the Mach number
di str ibut ion ahead of the shock wave ,  the shock—boundary layer interact ion , the shock in-
duced or even subsonic f low separat ion , and subsonic d i f fus ion.  Suct ion surface curvature ,
thro a t area , ca scade sol id i ty , and stagger angle are therefore the main design pr inciples -

according to ref .7.

Fig.8 presents a typical prof i le as it is presently used for t ip sect ion of transonic
rotors. It con s is ts  of a ser ies of circular arcs to meet the above mentioned design phi-
losoD hy. The b lade Mach number d istr ibut ion corres oonds to an inlet Mach number of 1.23, -

to a s ta t ic  pressure rat io of 1.39, and to an ax ia l  ve loc ity density rat io of 1.28. It
c lear ly  ident i f ies the shock wave impingement on the blade suct ion side ( ref .8) .

For high sub sonic inlet ve loc i t i es  occur ing in the hub sect ions of transonic rotors,
in stators of tran sonic stages,  and in HP com pressors the supe rcr iti cal airf oi l i s goi ng
to be used promising great increase of aerodynamic loading and cons iderab le  decrease of
flo w losses .  Fig.9 taken from ref .9 shows such an a ir foi l  and i ts optimum blade Mach
number d istr ibution. As indicated in the diagrams supercr i t ical  prof i les have a high tur-
ning capabi l i ty  which however is expected in the futur e to exceed 30 deg. considerably.

Another tool to improve the performance of high—turn ing subsonic a i r fo i l s  and to in-
crea se their s tab le  operat ing range is suct ion surface boundary- layer treatment. Fottner
( ref . 1O) reports on very successfu l  cascade mea surements w i th  suct ion side boundary-layer
energized by bleeding; thereby f low turning over 60 deg. has been achie ved.

In order to deal comp letely with the aerodynamic potent i als of these adva nced bl ade
configurations for pract ical use and in order to develop coinc idently reliable design
techniques a st i l l  deeper understanding of the fundamental f low processe s is required
which only can be obtained by deta i led exper imental  s tudies.  Future measurements must
pro v ide complete informations part icular ly on:

— Intensity and pos i t ion of shock waves depending on inlet f low , back—pressure ,
prof i le  shape, and cascade geometry ,

- Shock-boundary- layer  in teract ion , boundary-layer growth and seperat ion,  boundary—
lay er treatment e f fec ts ,

— Local d is t r ibut ion of f low losses  and turning inside the blade channels , j .
— Blade wake shape and mix ing,

- Turb ulence and/or f luc tuat ion of cascade internal f l ow .

For the c la r i f i ca t i on  of the aforementi oned subjects test ing techniques are needed
whic h a l l ow to analyse loca l l y  the f low ve loc i ty  and f low d i rect ion as we l l  as the pres—
sure s and temperatures or f luid dens i t ies ;  thereby the s teady-s ta te  va lues  and the un-
steady components of these flow quantities must be determined.

Th ree—Dimensiona l Compressor Flow

High-pressure ratio axial compressors have always a converging annulus to adapt the
flow cross—section to the increasing static pressure , as illustrated in Fig .1O for a
single—stage compressor. The convergence induces more or less strong radial flow compo-
ne nts effecting the flow on adjacent blade sections.

Another very important feature of transonic compressors is the appearance of 3-di-
mens iona l shoc k waves ex tend i ng over the bla de he i ght i n the rotor en trance por ti on .
Flg.11 demonstrates this situation for a transonic rotor operating at 430 m/s tip speed
with a re la t ive  inlet tip Mach number of 1.4 and a pressure ratio over 1.5. The entrance
shock wa ve Is shown at 45,  63 and 89 S b lade height wi th  respect  to the corresponding
prof i les  at right stagger  to g ive an idea on the compl icated 3-d shoc lc wave sur face.

Inlet and outl et f low condi t ions,  blade and ca scade geometry varying over the blade
height in i t ia te this f low pat tern which obv ious ly  leads to strong radial gradients of
the s ta t i c  pres sure and to strong radial  components of the f low vectors behind the
shock w a v e .  Thus the radial  equi l ibr ium of the roto r f low is more complex than predicted

- ~~~~~~~~~~~~~~~~~~~~~~ -



by toda y ’s usual theories which do not account for these flow phenomena (ref.11).

Stream tube convergence and 3-dimensional shock waves cause a severe deterioration
of the stream surfaces within the blade row; and this deviation from axis—symmetric flow
is still amplified by strong secondary flows. Streamwise vorticity associated with flow
deflection , wall boundary—layer development , bla de boundary—layer movement , an d o the r

• p henomena lead to a very complex secondary flow pattern in compressors which often is
aggravated by leakage flows at rotor tip and stato r hub with and without relatively mo-
ving wa l l s  (ref .12). Fig.12 presents a rough qua l i ta t i ve  scheme of secondary and gap

- - f l ow just to demonstrate its complexity .

Qua nt i ta t i ve  deta i ls  of the 3—dimensional  f low pattern in compressors are today rather
unknown . Experimental research on compressors should therefore be aligned to provide accu-
rate and detailed data on:

— Local posit ion of the 3-dimensional shock wave and i ts local intensity ,

- Radial f low components , local loss and turning distribution ,

— Secondary and leakage flow phenomena ,

- Wal l  boundary-layer deve lopment wi th and without moving wal l s ,

- Blade boundary-layer growth and movement,

- Blade wake flows and downs tream m i x i ng.

Experimental techniques must be ava i lab le  to measure local ly the prime steady and un—
steady flow quantities, as pressure , temperature or density, fluid veloc ity , an d flow di-
rection , even within the 3-d boundary l ayers. Additional methods are required to analyse
accura tely the gaps between the bladings and the walls. Techniques to determine the pre-
c ise casc ade geometry under operating condit ions are also of high pract ica l  interest.

Par t icu lar i t ies  of Radial Compressor Flow

The basic fl ow in radial compressors is characterized by a pronounced jet-wake dis-
charge f low at the impeller out let .  Fig.13 i l lus t ra tes  the f low f ie ld in the rear part of
the ro to r . The re la t ive  veloci ty distribution at impeller discharge always appears to be
rather di f ferent from the ideal one cal culated on the basis  of inv isc id  theory and
s teady—sta te  bound ary—layer  techniques.

Low—energe t i c  f luid accumulate s along the blade suct ion sur face very often preceding
flo w seperat lon and the fo rmation of a wake region. This f inal ly shi f ts  the main f low
( je t )  towards the blade pressure side . T he f low separat ion impairs the d i f fus ion poten-
tial and leads to a highly distorted velocity field at the impeller discharge, which cau-
ses a considerable reduction of stage e f f i c iency  due to addit ional mixing losses  and un-
steady f low in the subsequent d i f fusor .

Primarily two f low mechanisms have been ident i f ied to be of dec is ive  importance for
f low separat ion and wake development;  these are secondary f lows  and turbulence stabi l iza-
tion effects due to streamline curvature and system ’s rotation (ref.13).

As exper imentally verified (ref.14) the wake increases rapidly downstream of the se-
parat i on po i nt , due to strong secondary and tip leakage f low feeding low—energy f luid ma— -

terial into t he wake. The wake area covering more than 30 5 of the blade channel is
character ized by a low mass- f low component (

~ 
15 5 of total m a s s — f l o w ) ,  by a high fluctua-

tion intensity (RMS: 20 S of mean velocity ), and by a steep , rela tively stable velocity
gradient to the surrounding jet  f low.  This illustrates the separation of high- and low- -

energet ic fluid material and the suppression of turbulent mixing along the jet/wake
shear la yer due to effects of the Cor lol is force and meridional channel curvature.

Furt her experimental Investigations of various impeller configurations at different
speeds and operat ing points must help to clarify — besides the questions decribed in the
preceding chapt er:

— Which v iscous f low ef fects in i t ia te the f low seperat ion and dominate the po-
s i t ion and development of the wake ,

— Which f low phenomena govern the interact ion between Jet and wake a reas.

The experimental procedures are the same as for the analysis of the 3-dimensional
f low in axia l  compressors.

Flow Processes in Mult i -stage/ Mult i -spool Compressors

Exper iences on any stage interactions that may limit the application of single—stage
results to multi-stage compressors are not yet available as much as desired for design
pu rposes. In such machines additional very characteristic phenomena arise which only can
be investigated in fuel multi—stage and/or multi—spool compressors :

— Aerodynamic matching of stages , e.g. fan and core compressor ,
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- Development of wall boundary—layers particularly with the effect of relative
wal l  movement

— Structure of flow fluctuation and turbulence , effect of low Reynolds number
(high alt i tude , ref.3),

— Effects of tip clearance and associated leakage flows.

L.H. Sm ith reports in ref.15 for example on the difficultie s /)f matching fans and
core compressors while meeting the requirement of a high bypass stream pressure ratio in

- . the range of 1.5 to 1.8. The blade speed near the hub of a low hub/tip radius ratio fan
i s su bs tan ti a l l y  less  t h a n  near  the t ip ; t h us th e h igh p r e s su re  ra ti o c a n n o t be m a~ nta 1ne d
in the fan hub region revealing problems of fan design and stage matching particularly
at engine off—design operati on. Fig .14, drawn from ref.15, shows various concepts of fan
a r r an gem ent  d emons tra ti ng it s ver y comp lexity from an aerodynamic point of view. Measure-
ments - at least in the core compressors — are difficult to be carried out , because
the inner flow ducts are practically inaccessible.

Wall boundar y la yers, flow fluctuations and low Reynolds number effects at high alti— -
tude are believed to contribute considerably to the onset of flow instabilities preceeding
surge. No reliable infornations are available today , which stages of a multi—stage compres-
sor first induce instabilities , how they propagate in the compressor , and how they lead
to stall. Detailed interstage measurements of flow quantities will help to clarify these
phenomena . Non—instrusive techniques are wel l —appropriate for this task , while the narrow
spacing between the blade rows does not allow to immerge hard-ware probes.

Tip clearance leakage flow has been identified as a major problem in the last stages
of high—pressure compressors because of the very small blades (around 15 mm span). Mini -
mum tip clearances are required to maintain high efficiencies and satisfactory stall
marg in.

Further impr ovement of performance , efficiency, and stall margin of multi-stage , multi-
spooi compressors require experimental investigations as outlined in the preceding chap-
ters , however- w ith particular emphasis of

— Tip clearance contro l especially in the rear stages of HP compressors.

- Detailed interstage measurements of flow quantities and wall boundary-layer
measurements to localize the onset of flow instabilities.

Analys is of Unsteady Flow Phenomena

The 46th meeting of AGARD Propulsion and Energetics-Pane l reviewed in great detail the
unsteady flow phenomena in turbomachinery with the following general conclusions: un-
steady flow have a strong impact on efficiency , aerodynamic stability , aeroelastic stabi-
lity , and no ise generation. A better understanding and improved prediction techniques for
uns teady flow effects will contribute in the future to the design of more efficient , low—
noise turbomachinery . Even in turbomachines with unifo rm and steady in le t flow large perio-
dic fluctuations are generated by wake cutting, by viscous vortices shed from blade tip,
by cross flows at the endwalls, or by po tent i al field i n teract ions between stator and
rotor blade rows (ref.16). These effects requi re a proper selection of rotor-stato r spa-
cing and other design concepts. The main fluctu ation component is induced by wake cutting.
Fig.15 taken from ref.16 presents the basic flow model . The rotor wake fluid enters the
stator passage an d is transported—due to its slip velocity (sketch at top of Fig.15) - to-
wards the stato r blade pressure side. Thus the wake fluid is collected near pressure sur-
face and tends to appear i n the stator wakes .

Non—un iform steady or unsteady flow entering a turbomachine always initiates compli-
cated dynam ic flow processes as unsteady blade loading particularly in the roto r blading.
Th is leads to strong flow fluctuations in all stages , to part stall condions, and to un-
steady losses (a.o ref.17 and 18). Fig.16 shows a basic example of inlet distortion. The
flow in a subsonic engine 4 ntake separates at the nose due to cross-wind situation produ-
cing a non—uniform pressure distribution ahead of the compressor (right hand side sketch).
Inlet distortion like this always cause a decrease in the stall margin (diagr. at bottom)
wh ich may be critical in engine operation. The flow phenomena associated with upstream
d istortions are today not fully understood; current, very intense R and D activities are
a imed at developing distortion tolerant compressors.

Rotat ing stall is another important unsteady phenomenon in axial compressors involving
rap id pressure and lift variations on the roto r blades (ref.19), w hi ch up to now cou l d
not be stu died experimentally because the appropriate testing techniques were missed. Ro-
tating stall is characterized by regions of retarded flow which move circumferentially a—
roun d a rotor blade row affecting the compressor in two ways: in the region of retarded
flow the maximum possible pressure rise is not achieved resulting in an overall perfo r-
mance decrease; secon d , the stall cells rotating around the blade row cause periodic b a -
ding of the blades.

Better understanding of the unsteady pheno mena to gain adequate design rules re-
qu ire part iculary interstage measurements of the fluctuating flow quantities, require
proce dures to measure the unsteady blade pressures and to discover the rotating stall
cells.
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TURBINES

The fundamental flow processes in turbines do not differ In principal from those in
com pressors. Thus, in orde r to meet the previously mentioned P and D goals of turbine
technology an experimental program very similar to that of compressors has to be fo rmula-
te d for the anal ys i s of the turb i ne f low f iel d , however with main emphasis of coolin g air
bleed ing effects on the turbine aerodynamics, of secondary - and clearance leakage flows.
The last ment ioned flow processes play a major role in turbines than in compressors due to
the considerably higher aerodynamic loading of turbine stages.

Concerning the measuring techniques quite different requirements exist because of the
very high gas temperatures at turbine Inlet. The application of hard—ware probes particu-
lar y of high-natural frequency transducers for fluctuating pressure measurements are ra-
ther limited due to their allowable operating temperature range. Non-instrusive optical
techniques are be—lieved to be most easily suited for turbine flow field studies. Addi-
tionally, flow v isualization techniques may conic into question to investigat e — at least
qualitatively - the phenomena of cooling air bleeding into main streams.

C O M B U S T O R S

Combustors for presentday ’s an d future aero—engines are subject to very stringent
requirements which are partly contradictory and which cannot be met without better know-
l edge  of th e ph ys i cal processes within combustors . Increasing thrust-to—weight ratio of
aero-engines requires extremely short combustors with decreased residence times of the
gas flow. A comparison between a standard and an advanced flame tube is shown in Fig. 17.
Optimum use has to be made of the available combustor volume with respect to minimum times
for fuel distribution and evaporation, mixing , and combustion. Fur thermore, the control
of combustion process is aggravated by the omission of the intermediate zone air ad-
mission holes.

A similar optimisation is also necessary for the processes in the dilution zone. The
achievement of a suitable temperature distribution at the combu stor outlet is vital for
hi gh- pressure turbine life . However , the Increasing demand for flame tube cooling air —

which results from higher primary zone temperatures and from a decreased cooling capacity
of the cooling air tends to decrease the available amount of dilution air. Therefore,
Optimum use has to be made of the dilution air in the mixing zone.

Advanced combustors have to fulfill the air pollution standards set by the U.S. En-
v ironmental Protection Agency . The contemporary decrease of carbon monoxid , unburnt hy-
drocarbons and nitric oxides necessitates the devebooment of new combustor concepts, u-
sing features lik e prevaporization and premixing, controlled air admission to the primary
zone by means of variable geometry and staged combustion. In order to fulfill the emis-
sion standards it is not only necessary to have a direct diagnostic access to the chemi-
cal react ion p ro~ esses bu t also to develop and to use advanced modelling techniques for
the calculation of the combustion process. It seems to be unavoidable to use simplified
computation models the validity of which has to be checked against experimental evi-
dence.

Within the next 10 or 20 years the aviation fuel situation will be characterized by
decreasing availability and rising prices. This will lead to the introduction of wide-
spec ification—fue ls , which are specified through hi gher boiling ranges and also higher
c/h-ratios. Therefore further requirements will arise with respect to enhancement of fuel
evaporation and suppression of soot and smoke formation. Many of the above tendencies
apply directly to after burners , too.

For the successful treatment of these prob lems, the combustion engineer needs advan-
ced measuring techniques which enable direct access to the primary zone itself , with—
out disturbing the combustion process by the presence of probes. Informations are needed
of flow velocity , dens ity , temperature , gas composition including pollutants and radicals.

- -~~velo p m e n t of real i s ti c c l acu la ti on models nee d s i nfor m a ti on no t onl y on avera ge
out also on fluctuating quantities. The optimization of droplet evaporation needs proce-
dures  fo r  measuring droplet d is t r ibut ions Inside of prima ry zones and their change w i th
time. Improved techniques for measuring soot and smoke particles are needed , too. Non-
intrusive optical techniques are believed to be well-suited to yield the necessary in-
fo rmat ions.

C O N C L U D I N G  R E M A R K S  ON R E Q U I R E M E N T S  TO M E A S U R I N G  T E C H N I Q U E S

The preceding sections deal briefly with the main aerodynamic research and develop-
ment problems of aero-eng ine components and give a rough survey on the flow quantities
wh ich have to be analysed experimentally for an adequate solution. To study the flow in
comp resso rs , combustors, an d turbines already well—known experimenta l techniques may be
use d so far they can successfully adapted to the extreme standards of aero-engine appli-
cat ions. In detail the following steps must be done:

- Refinement of conventional pressure , temperature, and air angle measuring
methods for the analysis of the mea n steady flow In all components (particular
at tention has to be paid to the probe integrating effects in fluctuating flows
an d to the radiation effects in hot gas sections).

— Application of miniaturised high-natural frequency transducers for the mea-
sure ment of uns tea dy wa l l, total , and blade sur face pressures (extension of
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t ransducer ’ s operat ing range to higher temperatures Is de s i red) .

- Improvement of pulsed laser holography for the analysis of 3-dimensional shock
p a t te r n s  in rotor and stator blading.

- Further development of Raman spectroscopy for the local measurement of tempera-
ture , d e n s i t y , and species concentration.

- Exa mi nation of the capab i lit y of gaseous fluorescent techn i ques for fluid dens i ty
anal ysis.

- Extension of laser velocimetry to the local analysis of three flow components
and to the measurement of wall and blade boundary —layers.

— Refinement of clearance measuring devices (ref.21) particularly for the applica-
tion in hot gas turbine sections.

- Development of techn iq ues for rotat i ng sta l l detect i on , e.g. on hot—wire basis.

- Improvement of infrared pyrometry for the measurement of turbine blade tempera-
ture fields.

The effic i ent application of these measur i ng tec hn i ques to aerodynam ic testin g of
engine components however depends largely upon the availability of appropriate electronic
systems wh ich take real advantage of the methods themselves and which may help to save
time and man power during the tests. On the other side , a dequa te e v a l u a t i o n  techn iq ues

• have to be provided in order to interpret fully the extensive experimental data .

Now , the subsequent expert lectures will primarily cover the relatively small area
— with respect to the preceding list — of laser anemometry , a new f i e ld , howeve r, which
opens very promising prospects for aero-engine research and development.
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REVIEW OF OPTICAL TECHNIQUES WITH RESPECT TO AERO-
ENGINE APPLICATIONS
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With the exception of laser doppler velooimeter measurement
techniques which will be covered during another session, the aain
optical methods providing quantitative information on gas flows are
presented. in this paper.

Are concerned

— Those usable in compressible flow, based on the deformation of a
light wave crossing a medium (interferonetry) or light rays dort~~
tions accompanying theme deformations (sc~üieren techni~us and
shadowgraphy). These methods allow to neasure either shock ;attei’n
shape in transsonic and supersonic flows or, in some cases, gas
density fields. A few exe~ples on stationary or rotating blade
cascade flows will be given and holography advantages to get inte s—
ferograms will be shown.

— Spontaneous or stimulated Rams-n scattering which provides original
m eans to determine the conccntrat ions and temperatures of given
componen~~ within the flame itself.

It is difficult to apply ao8t of these methods to the
engines themselves. Their use on test rigs simulating the conditions
to be encountered in engines is described.

The princip3es governing the use of
1 — Intr oduction interferometry for the measur onent of flow

density field s and the use of Raman scatt ering for
Optical method s are c~~~only used in aero— tenperature measur onents in hot gases will be

dynamic research , not only for flow visualization , covered to illustrate the applications of’
but also for density or tonperatur e distribution optical methods. These operational means of
measurmnent. measurmnent have been recently developed as a

result of the use of laser sources providing
The main advantage of these methods lies both monochrmnatic light and high power density .

in the fact that the interaction between the gas
flow and the light beam does not generate any 2 — Interferometry
flow disturbances.

2.1 — Princj~ie
However, the application of these

method a to the study of the inner flow of a real Interferometry is the basic Optical
aero—engine is very often difficult, if not method permitting visualization and density
impossible. As a matter of fact, no window can mea sur nnents in a flow field , which has been
be made for the penetration of a light beam into applied since the inception of aerodynamic
the per t of the engine to be investigated, i.e. studied (1). Although the Mach—Zehzxler type inter—
rotor carrying blades, combustion chamber , etc. ferometer is the most highly developed instrtsnent
Therefore, optical methods are mainly used at the for use in wind tunnels, the pr inciples of int er —
research stag e, on experimental set—ups simulat— ferc,netry will be damonstr ated with a Michelson
lug partial engines , the desig n of which includes type interfercineter , as this type is muc h easier
optical windows, to use in aero—engine research.

— ,
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• The i~nain optical parts of a Michelson The phase difference can be expressed
interfercineter are a beam splitter and two as follows
mirrors , as shown on figur e 1.

(2)The light beam coming out of a laser is Cfexpanded by means of a telescopic optical systea wher eincluding a diverging lens Li s-~~ a converging
lens L2 . The beam splitter S receiving the beam , A : Light wavelength
tranamits a par t of the incident light to the : Opt ical path differ enc e between the two
plane mirror M1 and reflects the other part of rays.
this light to the plane mirror H2 .

The optical path is the product of the
geometrical length L travelled by the light from

r4’~r 
M2 one point to another , and the refraction index n.

— 
‘ flow direction = nL (3)

~~~~ 
‘f l being the ratio of the speed of light

in the vacuum to the speed of light in the
______________ 

medium, th is optical path is the length that the
light would have covered while propagating in the
vacuum dur ing the same period of time.

With air in the test chamber , theL2 I L3 M2 M1 refrac t ive index n is the same s-t all point s
along both light paths L1 = SM1 S and L2 = SM2S.

he opt ical path difference is given byThen , t 

n ( L 4 _ L ~ ) 
~~

Let us con sid er a virtual mirror M’ 2
which is the image of the mirror H2 produced by

F igure 1 — Michelson interferometer optical the reflection on the coated face of the beam
diagram . splitter S. If M 1 and M’ 2 are parallel, the

opt ical path difference is the same for all the
One face of the beam splitter is c oated with a rays of the incident light beam . Thus, the
thin d ielectric layer in order to get about half optical path difference ~ is the sam e for each
the light trananitted s-rat about the other half point P on the screen . Ther efor e, the phase
r e f lec ted.  difference Cf is a constant , as well as the

intensity I, given by ( 1 ) ,  over the whole screen ;
The light reflected by H 1 is then this cond ition is called “infinite fringe width

al igainent ” The intensity valu e is a function
ref lected by the beam splitter S toward s the lens

and the light ref lected by M2 is tran mnittof 
of (f or 5~

= >~~/ 2  it

to the same lens I~~. The latter is a c onv er g - maximum for (f~.2~~1~’or ~~ ~~ 
)~ : br ight fringe

lens ant the light falls on the screen E. minimum for Cf:Jt4.~hor cS~ : dar k f ringe

The test chamber for the aerodynamic where ~~.. is an integer (positive or negative)or
flow is locat ed between the plane mirror and zero. The scream appear s uniformly bright .

a plane glass window W, so that the direct ion of For a small rotation E~. of the mirror
propagation of the light is perpendicular to the M the reflected ray of light rotates by 2(~, and
flow . Finally , a lens L~ send s an image of the t~ie two inter fe ring  rays cross each other on the
test c hamber toward s the screen E. screen at an angle~~ given by :

A giv en point P of the screen receives ‘1 2 ~.- (5)
two rays of light from the same laser source ,
one ray is tramnitted by S, ref lected by H 1 , The phase d i f fer enc e Cf becomes a

linear function of the distance along a direction
reflected by S and trsnmnitted by and L~; the ~ s-rat a f r i nge pattern appear s on the screen.
other ray is ref lected by S, tranamitted by W , Fringes of such a pattern are equ idistant ,
ref lected by M2, tran~nitted by W , then 5, L3 

parallel to each other and perpendicular to the
d irection x . The direct ion x is parallel to the

ad L~ . These two rays can interfere with each line of intersection of two planes : one of thea
other. At the point P, the resulting intensity I contains the two in te r fe r in g  rays ant the other
is g iven by the relation is that of the screen E.

I m I~ 
(4 + cøi ( 1 )  The constant fr inge spac ing is given

b y :
wher e

Incident intensity on the beam splitter S ~~. 
..?~~~m ..~~ _ __L~ ( 6 )

~? ~~~•1;(the coating on S is Gupposed to have 50%
tranenission , 50% ref lection and no
absorption ) In conc lusion , the f r inge spacing can

be vari& with the value of the angle ~~ , andLf) : Phase d ifference between the waves the f ringe di rect ion with the d i rec t ion  of the
corresponding to the two rays. axis of rotation of the mfrr~~ M 1 . This

- - ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —• ----— -- -



2.3

configuration is called “finite fringe width The integration limits A1 ad A2al igr~ient”. correspond respect ively to the point of incidence
2.2 — 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
in the flow s-mi to the point of amergence out
of the flow, after reflection by the mirror M2.

2.2. 1 - General case
With the infini te  fringe width

In the case of light propagating in a alignment , ~~ is a constant over the screen, as

gas , the refractive index n depends on the stated above , and the fringes observed on the
- - physical stat e of the gas (pressure ~~~ screen are lines of equal optical path difference

tanperature) . The Glad stone—Dale relation is the in the flow (f ig .2 ) .
following

.fl.-1= (
~

) -

where : -

K : molecular refractivity (dependent on the
gas mix ture)

r : gas density -

with , for a perfect  gas : 
—

‘~., ±i~. ~±: (8)

M : molecular mass

B : gas constant per mole

p : pressure F igur e 2 — Transonic flow in viral tunnel test
T : tamperature chamber along a half profile mounted

on the lower wall. The shock wave is
In an high speed aerodynamic flow attached to the model trailing edge

around a model, the gas density p varies from and successively reflected on the upper
one point to another with the prebsure and the ant lower wall. Infinite fr inge inter—

ferogram .
tamperature due to the compressibility effect.
Thus , the optical path along a ray propagating
in this medium is given by : With a finite fringe width alignment,

to the linear variation of b0 in a givenA ( )  
parallel ad equidistant fripges , c orresponding

d irection , are distorted by the propagation of
light through the flow (fig.3).

refractive index at a point i

dl : elenentary geometrical path

Let us consider again the int er ferometer
shown on figure 1. Between the glass W and the
mirror H2, the rays of light propagate
perpendicularly to the flow.

Without a flow , the Optical path in the
chamber is

A~ 
,.~,n0e.. (10)

n : refractive index in the chamber
e : distance between w ant M2

Including relation ( 13), the optical
path difference in the interferogram on the
screen becomes

io &÷Z(1t0 1tc~~~ 
(ii)

where Figur e 3 - Same flow conditions as for figure 2.
na : air refractive ind ex outsid e the chamber Finite fringe interferogram.

opt ical path differ ence with air in the
chamber. In order to get the values n~ at amch

With a flow , taking relation (9) int o point P(x ,y) on the screen plane , it is necessary
account, the optical path d i f f erence becomes : to know a relation of the variation of 

~~ 
along

I~ tL the direction of propagation of light z. This is
— ~ )‘L~ e.. + ‘

~~~~~ only possible in a few cases, the two main one.,
4,. which will be considered are : two dim ensional

= f 
~~~~. 

(12) flows s-ni axis~’,nmetrical flows.
11 

‘ - ~~~~~~~~~~~~~~~~~~~~~~~~~~ -
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• 2.2.2 - Two-dimensional flows Let us consider now the i~p~ i5~Dg~ termof the (16) second meaber. Its value is obtained
A flow is called two-dimensional when from the interferogram without a flow on which

it r,iay be assumed that the gas density f Carat the fringe spacing 4~ is a constant everywhere ,
also, accorduing to (7), the refractive index n) so that
is a constant along a ray of light , in the
direction z . 

~ 
xp: ~~ A ( 18)

~1.0
Then ,r elation (12 ) becomes

Finally, f rom the Gladstone—Dal e
= ~~ ÷ z( ” i~~~~ lt 0) e. 

(1 3 ) 
relat ion (7) ,  we get

refractive index at a point P(x ,y) on e~~~~~~~_  

~~R K (~~p -
~~~

) ( 19)
the screen.

Substituting ( 17), (18) and (19 )  in
Let us observe again figures 2 and 3 ( 16) .  we get

whic h are interferograms of the same aerodynamic
f low, respectively with infinite and finite N,

~,R, ~~~~~~~~~~~~~~~ ± ZK& “p _ (.~) (20)
fringes. We f i rs t  see that the former contains ‘t’~, A
less fringes than the latter. If we consider
that num er ical values can only be obtained along 

2K ~ 
(w ~~~~ ‘ 

~
-) (21)the dark fringes, it appears that a much gr eat er — -. -

number of measurament points could be given by 4,
the finite fringe. This type of sdju a~ nent offers

- 
- add itions-]. mivantages for data processing. In Measuring F ’I~~,, on the interferogram

fact, with finite fringes , the sign of the with a flow, ~~~ or 
~~~~~~ 

X~ ant -~-~ on the
difference from one fringe to the next ~5 interferogram without a flow and knowing )~ , K
unambiguous; it is the same in the whole inter— arid e, we obtain the d i f fe rence in gas density
ferogram, along the same direction. With infinite between the points B s-rat P.
fringes, it is not possible to know if this
difference is increasing or decreasing . Also, when It is often easy to get the value
fringes are sulj nitted to a rapid density change of the gas density at a given re ference  point R ,
as in a shoc k wave, only the finite fringe width for example, by Pitot gauge measurenents;
alignment makes it possible to follow the same therefore the absolute value is deduced from
fringe from one side to the other , relation ( 2 1 ) .

For these reasons , finite fringe inter— 2.2.3 — A x s~E1!e iC~al fl2wferograms are not often used for data processing ——
purposes. Let us consider again relation (13) .  In this case , we consid er that the flow
In this case, the r e f r~~tive index without a flow has an axis cf revolution, as erouzal a conic al or
‘fl.~

is a constant but a), is a fu nction of the cylindric al motel , the flow direction being
position of the point P in the field . rarallel to this axis.

~~P = ~~~~~ ÷ .2 (4t~~- ’n0) e_ 
~~~ 

An axisynimetrical flow aroural a
spherical model is Shown on figure 13; we see that
the revolution part is bounded by the shock wave.

The interferogram, recorded on a photo— Ontside of the shock, the refr act iv e index is a
graph ic plate , is processed along lines crossing constant n. Inside the shock, the refractive
a].]. the fri nges , with a microtensitcineter index is constant along circles the centers of
connected with a microprocessor in order to which are on axis of revolution, but varies with
determine the maximum optical density (bright the radii of the circles.
fr inge)  and the minimum density (dark f r inge)
abscissis [2) -

The absolute values of Y.~p and are
unknown; therefore, we consider a reference point
B in the field, where the gas density is and
the refractive index ‘tjt. For this reference
point, we derive from (113)

~~R ~~~~~ 
Q.(it1~-~

t0)e- (1 5 )  _________________________

Subtracting (15) from (113), we get

Let us consider the first menber of this
relation . We know that , from one f r inge  to the
next , the opt ical path difference is one wave—
length; therefor e : Figur e 4 - Supersonic flow ar ouril a spherical

~~
1p - L~=~ MPR A (1 7 ) 

model; f ini te  f r in ge  interferogram.

Ax is~mmetrical flow interferograma can
N.1pp~: fr inge number between B ant P be pr ocessed by several methods. One simple met}~od

measured on the interferogr sm with a flow . A will beconsidersi here. Let us consider figur e 5,
f ractional part of this number is obtained by showing rays of light propagating in a plane
interpolation between the two nearest fringes perperal icular to the flow . ~~ch ray is designated
located at either side of a point (P or 1’). by a subscript i ( integer) .  The refractive ind ex

is between circles of radii r arid r

—_~~~
j_-~~~~ •~~~•~~~ •~~~~~~ ~~~~~~~~~ ~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~ —



(respectively the shock wave ad a circle tangent where
to the ray i ) ;  it is n~~_.1 between circles of W~p,~: fringe number measured on the inter—radii ant 

~~~~~~~ 
ant 80 Ofl~ ferogram with a flow.

Y ‘4PR. : f r inge  number measured on the inter—
ferogram without a flow.

— The refractive index ‘n~ is deduc ed
f ran r=lation (27 ) and enable us to obtain the

— __—_-j 
~~~~~~~~~ rev corres~~ding gas density

_____________ _____________ ______ 
according to the

— — 
,

.• 
~~~~~~~~~ ~~~~~~~ 

— 

~ j :-~- Gledstone-Dale relation (7

______________ ______________ — Then , using the other equations in
_____________ — (22 ) we can Obtain the other values of

corresponding to different point ~~~~~~
Z —

_______ ______ _______ - - 

Agard ~~~aph n° 186 on “~~ ser Instsumentat ion for

3.1 - Introductor~~r~narks

I do not intend to describe the
pr inciple of holography. This has been done
recently very successfully by J .D .  Trolinger in

e 
— 

Flow Field Diagnostic s ’ to which you should refer
for basic inf ormation [3~ . I would only like to
show here how the use of interferanetry in the

F igur e 5 — Rays of light through an axisymmetrical aerodynamic field is improved by this new
flow; section of a plane perpendicular techaique. As to classical interfercisetry dealt
to the flow direction, with in chapter 2 , it will be assumed that, for

aero— engine applications , investigations have to
be carr ied out in a cavity which can be close by
one window on a single side.

For each ray, the opt ical path between 3.2 - How to
the windows are :

~~~+ Z(~t~-n) 1~t)-... ~ 
s~ M2

dirsclion.J!~!. ____

( _.V t  ~~~~ M’2 M~÷ 2~~~~
-
~~~){~~~ ~~~~~~~~~~~ ____________I. ~~~

_

- ~~~ Z(~~ -~~)~~~~~~~~ - Z(n~ -~tJ ( ~~~~~-‘ 4.43t

1-z(n~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
L2 S

V-i.~~ t-J5. -
aoptical path outside the axisymmetrical

flow, ther e f o r e

(23 ) 
M2

The int erferogrsm s, obtained with an
interferoneter of the Michelson type ( f igu re l) ,  i~~,,,,f 

i w _.~— stuner
are processed with a microdensitometer like two-
dimensional interferogr ams. At a giv en position
x along the axis of revolution (x parallel to the
flow direction), the values of versus those
of 1~~ in the direction y are pbtainei . According
to (12 ), the path difference ~~ at a point P L2 S 

,J,,, ~ • Hcorresponting to the ray i , is given by

~ ~~~~~~~~~~~~~~~ ( 24) \

without a flow.
where the subscr ipt o corresponds to the condition 

~~ L4

Taking (22) into account , we have b I~~\
S’;. ~~~~~~~~~~~~~~~~~~~~~~~~~ (2 5 )

F igur e 6 — Holographic interferometer optical
For a reference point B in the field , diagr am derived from a Michelson.

we get
a) Hologram recordingcg: c~~ + ~ (1t~~ ’t .)e_ (26) b) Interferogram reconstruction.

Subtracting (25) ant (26), we obtain : Let us con sid~~ , on f igur e 6a, an
interferometer of the Michelson type, similar to

= N0~ ÷4(;. t) .~- Z ~~ 
(27 ) that shown on f igur e 1 , but from which lenses

L3 s -u i  L4 have been r~~ ovei . Mirrcr H 2 is

~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - •
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adjusted in order to achieve finite fringes, that even be u npolished , scattering reflected light .
is to say mirror M1 is not parallel to image This is very useful for aero—engine applications
mirror H’ 2 s-rat t hey are set at an anglet ..On a in which it is often d i f l .cult , riot to say
plane H, 2 ~ is the angle between the two light impossible, to intr od uce an optical surface

inside a cavity.waves issuing respectively from M 1 and H2 ; thu s
we get a parallel fringe patter n , the fringe The Optical d iagram of the holographic
spac ing of which is A/2 €... This fringe interferometer shown on f igure 6 was chosen for
pattern, recorded on a photographic plate, the porpose of an easier comparison with the
constitutes a hologram . Michelson interferomet er . Sut , with holography,

there is no need to expand the reference beam .
This kind of int er feromet er can be used Ma~~ other optical ar rang su ent s are t bin

in two ways : stored beam holographic inter— possible; f igure 7 shows an example thereof .
fercanetr y and double exposure holographic inter- The laser beam is divided in two parts by the
fer ometry. beam splitter S1 . The reference beam, ref lected

3.2.1 — Stored beam hol ~~~ic interferometr~ by S1 is successively reflected by mirrors H2,

The hologram is first  recorded on the 
H3 act M4, arid enlarged by the diverging lens

photographic plate without a flow . After exposure , D towards the holographic plate H. The beam
the plate is rdnoved from the plate holder to be des ignated by the expr ession object beam” , is

transnitted by Sdeveloped ant p~t bac k exactly in the same place i ’ enlarged by the telesc opic

in the plate holder. Then, lenses L and L4 systam including a diverging lens L 1 arid a
(f ig .6b ) are intr oduc ed again; an i~finite fringe
interferogram of the chamber is obtained on the converging lens L,~, s-rat reflected to the test
screen E. A finite fringe interferogram can be c hamber by the beam splitter S2 ; th is chamber is
obtained just by rotating mirror M1 (change of the 

closed , on one side, by the transparent window W
value ~~. 

). With a flow, the fringes obtained on ant , on the other by the mirr or M 1 . The “ object
the screen are distorted s-nd by processing this
interferogram, we get IV~pR d ir ectly as given by beam” , reflected by the latter mirror is
relation (20). tranmuittel through the window s-nd through the

beam splitter S2 arid falls on the holographic

3.2 .2 — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
plate where it interferes with the “reference
beam” to form the holographic fringe pattern.
The stored beam arid the doubl e exposure methods

Both exposures, without and with a flow, are both possible with this interferaneter arid

are successively made on the same holographic lenses s-cit L4 m ake it possible to obtain real
plate, whic h is then r~ noved for  developaent time or rec onstructed interferograsis on the screen
parposes ant placed back in the plate holder. The E.
interferogram is reconstructed by lighting the 

Ihologram with the reference beam reflected by
the mirror H1 , the other beam reflected by mirror 

~
i4td

~H2 being stopped , for example by means of a shutter
placed before the window. Lenses L3 and L4 are
then introduced ant the interferogram is obtained W I
on the screen E. The f ini te  fringe adjustment can L2 M4
s-lao be obtained by a slight rotation of mirror
H bef ore making the second exposure. As in the
dse of the stored beam method , the processing
of this interfer ogram gives PJ1~~ directly .

3’3 -

ferogram corresponds to the difference in shape L3

We have seen that the holographic int er —

of the light waves successively with s-nt without ‘‘1a flow in the test chamber . As a result, contrary i /
to a Michelson interferometer , neither very ‘ /

pr ecise opt ical parts (glass homogeneity and face
flatness) nor a fine mechanical adjustment of .4.... L4
these parts are necessary. In fact , the inter—
ferometer state is rec orded on the hologram 

_______

during the f irst  exposure even if the holographic
fringes are not parallel ant equidistant. A I
similar fringe pattern, altered only by the
presence of the flow or by the rotation of the Figure 7 — Holog’aphic interferometer with an
mirror M , is then superimposed or recorded on u nexpended reference beam .
the fir st fringe pattern during the second
exposure. The resulting moire fringes make it
possible to obtain the interferogram on the 4 — Application in the Field of Aero—Engine
screen. It may be said that the interferanet er Studies.
stat e, with its imperfections, was set in
menory by the f i rs t  exposure. Considerable The main modern aero-engines are turbo-
advantages result fron these features : as the machines including compressors within which the
optical part are less precise and the mechanims flow velocity gets increasingly higher , reaching -
simpler , the device is much cheaper, s-s well as transonic and supersonic domains. It becomes
easier to operate. In addition , holographic very difficult , if not impossible, to use
interferometry Offer s a great advantage : not classical probes for aerodynamic measureaments
only the mirror M in the test chamber does not (pressure, tamperature, flow velocity) without
require a pr ecise2optical surface, but it can creating disturbances. In spite of diff icult ies
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due to env irorsnental conditions (vibrational s-nd the run . As the flow is not perfectly stationary,
thermal noises , diff icul t  access), considerable the shock wave po8itions are slightly different
efforts  were mad e to develop optical method s , far eac h exposure, arid reconstructed d i f fe ren t ia l
mainly because they are non—intrusive C ~). interferogram ahows the shock wave and the

turbulent region of the flow . With the other
In such flows , gas compressibility method , the f irst exposure is mad e during the

effects, lead ing to density changes , requir e the run . Then the flow ~a rap idly stopped s-rd the
use of optical method s ~~sed on the determination other exposure is mad e af terwards.
of refractive ind ex variations ( in ter ferometry) ,
or of the assoc iated refraction of ray s of light - p
( shad owgraphy and schlieren) .  As a f i rs t  - -

att mnpt to stud y the flow field near and between
the blades, experiments wer e conducted on plane
stationary blade cascades 114 , 151. In such
cascades, the flow is approximately two-d imensional 

- 

-
arid all the Optical methods cs-n be used as easily
as in wind tunnels. An example of such a flow
field is shown on figure 8. Visualization is
achieved by schlieren methods; coloured schlieren
pictures were used but the photograph reproduced g
her e i~, in blac k and white. Such a picture
provides a means to measure the shape and the —

angle of iucid ence of the shock wave and to deduce
the Mach nimiber in some points. The l imits of
the transition between the laminar and the Jturbulent flow can also be seen. With the flow
velocity or the mass flow rate as a parameter ,
the stabil ity regimes are determined. Besides, p
as the cond itions are two-d imensional , inter—
feranetry makes it possible to measure the density
flow f ield .

- F igur e 9 — Schlieren phot ograph of the flow field

- 
- in an annular stationary blade cascade.

The following step is the study of a
- single rotor with short blades where the flow is

approximately two-d imensional . In this case ,
visualization was achieved with a cylindrical

- seblieren systmn L8~ . A small part of the rotor
was polished and a pulse light source ,
synchronized with the position of this polished
part , was used . Sc hlieren pictures can be taken

~~~~~~~~~~~~~ for d i f ferent positions of the rotor in front of
the window, by means of a delay line . For var iou s
flow condit ions , the bow shock, the interblade
shock and the turbulent regions can be seen.
Pulsed laser holographic inter feranetry could

F igure 8 — Sch.lieren photograph of the flow field be used for measur aments of the density field
in a plane stationary blade cascade. but this possibility was not investigated.

However , such a model takes no account Schlier en pictures of a rptor in freon
of the helicoidal flow effect occurring in a real gas are shown on figure 10, and f igure 11 shows
compressor . Therefore, add itional experiments were the flow within the stationary diffuser of a
conducted on an annular stationary blade cascade ce ntr ifugal compressor.
C61. The hub carrying the blade is a polished
cylinder; visualization is e f f ec t ed  in front of Fi nally, experiments were conducted on
a window with cylindrical faces concentric with rotors with long helicoidal blades. In this case,
the hub. A special schlieren device with the flow is essentially three-dimensional s-nd
cylindrical lenses makes it possible to get even by resorting to interferometry, it is
coloured or black and white flow field pictures 3mpossible to reconstruc t the flow density field .
as shown on figure 9. It is also possible to use However , the observation of shock waves and
a holographic interfercinet er , even with an turbulent regions renam e a very important
unpolished hub, which would make it possible to objective.
measure the appr ox imately two-dimensional density A spec ial device was built by 0Nfl~A to
field . However , d ifficulties are created by the study the flow inside a rotor rotating in freon
th ermal e f fec t s  appearing on the hub during the gas. Bow shocks near the leading edges of the
run (7] . The dilatation of the unpolished hub blades are visualized by shadowgraphy, shock
surface is such that it is impossible to use shadows be ing projected on a screen (sc otchlite)
d ouble exposure holographic interferometry, glued on the interblad e face of the rotating hub.
making the f i rs t  exposure before starting the With a special dual c hannel shadowgraph using
flow arid the second during the run ,  spark lamps , two images can be mad e from two

viewing angles in order to reconstruct the bow
To reduce these thermal disturbance shock shape stereoscopically [9~ . Such a pair of

eff ect s , two other methods can be applied , ~~~~~ ster eoscopic images is shown on figur e 12.
a pulse laser ( ~ -switcheI ruby laser) as a light Interesting experiments were also conducted with
source. The f i rs t  method consists in making both real compressor by several U.S .  teams on behalf
exposures immediately one after the other during of NASA . They built a holographic interferometer

- ~~~~~~~ --~~~~~ ~~~ -— ~~~~-~~- ‘—- ~
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with a double pulse light source. This source
is a Q—switc had ruby laser with a 10 microsecond -

pulse interval. Each pulse produces a hologram -

on the photographic plate , the blades being
slightly sh i f ted  by the rotor motion . As the laser
l ight  is r e f l e c t e d  on the d i f fuse  face of a
stationary hub, it is possible to reconstruct
several differential inter terograms from the -.~ -

hologram i l luminated wi th  a helium neon laser .
These interrerograms show the bow shocks generated
by the blad e leading edges , f rom dif ferent  viewing -

angles.  The three-dimensional shape of the shock
waves can then be reconstructed. 

- 

-

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

a Figure 11 — Schlieren photographs of the flow field
- 

- in the stationary d i f fuser  of a centr i—

- 
fugal compressor. Constant rotation
speed 8000 r . p . m . ,  variable mass
flow rate.

70 0 0 r p m .

~~~~~L~ 1F igur e 10 — Schlieren photograph of the flow field
in a rotating blade cascade in freon 8000 r.p.m.
gas.

a)  Supersonic flow. Rotation speed F igur e 12 — Ster eoscopic images c ouple from whic h
6000 r .p.m. bow shoc k shape can be recons t ruc ted .

b ) Sequenc e of pictures for d i f fe ren t
rota tion speed .

5 — Optical Measurenents in Flames determine density distr ibution, but their
disadvantage lies in the fac t that they provide

5. 1 — Intr cxiuctor~~renarks only integrated values along the light path wi th in
the flow which is most often t1m~ee-d imensional .

Phys ical arid chemical measurements in hot
reactive media, such as flames , are d i f f icul t  to Scattering optical method s pr ovide m eans
perform. The use of material probes such as to carry out local measur ements insid e a medium,
thermocouples, pressure gauges, sampling probes and are therefore  suited to this  field of research.
is generally ruled out not only because they could
be rap idly destroyed , but also because they 5.2 - 

~~_!~~~~~~ i~~~ in a gas metium
d istur b hot gas flows and chemical composi t ions .
The non—intrusive nature of optical method s, due An intense light beam propagating in the
to the weak interaction between light and gases, air becomes visible from all directions , due to
is therefore appreciated in this tans-in, scattering. The main part of the scattered light

has the same colour as the incident l ight  beam
Interferanetric methods cou ld be applied to i t se l f  one part, cal led M ic  scattering , 

~~~~~~~ ~~~~~~~ .. rj • _ _ _ _
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originates from particles (dust or li~.i id droplets)
present in the air , and another Rayleigh scatter- p )Lt.CULZ dv L pour ~ tationa1
ing, from gas molecules. Most often, in unfiltered 488 COnstL*t B 0/ ON
gas , Mie scattering is several orders of magnitude cm
higher than the Rayleigh scattering. Spectral
analysis, conducted with a spectro~~aph (fig. 13),  

__________ _______ ______ ________

shows weak lines appearing on each side of the —

Mie and Rayleigh intense lines. These Rams-n lines
which are less intense than the latter by several N 2 2 331 550.6 2.0 10 1.0
orders of magnitude, are caused by molecular
vibrations. 02 I 556 528.1 1.4456 1.3

H2 4 161 612 .3 60.8 2. 4

RAYLEIGH CO 2 145 345.1 1.93 1 P . OSCATTERING

rROTATIOIIAL RAMAN SCATTERING NO 1 877 537,2 1.7046 0,27

I STOKES VIB RATIONAL 
002 ~~~ I 388 523.5 0.390 1.4

ANTI-STOKES VIBRATIONAL / RANAN SCATTERING
RAMAN SCATT ERING o2 (~~ \

N2 

/ \ 
CO2 (2v 2) 1 286 520. 7 0.89

SO2 (v 1) I I51 517 ,0 5.2

SO2 (v 2) 519 500.7 0,12

N21) (v1) I 285 520.6 2.2

GROUND STATE AND UPPER
STATE RAMA N VIBRATIONAL

0-BRANCH BANDS ~ ~j III) N20 (v 3) 2 224 547.4 0 ,4 19 0 .51

H2S 2 6 11 559.3 6. 4

3 334 582.8 5, 0

ROTATIONAL STRUCTURE OF
__________________ 

ND3 2 420 553.3 3.0VI BRATIONAL 0-BRANC H BANOS ..~
CR4 2 914 568.9 6.0

F igure 13 — Schenatic of Rayleigh, rotational
Raman, and vibrational Raman scatter-
ing. Shown in detail is the splitting 

C2116 993 512.9 1.6

of the vibrational Stokes Rams-n signal
for nitrogen into a series of C6116 

(
~~) 3 062 573.7 7.0

fundamental vibrational bards (ground
state band, first upper state or
band, second upper state band. etc.). 

C6H6 ~~~ 
992 512.8 9.1

Also shown is the spreading out of
this fundamental vibrational band —

series due to rotational structure, as
would be viewed by a typical Figure 14 — Table of the Reman characteristics of
laboratory double monocbromator . from various species.
14. Lapp L 4] Reman wavenumber shift.

Rams-n wavelength of the Stokes
vibrational line with an excit’-

A high dispersiv e spectro~~aph shows that ation radiation at 488 ma .
each line is resolv ed in several components the
rotation Rams-n lines. If we take the wavenumber B Rotations-I constant .
(reciprocalof the wavelength ccisaonly measured in : Ratios of differential  lines to
cm) as the spectral measuring scale, the Mie and that of the V 4 vibration in
Rayleigh scattered lights have the same wavenumber
as the incident light . For a given gas , the 

N2 at 488 cm.

vibration Reman lines have (Stokes line )
and (Anti—St okes line ) as wavenumbers;
charac terizes the gas molecule. Let us consider (fig. 15) a light beam,

whose power is P , propagating in the gas to be
A number of values are given on analysed. If A designates the beam cross section,

table 1 (fi.g.14) far several molecular gases; each molecule receiving the power density P/A
theae values range appr oximately from i ooo to acts as a light source whose intensity is given
4000 cm”1 . The spacing between the rotation lines by
is of the ord er of 10 cm ’t or less. 

,_~~~~, 
4,5” 

~ (~~. i )

differential scattering cross section.
designated, more simply , by Cr

Assuming that the med ium is optically thin ,
for all the molecules contained in a volume V of

_ _ _ _ _ _ _ _ _ _ _ _  ~~ ~~~~~~~~~~~~~~~ 
_ --•-... 

~~
. . . -~~~ - -~~
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the beam , the total intensity ‘T is given by : cross sections for molecule N2 excited by an
ionised. argon laser on the blue line ( ~ 488 ma ,

‘t N V ,, ~. W I4 L V~~~20,492 cm 1).

PLNr (5.2 )

Rayleigh - 10-27 cm2/sr
Rotational Raman (all lines) - 10 29
Rotational Raman (strong line , including - 6 X 1O~ ’

fractiona l population factor at
room temperature)

Vibrational Raman (Stokes Q.branch) - 5 X 1O~~

Figure 17 — Differential  cross—sections for the
molecule N2 at the excitation wave-
length 488 Nm. From M. Lapp [14].

Figure 15 — Diagram of the scattered light . Let ~~ consider now the two last terms
corresponding to the Reman scattering: Stokes
and Anti—Stokes. The differential cross—section

In this relation , N 0 includes all the and are of the same order . The value
interaction processes between light aid the gas, for molecule Nthat is to say, ,~/Q’ 

is the sum of the following 2 excited at 488 cm and for the
—31 2 —1term s : vibrational transition l~ is 3.3 x 10 cm er

The ratios of the differential cross—sections for
varioua gases to that of the abov e vibration V~N ’~r—_ N ~~~~~~~~~~~~~~~~~~~~~ 

(s .3) 
in N2 at 488 cm are given on table 1 (figur e 14

last column 0/ ~~ ),

representing respectively each of the following We now have to determine the influence of
processes : Rayleigh, Stokes Reman , Anti—Stokes the number density N $~ and
Reman.

If we consider that we are close to the
The first of these terms is the highest , condition of thermodynamic equilibrium,

not only because the differential Rayleigh cross populat ions of the different energy levels are
section is higher than the Reman one , but also given by the Maxwell-Boltrms-nn distribution law.
because the number density corresponding to the If we relate the vibration , population Nv of the
Rayleigh scattering is higher than that of Reman iy level to the population N of the lowestthe transition probability for Lt t~’ 0 is o
higher than for ~~~~ + 1 (figur e 16). level ( v~~ 0), we have

levels _ i
~E/ ~~T1,-

~~~~~~~~~~~~~~~~~ ?J~~~s N 0 €. = W0 €~
—— ~~— — — ~.——- with

I I h : Plank constant
I I c : light velocityI 

— I — I,. I I ~ I k : Boltmann constant

~1 ~ > ~~l 
~ T : absolute vibration temperatur e

ta i l  c~~ 7~I(I
‘
~~~ I ‘~~ “~~~ ‘

~~ I and. :
I I
I .c~ I I ~ (5. 6)

I I

V: 1 — _i____ .4 — The total molecule number N corresponds to

v~2 — 
______ ~ f 

the sum of the populations for all the vibration
______- states. With the populations N0 of the lowest

RA YL EIGH STOKES ANTI-STOKES level, as a reference, it is called par tition
function Q1,and is g iven by

td v1 O 6v1+1 Ldv: -1

Figure i6 - Energy diagram of the vibrational f i r=1~~~~~~~k ~~~~~~~~~~ -- (5 .7)
transitions for R ayleigh and Reman Therefore, the number of molecules N t.,.scattering, in a state if’ is

All the quantities 0•” are strongly
wavenumber dependent; they var y as the fourth Ni,. = ._±1_. e.. “‘ ‘~ ( 5 .8 )
power of the wavenumber • We can then introduce
in relation (5 .3)  a factor which is the ratio The dis-tomic molecule vibrations can be
of the wavenumber consideredto the waveoumber for considered, in a f irst  approx imation , as those of
which was measured an harmonic osc illator . In this ease, relation

Nr 
~~~~~~~~~~ 

(5.6) to (5 .8) become

~~ (5 .9)
The table on fIgure 17 give. as example

the appr ox imat e magnitude, of the differential

L~ 
- - - .- a—-— -— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘ -~~ — -.- - A .  . •.  — ~ _ _-
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of If  given by :
ws-venumber vibration Rams-n ehift

~~~~ Be _ oC e.(t7+f )  (5 . 18)

( 
(5.10) 

Where the constant $~ is enall compared to the
_____ 

constant Be. . For the Stokes transition V’ s 0 - -

w~ w ~~~~~~~~ ~~Ttr ) ( 5 .11)  to iT.  1 , the Raman rotation shift , correspond-
ing tp the branch is

8i~~
f
~.) 3 (I4 1) _.~~0Ce_a F ( T H)  (5.19) H

Several rotation levels correspond to each
vibration level . Then , the number of molecules This corresponds to a series of lines for

of a vibration level 17’ is distributed over all the values J whose intensities, according to
(5 .2 ), (5 .4 )  are

the rotation levels in such a manner that the
population of a level J is

w ~~~ ~~~ (5 .20)

With , according to (5.16) .

Where the rotation partition function Q.~hs-s &~~~“)e ~ (5 .21 )N(tY+1)kc B(4 — e.
the approximate value : W~-

Q’t = !1~r (5, 13) On figure 18, an example is given far the
mol ecule N at temperatures 300°K, 1000°K and
3000°K. We2see that the envelope curve of theT : absolute rotation temperature lines reaches a peak value ~rhose spectral position

B : rotation constant , is temperature dependent , and that the spectral
half—width of this curve is also a function of
the t emperature. - -

Ther efore, the population of a vibration—rotation
level N is given by

c. ________us’ 
_____ _______

~~ 
P4(ZS#i)Lc8_e’

~~~ ” ~~~~ 
Lq’,,. 10 relative disf (thutI th

~~~~~~ tc’~~ 5J~+s)Ic
(5.14) 8 

300°K
J~ Pt.

appearing in relations (5.3) and (5.4) correspond
to the number of energy transition per unit
volume from a lover stat e to an upper state as

The number densities N~~ and ~~~~ 6

4far as the f irst  one is c oncerned and , inversely,
from the upper to the lower state, as far as the
second one is concerned; the former, N54t. , is
proportion~to the population of the lower state 2and the latter, N

~$R 
, is proportional to the

population of the upper state.
AVr cm~As regards the vibration transitions o a 12 16 20 -V’ 5 0 to 17= 1 , which are about the only ones

cr eated at temperatures less than 1000°K, we get
the Stokes and Anti—Stokes intensities according Figure 18 — R elative distribution of the rotation—
to (5.2), (5.le) aM (5 . 11)  s-i levels for B = 2.01 cm’~ (molecule

t~=CPL ( N(4_ e~~~~~~”~~”) 
N2 ) and T • 300°K, 1000°K and 3000°K.

15)
As for the other allowed transitions

“) (5 .16)  • +2, we get a line series on each side of
the Rayleigh line ( tt tT 0) aM Rams-n linesC : proportionality constant ( ~~ If • +~~~~. The wavenumber shifts for each series

differential Reman cross—section are given by
mea sured far l~ .~~~~

Then, the Stokes and Anti—Stokes intensity l4~.’t.l = F(s+2-)_~~(I)~~ 4e~(Yt.~-) (5 .22 )
ratio is

with : (5.23 )
_____ 

F(T) - b T ( J TtI)Is ~~~~~~ ~~~~~~~~~~~~~~~ (5.17) 
The intensity value for the lines J of each seriesI4~, ~“ + are given by

Let us now consid er the rotation
transitions which are only allowed by selection — Stokes rotation wing of the Rayleigh line.
rules for  AJ • 0 ( Q-br anch )  and ~ J • +2
(8 and 0 branches). The rotational Reman shift V~(o,T) = Vs-..~,— 4~ ~ (J ’+ -i.)
would be cancelled for all the transitions Ip ),T)= C P L  

~~~~~ 
N~y 

(5 .2 14 )
• 0 if B was a constant . However , due to

the vibration—rotation coupling, B is a function waver~uinber of the excitation line .

— ~~~~~~~~~~~~~~~~~~~~~~ ~~--~~.---- a—~-a - 
~~~~~

-- ----
~
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— Anti—St okes ’rotation wing of the Rayleigh line . As mentioned above, s-t low temperatures.
the populations of vibration levels higher than

= 
~~~~ 

4 e{I s .f.) ta 1 are negligible. For higher tamperatur e
(about ). 1500°K) the populations of vibrationI r~4(~) C PL 

~~ 11>, W03.~ 
(5.25) 

levels 17.2 , 17’ — 3,... become significant.
T2IL 5, if we apply the selection rule ~~t, +1,

— Stokes rotation wing of the Stokes line If • 1 we have to take acc ount of other transitions such
as V I toV~~ 2, 17’. 2 to V.  3 aM so on.

~~~~~~~~ ~~~~~~~ 
4l ~(r÷~) each of them beine associated with the rotation

; (i~~)  _ C P L 41~r) (J~~s/.,l~ 
series. For examnie. for the rotation 0. branch

______ (5.26) ( ~ J • 0) aM Stokes vibration transition “L/’ = 1
to 17- 2, we obtain from (5.6). (5.44) aM (5.13):

If. 1
— Anti—Stokes rotation wing of the Stckes line ,~(a ,T) ~~ — c&. +3& ’+O(e Y(r+ l)

g~~th~ 4 4&(~rt ~~~
.) 

I1Q(~’1I T) 
~~

. •1
~

C PL (i4.- ç W (5 .27) Figure 20A shows the envelope curves of
1% ‘t7’~Z- the N2 a —branch at a temperature of 2000°K,

calculated for successive lower levels 0, 1 ,2 ,3,s-nd so on for the wings of the Anti—Stokes aid figure 20B shows the resulting envelope curvevibration line. of the whole 0. —branch , when analysed with a
finite resolut ion spectrograph. The influence ofFigure 19 shows , schematically, the Raman temperature on the shape of this envelope curv e isand Rayl eigh scattering lines for molecules N2 shown on figure 21 , for temperatures ranging from

aM 02 observed in the air at two di f ferent  300°K to 3500°K.
temperatures 300°1C and 1000°K. On each side of
the Rayleigh and vibration Reman lines, the 0.6
envelope curves of the rotation lines are drawn.
We see that the Anti—St okes—to—St okes v ibrat ion 1 2000’K 0

h ues intensity ratio increases with the )~~ 4480 A o a
temperature; so does the width of the rotational o

°wings.
0 a

____  _ _ _ _ _ _ _ _ _ _ _ _ _ _  
0

O - 300°K RAYLEIGH SCATTER IG 0.2 - 0d~~ &, ° -i

— I -  ,— 0
0
0 

0
00

0
OS.— 0

0 
~ 

0
VmRATIONAL ~~ 0-2 - RAMAN SCATTERNIG z ~~~~~~~~~~~~~~~ ~ 0

1 0  -—3- 2T * L  02 N _____________________________________a6r(B)
-5

SCATTERING I-6- O~ I ~ Q4~- A ’I 63A
MIllSTONES / \h I

~ -7

9

~~~
j

~~~~i__J_ _______

~ -8

6000 7000 8000
I —

a
I— ~

~ 2~ 

II O0’IC R~ tEIGH SCATTERING 0 £ ___________________________

5472 5480 5488 5496 5504-I
VI8RATIONAL WAVELENGTH ( A )

NITISTOK ES 
RAMAN SCATTERING

SCATTERING 2 20 — Calculated Stokes vibrational Q—branchROTATIONAL-4k- N2 1)2 intensity at 2000°K for nitrogen . (A) -

WINGS Alternate “ strong” line intensities._5
~j I The square data point s correspond to-6 the ground state band , the circular

F~~~re

— 7 points to the first upper stat e band ,
the open triangular point s to the-8
second upper state bath , etc. (B)

-9 Triangular slit function convoluted
________ __________ — profile, where E~ is the spectral slit6000 1000 • 

8000 width (FWHM). From M. Lapp [114].
W&ELENGTH 16943 A EXCIIATCN)

F igure 19 - R ams-n and Rayleigh scattering for air ,
drawn roughly to scale, at room
temperature and 1 100°K. To the scale
of this drawing, ground state and
u pper state fu ndamental vibrational
Reman bands ar~ not distinguishable
From M. Lapp t i14 J .

- - ~~~~~.. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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absolu tely necessary to resolve these lines. If
we select two spectral bath s including several
lines , we can obtain their intensity ratio, aid

0.8 8’I.5A 300’K the measured intensities are higher . By means
of a spectrograph, it is also possible to record

Of the whole uoresolved band and to determine the
shape, width or peak intensity spectral positions

0.4 which are all function s of the rotational
- I temperature.

02 I
j Though it seems attractive, this method

o i requires very selective f i l ters or a spectrograph
r I without spray light , to select spectral bands very

0.21- 700’K efficiently blocked to the excitation wavelength
1- sid e, for~the near Rayleigh aid Mie radiations

are much mare intense.

~ O2~ IIO(Y’K J This method can only be used with a pare
0 ~-.4”. . -  gas. In the case of a gas mixture, the rotational

naL Icaww bands are very near each other aid even overlap.
Then, it becomes difficult to find two separate
spectral band s, characteristic of a given gas,

� ‘J.
~ [ 

permitting temperature measurements without

~ [ interference with another gas , s-ni due to this
~~~ 0 overlapping, number density measurements f o r

ç each species become impossible.
02E’ 1900 K

- 

ii 
Sometimes, fluorescent species are mix ed

O in the gas. In this case, it is better to use
23001( both spectral bath s for temperature measurement

and the whole bath for density measurement on the
01 I I  

A.S. sid e of the Rayleigh line; the f luorescent
0.2i 27001( ,.

~ A light is mainly di8persei to the S. side.

“ , 5.3.2 - Vibrat ional-rotational Reman_bath s
O.2r

F Vibrational—rotational bands for different
species arc more distant from each other than the

I 3500’IC rotational baths of the Rayleigh line; therefore,
• I • I 

for c~~~ on gases , the overlapping is less

I I I 5500 i 
frequent .

5444 5460 5476 54fl ~~~~ As they are further fran the exc itation
WAVELENGTH line, the intensities are emailer , but the

spectral blocking is much easier. Since, in
addition , the spectral bandwidths are larger, the

f igure 21 — Calculates Stokes vibrational Q—branch spectral purity requirement of the dispersive
intensity for nitr ogen from 300°K to set -ups ( spectrograph or filters) is not so
3500°K. strong, therefore, the tranemittance is improved

which compensates partially for the intensity lost.

At low temperatures the A.S. side bath s are
5.3 — Potential use of Raman scatt ering far so weak that they are useless (figure 19).

Then, let us consider the Stokes bard whose
As explained above, all the Rams-n Q.-branch is the most intense. As shown on figure

intensities are both temperature— and density— 21 , even if each rotation line is unresolved ,
dependent. Therefore, they c ould be used to the envelope curve of this 0. -br anch varies with
measur e these quantities. But , unless one of them the temperature in shape , spectral extension, and
is otherwise known, which is difficult in hot number of peaks . All these properties may lead to
gases , we have to find means to separat e these the 2mplmnentation of a temperature measuring
two values. Let us review some of these means, method .

5.3.1 - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ At low temperatures (< 1000°1C), vibration-
— al transitions other than from V’ 0 to V • 1 are

Among all the rotational line series, both negligible a single peak appears. Method s
Stokes and Anti—Stokes wings of the Rayleigh line related to the shape of the curve are used : half
are the most intense as they are the nearest to intensity width determination or measurement of
the growil state (figure 19). the curve slope near the half—height . Vibrational

temperatures are thu s obtains-i either by
By selecting two lines in the same wing comparison with calculated results or by

(S. or A .S.)  and measuring their intensity ratio, experimental calibration , for different  known
we obtain values which are only functions of the temperatures. In this temperature range ( 0 to
rotational temperature. Then , bass-i on these 1000°K ) ,  the integrated light intensity rec2 ived
values and on the measurement of the integrated tbrough a filter which ~s approximately 16 A wid e
intensity of the whole band , we can deduce the (between 51492 and 55~~ A far nitrogen, as shown
number density. on figure 21) is independent of the temperature;

this intensity can be used to measur e the number
This method requires a high resolution density.

dispersive set—up (spectrograph or f i l ters)  to
resolve the rotation lines , and then the measured At higher temperatures, on the one bath , -
intensities are very low. In fac t , it is not the A.S. band intensity becomes significant,

- - -~~~~~~ . —~~~~-~~~~—-‘~ - --~~~~~~ - ~~~~~~~~~ -— -~~~~~ —~~~~~~~ — —~~ - —~ - -~~~~~ -- ~= ______ -- - -
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and on the other bath , the Ea~mber of transitions in order to correct possible variations during
• 1 to 17- 2, if • 2 to 17 — 3, . . .  (hot the experiment. All tir ee vs-hues from the photo-

baths) increases , and additional peaks appear in receivers and the power meter are simultaneously
the Q.-branch . recorded.

Through filters tranemitting the whole Let 
~R 1 aid P~~ be the light powers

bands, S. aid A.S. intensities are measured, received from each c hannel ; they are related to
whose ratio I~ /IA$is a function of the vibration— the corresponding efficient scatters-i intensities
al temperature as given by ( 5 .16) .  me s. bath I~ and I2~ by
measured intensity is independent of the 

p rtemperature and permits the determination of the 
(5 .29 )number density. As shown on figure 21 , in the r tin—case of nitrogen, the filter bandpass has to be

about 30 for temperatures less than 2000°K and ‘~4 ath T . optical tranemittance over each
about 50 A for temperatures less than 3500°K. channel including lenses, prefilters, dispersive

set-up tranemittance and photodetector spectral
Another method of determining temperatures responsivity.

consists in the intensity ratio of the two highest
peaks in the 0.—br anch. But this met hod We see that for measurements requiring an
necessitates very narrow filters (about 2 A wid e intensity ratio, it is not necessary to know the -

IIfor nitrogen , as shown on figure 20), so that the sol id angle value fl. ; but we have to measure it
measur ed intensities are much lower than with the for absolute intensity measurements. When possible,
previous method . calibration by means of reference gases at

di f ferent  densities aid ts-npel-atures permits
5.14 - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ avoiding the measurement of the values t and ~~

It is also possible to use spectrograph
An experimental system for Reman scattering with spectrum recording on photographic plates .

application is schematically shown on figure 22 . Buitable spectral domains are then selected, and
the plate is processed with a micraiensitcineter.
The main advantage of these methods lies in theL tact that they permit simultaneous recording of

__________ _______ 
all the traces of species in a ga s mix ture.Laser jW~.44’~4~ 1~ 

~~~~~~~~~ Nevertheless, the sensitivity of photographic
0 plates is lower than tha t of the best photo—

receiver.
I To avoid this loss of sensitivity while

\ L1 preserving the advantage of the image rec eiv er , LI
highly efficient television tubes can now be
used.  The image can be either transferred to aF monitor and photographith , or recorded on a
magnetoscope ; also, the scanning electrical

• L2 signal can be sent to a recorder.

~~UCtraV~~II piioto~ ode ~1te’tS,tnCe
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M~~EJ—~J L N4PM2
cho5p.,

Figur e 22 — Optical diagr am of a spontaneous
Reman scattering device . Figur e 23 - Lay—out with the measuring volume

inside the laser cavity. The plane
mirror N

2 
of the laser cavity is

A laser beam crosses the gas medium to be rerzowel and replaced by a system
analyzed. An optical system, whose axis forms an includ ing the lens L , the folding -
angle ~ with the incident light beam , collects mirror N14 and the spherical mirror
the scattered light inside a solid angle .a . A
prefilter  F, introduced between lenses L1 aid t2, M3 . From S. Druet and al. ti?,].
rejects  part of the unwanted light coming from
luminous surroundings, gas emissions, Rayleigh
and Mj e scattering, fluor escenc e .. .  An image of As regards the laser source , since the
the laser beam is forms-i on the disper sive set—up scattered light is weak , very intense lasers are
entrance slit; its width determines the suitable needed .  Owing to the strong dependenc e of the
beam int eraction length L. The dispersive set—up d i f fe rent ia l  cross—section on the excitation
may be a priem or a grating spectrograph , inter- radiation wavelength , the shortest wavelength
ferential f i l ters  or even , if necessary, for seems to be the best. But , when the violet and
hig h resolution , a F’abry—Pgrot interferometer . ultraviolet spectral regions are r eached , mar e -

Two bandwidths (or more)  are selected, the species become highly fluorescent and some of them
spectr al light f ran eac h of them being respective— esissive. Tbus , these unwanted lights degrade the
ly collectel an the photoreceiv er s ‘~~ 

and 1’M2 . A signal-to—noise ratio. If we take account of the
laser power meter P measures the incident light photoreceiver or photographic spectral sensitivity

I. A —---. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ ~~~~~~~~~ -
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aid of the rejection of the unwanted light , the
best spectral region for the excitation laser is p ~~ 

) ‘
~~

) ( 5.3O) 
-

near the blue aid green. ~nong continuou s lasers,
it is the argon ionised laser with its 1488 n a  -r filter tranemittanceblue aid 51 14.5 em green lines which produces
power s over 10 Ii. With such a continuous laser , : nonlinear susceptibility inchiziing two
the useful power can be still improved if we terms such as
remove one of the cavity reflectors, and replace
it by a lens and a mirror on each side of the X = +- ~~~ 

(5.31)
measuring volume (figure 23). Thu s , a power gain
of mare than 10 is obtained within the interaction resonant pert of the susceptibility, onlyf ield . contributive near a vibrational—rotational

resonance.For a pulse laser with very high power and
short pulses, a frequency doubled ruby (3147 em)
aid a frequency doubled neod~~ ium (530 na) are non-T esonant , quasi-constant , part

representing the contribution from thethe most c~~~~only used . electrons and remote resonances.
Continuous or pulsed dye lasers are now The resonant susceptibility is a complexc~~~only used f or every wavelength required . quantity; it is a sum of t erms for all the

vibrational—rotational transitions j involved in5.5 — 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ the interaction process, given by
The main experimental difficulty encounter-

ed in spontaneous Reman scattering, as described
‘4above , arises from the weakness of the efficient X~=4~~~ -~-~- ~~~~~~~~~~~~~~j~~9- 

~~~~~~~~~~~~~~~~~light power as compared to the incident power
not only the interaction process is weak but also (5.32) -the light is scattered in every direction and can
only be collected in a finite solid angle. • : average population difference per molecule —

between the lower vibration—rotation level -
A new method , called “Coherent Anti-Stokes ( ‘~7Reman Scattering” improves the eff iciency by ~~, J~ ) s-rd the upper one.

several orders of magnitudes. Two monochromatic
beams of respective wav enumber s 

wavenumber difference between these levels.

are mixed by means of a beamsphitter S(figure 214) Gj. : corresponding differential scattering cross—
in order that they may be exactly superimposed section .
and propagate in the same direction . The resulting
two—frequency beam is focused by the lens L1 on weighting factor ( 

~~~~~
‘ 1Z~~+ 1 for a 0..—

bra~ich fine).the gas to be analysed, crosses the lens L2, the

filter F and falls on a photoreceiver . transition linewidth .

beam Relations (5.30) shows that 
~AS ~B

interaction volume proportional to the squar e of the excitation
radiation power P~~ ; therefore  the interaction
is stronger near the focus of lens L1, where the

~~~~~~~~~~~~~~~~~~~~ measurements are made within this near cyhindric-
_____ ______ _____ 

PM power density is higher . As a result , local

beam S a l  volume, a few microns in diameter and a few
millim et er s in length.

The A.S. generated power propagates within
Figure 214 — &perimental lay—out of a “coherent the seine beam as both excitation radiations ; the

Anti—Stokes Reman scattering” system whole generated light is then collected on the
to measur e the local temperature aid photodetector and as the collecting solid angle
number density in a gas mix ture, is much smaller than for spontaneou s Reman

scattering , the unwanted light power from the
background (spray light , fluorescence or emission )As the gas contains a species whose is s-iso smaller; a much higher signal—to—noisevibrational transition ( u- = 0 to V = 1) is ratio is easy to obtain , even with a lover -exactly ~~~~ V~_ L -~ , a strong interaction excitat ion power .process occur s, mainly near the focus of the

lens L where the power density is the highest ; Let us now consider resonant aid non—a new light wave is generated whose vavenumber resonant susceptibility contribution.is ~~ 2 iA - + .~v- ; it propagates
in the same direction as both incident waves. Relation (5.32) shows that X~~ is at itsThroug h the filter F, radiations hen V — ‘rk —

~~~~~ 
; the excitationmax imum wand are rej ected aid. ~~ is transmitted, and rad iation aaveA~nmber 1~~~remaining constant , thefalls on the photodetector. If l~’~ is considered Ias the excitation radiation in a Rams-n scattering shifting of the wavenumber V~ makes it possible to

process ( ~ — ~J, ~~ is in the position of the take into account successiv e va:1.uest. By tuning
Stokes line ~~ and ~~ in the position of the V,~ in a given spectral domain, it is then
Anti—Stokes line ‘~~~~~ . 

possible to record vibration-rotation spectra as
with the spontaneous Reman method and to deduce -
from them the temperature and number density. The

If ~~~ and P~ are the respective incident Q~—branch profile is generally used for these
power s for the exc itation and Stokes radiat ions, measurements as it is the most intense , with a
the Anti—Stokes power P~ received by the photo— weak interference between the spectr a of different
detector is given by species.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
J
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ing” . Generation of the two
radiations, one by means of a Q—switch

M Figure 25 “Coherent Anti—Stokes Reman scatter—

ruby laser, the other by means of a
dye laser excited by the former. The
beam with the reference cell is for

— 

and al. Cl fi.
calibration purposes. From S. Druet

intIrfSrSfl CC
“K’,

PM

The non—resonant part X , ~of the selective, stable and intense light sources;
susceptibility, which is independent of the all these properties are required for th.i se
wavelength, increases with the total number of the Reman scattering method . These i~ sars
density for all the species. It has the same are essential for the Rams-n method s to be uss-i
effect as a stray—light , that is to say for applied physical measurements. Other prob lems,
sensitivity limitations for low partial number such as those conc erning str ay lig it  re jec t ions,
density : typical minimum detectable mixing ratio light detection and spectral f i l ter ing with an
about 1000 p.p.m. efficient blocking should not be ov e’look& but

they are of becondary importance in comparison
Continuous or pulse lasers can be used as with the essential necessity of a suitab le light

light sources . The optical d iagram of a CAR S set— source.
up is shown on figure 25 with a pulse 0.-switched
ruby laser. In order to obtain emall linewidths, Approxiinatly ten years ago, the mair .
spatial and spectral fil ters are placed in the teams I know in USA and Burope undertook —

cavity and a passive Q.—switching is performed fundamental studies. Their interesting results
by a cryptocyanine in ethanol cell. The output were r eported in publications , the biblio~~aphic
power is about 1 MW in 8 ns; the linewidth is less reference numbers of which are 1i141 t o f r tj .
than 0.01 cm* The shot frequency is 3 pulses
per minute. The beam diameter is 2 mm . A ruby However , classical Reman scat.ering is
amplifier increases the power to 5 MW. A beam limited as r egard s both accuracy and the
splitter tran maits part of the emitted light as possibility of det ecting species at a low
the excitation radiation at frequency £J~ and concentration in a mixture. These limitations ar e
reflects the other par t to a dye laser cell , in mainly due to the presence of unwanted light ,
order to generate the other rad iation , with a mix ed with the useful scattered light , which it
frequency jJ~ . The freq~uency adjustment is mad e is very often diff icult  to eliminate.
by tilting a Fabry—Perot etalon placed in the
laser cavity. Both beams £l).f aid 4.~ are mixed by Sane of these difficulties can be overcome
means of a second beam splitter . A third beam by the use of the new method designated as
splitter is used to separate the beam in two “Coherent Anti—Stokes Rams-n Scattering” , whose
ways 80% are focused on the sample (flame , gas application to the study of gases began six years
cells) ,  20% are focused on a reference cell filled ago . The main advantage of this method lies ±n
with 140 atm . of arg~n. The signal ratio of the the fact that the useful generated light is isuch
two detectors is rec o.d& in such a way that the more intense, amd ther efore the rejection of th~
laser power variations from pulse to pulse are unwanted light is easier. However, another
cancelled. Considerable care has to be taken in limitation to the detection of a species at a
order to avoid an unwanted wavelength shift low concentation in a mixture ansi the measurement
resulting mainly from temperature variations. As of its number density is due to the non —resonan t
mentiocs-~ for the spontaneous Reman method , it is par t of the susceptibility (molecular qu enchin g) ,
also possible to use a broad linewidth for the which is proportional to the tot al number density
Stokes frequency and to obtain the Anti—Stokes of the mix ture.
spectrum with a spectrograph. The spectrum
recorded on a phot ographic plate or with a Promising results have already been
televi.sion equipuent can then be processed to obtained . However , the improveaent of this
obtain the desired measurements. method requires two-wavelength stable lasers

one of these wavelengths being accurately
6 — Work in Progress for Flame Studies tunable with respect to the other . Considerable

efforts were devoted to the developnent of this
It appears increasingly necessary to kind of lasers and some devices are now in the

improve the aero-eng ine performance in order to production stage but they are still expensive.
reduce fuel consuinption and the pollution due to
unburnt gases and solid particles generation . 7 — Conclusion
Therefore, it becomes essential to study the
chemical reaction ans the species distribution The Optical method s appear particularly
inside the flame itself without the creation of attractive to perform physical aid chemical
disturbances. Only the opt ical methods can do this,  measurements within the gas flow of an aero—
Among then , the methods basal on Reman scattering engine hecanse they are specifically non—
are the most attractive because they permit - -trusive. As it is often very diff icul t , if not
remote local measurements of temperatures s-nd ~~~~ssj ble , to use them on a real engine, they
number densities of specific species, even if ar -  mostly used on models simulating parts of
these are not in thermodynamic equilibrium in engines.
every point. Nevertheless, the application of
these methods is difficult  because of the very Like similar optical methods, such as
low scattered intensities as compared to the shadowgraphy and schlieren, interferometry has
excitation power . been used for flow visualization sinc e the

beginning of experimental aerodynamics. This
The recent advances of the laser method permits density measurements within

technology permit the production of directive, aer odynamic flows , provided that specific
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conditions, such as two-dimensional or ai~ia~m [9) — G. Fertin — Visualiaation de l’Ecoulement
metr ical , be met .  The advent of the laser ds-ns un Coinpresseur Axial ~upersonique ~per~nitted the developnent of a new kind if inter— Aubes Lon~ues. La Rec herche Aerospatiale
ferometer  the holographic interferometer . It ia n°166 ( 1 975—3 ) p. 165—168 . Visualiaation
easier to build and use , and less sensitive to des Ondes Choc — Mesures n°14 avr il 1977
env iroomental conditions created in the vicinity p. 57—69.
of a machine (hea t , vibrations). Thas , it can be
appl ied to density distribution measurements in ~ — R .G .  Hantman , R . J .  ~zrr , W.G . A.Iwang aid
f ixed or rotating blad e cascades, in cold or hot M .C .  Williams - The Application of
gas flows , even in flames. Holography to the Visualization of Shock

Patterns in a Transonic Compressor — A IAA
The Reman scattering methods are part icular — Paper n°714—637 (July 197 14).

ly interesting to perform local temperature
measurements and local concentration measurements 

[~iJ — Ralph F. Wuerker — Holographic Inter —on specific species in a mixture of hot aid
reactive gases. Their application to f lames ferometry — Proceedings of the ICO
studies is extremely important because there are Conf erenc e, Tokyo (August 19714)—Japan
no other convenient methods of determining the ~~~ Appl . Phys. 1 14 (1975 ) Suppl. 114 — i .
physical and chemical characteristics in these 

—media. 12 - W A Benser E E Bailey and T F Geider[ 
Hologr aphic Studies of Shock Waves within

However , the implementation of the optical Thansonic Fan Rotors — Journal of
method s requires the building of c omplex ~~~ ~ngineer ing for Power (January 1975)
expensive devices. These devices have to be P. 75 -814.
handled with great care by experienced tec hn ic ian s
in order to obtain unquestionable results .

R aman Scattering
Data processing is generally a time-

consuming operation . Ther efor e, consid eraLie [131 — G .  Herzberg — Spectra of
efforts are still required to improve this  phase Molecules — Second Blition — D .  Van
of work , and the advantages offered by the Nos trand Co- Inc .,  Princ eton 1950.
connection of these devices with micropr ocessors 

[114] — M. Lapp and C .M. Penney — Laser Remanshould be fu lly used , in order t hat opt ical
methods may become operational . Diagnostics — Plenum Press — New—York

and London 19714 , containing many papers
written by the main team s working in the
f ield in USA and Europe.

~~5] - W.F. Fenner , H .A. Hyatt , J.M . Kellam and
S.P.S. Porto — Reman Cross Section of
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FUNDAMENTALS OF LASER DOPPLER VELOCIMETRY

by

A. E. Lennert
Supervisor , Advanced Concepts Staff

ARO , Inc.
Arnold AF Station , Tennessee 373 89 USA

SUMMARY

The basic principles of the laser Doppler velocimeter (LDV or LV) an instru-
ment being utilized in many laboratories for measurements of fluid flow, is treated in
detail. The development includes one, two and three—dimensional simultaneous measurements
using both forward and backscatter techniques. Conventional laser velocimeters determine
speed only ; therefore, ambiguities exist when attempting to measure turbulence , flow
angularities, and flow circulation. With the inclusion of a Bragg cell, or other modu-
lation techniques , the ambiguities are resolved. The characteristics of the Bragg cell
system, both one- and two—component types, is presented . Several counting techniques are
reviewed and a “real time ” processor evaluated. Of the various data acquisition and
processing mechanisms only the direct-counting techniques are favorably considered for
aircraft engine applications. Included are discussions concerning pertinent parameters
a f fec t ing  LV design for eng ine application and f ina l ly  several LV systems used in wind
tunnel environments are described.

I. INTRODUCTION

Conventional devices that are used for performing flow field diagnostics
comprise material—type probes such as hot-wire anemometers , rakes , pitot tubes, and
others. The basic shortcomings of such devices are that they substantially perturb the
medium that is being measured ; hence , correction factors must be introduced to re-establish
the free—stream , unperturbed conditions. None of these devices measures velocity directly.
Most are quite sluggish insofar as frequency response is concerned . It is very difficult
to acquire accurate transient and/or turbulent flow measurements; the physical sizes of
the instruments are such that the spatial resolution is relatively poor. In the case of
plasma diagnostics where the flow fields are extremely energetic , material—type probes
have the failing of either rupturing or disintegrating . It is not an understatement to
say that conventional diagnostic techniques leave much to be desired.

The previous lecturers have introduced and discussed the importance of utilizing 
-

non-perturbation—type instrumentation as diagnostic tools for engine development. One of
these techniques--the lasur velocimeter--will be treated in this session. In general the
LV measures fluid velocities indirectly by determining the velocities of the particles
moving with the flow field. If the particles are small in size (less than 0.Simm ) then
accurate measurements of gas velocities over a wide range of flow and turbulent conditions
can ha’ obtained. Often particles are inherent in the flow medium as impurities. In some
cases the impurities are large in size such that particle lag problems are experienced .
In other cases the impurities may be too low in number density and experimenters must
resort to artificially seeding the flow.

This arti f icial  particle environment can o f f e r  debilitating effec ts  upon the
desired data and on engine components. In addition to these instrumentation problems,
fundamental problems that must be resolved before the LV becomes a routine tool, in
particular, for the altitude performance testing and aero—engine development, are associ-
ated with the complex geometries of wind tunnels, compressors, combustion and exhaust
chambers, where the volume that can be probed is restricted. Additionally , the combusting
environment results in high temperatures, high velocity, and high turbulent flow conditions
which preclude theoretical analyses without introducing simplifying assumptions.

In what followo , attention will be focused upon the basic operational princi-
ples of operational LV. The two major types of LV, the self-aligned reference beam and
the two beam , dual scatter (or differential Doppler) systems, will be evaluated . The
fundamental problems , which are inherent errors and limitations of the LV aircraft engine
application will be discussed. Since the successful application of the LV is strong ly
dependent upon the data acquisition and processing techniques , conventional electronic
devices will be briefly reviewed and the techniques that are seriously being developed
for improving the data acquisition, both in quantity and quali ty, will be discussed.

II. THEORETICAL CONSIDERATIONS

A. Introduction

The basic equations will be derived for determining the frequency of light
scattered from a moving object. The derivation is equally applicable to light reflected ,
ref racted , or scattered from a moving surface. The essential factor involved is that the
moving object re-emits , or scatters, the wave-fronts instantaneously.

B. Doppler Shift Relationships

In Fig. 1-a a small particle at P is assumed moving with a velocity v in an
environment of refractive index ri. A stationary light source of frequency f0 and free-
space wavelength A ,~ i l luminates the region. Upon entering the refractive region, the

,-,---— - ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ i ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~
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the frequency of the light is not changed, but its wavelength, Xi, and the velocity, Vj,
are reduced to X j A 0/n and c/fl , respectively. Light scattered from the particle is of
wavelength A 5, of velocity c,fli , and of frequency f5; exterior to the refractive region
the scattered light is of wavelength A 5, velocity c, and identical frequency f5. The rate
at which wavefronts intercept the moving particle is v.

- . ~~j \~= f0 ~~~ ;; . ej

~ 
A~ ,

j  
X~ (2—1)

where the 
~~ 

respresents the unit vector of the incident beam propagation vector.

In Fig. 1-b a particle is assumed to have scattered a wavefront when at
position 1. The particle then moves to position 2 before it scatters another wavefront.
A time 1/f’ elapses between points 1 and 2 during which the initial wavegromt travels a
distance ce5/ fif’ toward the observer, and the particle travels a distance b/f’; e5 is
the tamit vector in the scattered direction. Then:

+ .‘
A C V . e~5
~~~ iT’ f’

( 2— 2 )

Substituting Eq. (2—1) for f’ and solving for f5 yields:

f = ~ 
_(~0 -

~~~
; . \

~~~~
~~ 

— . ;~ (2—3 )

In the nonrelativistic limit (v<< c), eq. (2-3) can be simplified by expanding the
denominator in a binomial exp~nsion. Retaining only the first three terms then,

f5 (~ 0 
— . e~ ) (i + . = + 

~(~°: 
e5 - ci)

(2—4)

Substituting X~ = A0/r~ and f 0 = c/ r~A 
~ 
yields

f 5 = f 0 +~~L 
[;. (e _

eii~
j

(2—5)

Equation (2-5) expresses the frequency of the light scattered by a particle moving in an
environment of refractive index ni. The Doppler frequency shift can be expressed as

-p
fly ,. -.

~D — ~~~S~~~~~O X  (e 5 — e ~
)

(2—6)

or using the alternative form 
+

flV 
+= -~~.-— (k 5 — k1)

(2—7)

where i~ = and = are the incident and scattered propagation vectors.

The lnagni%ude of the scattered propagation vector i~ ~s essentia’ly equal (towithin one part in 10’) to the magnitude of the reference vector k,~. Since k = 21T

2 T r when the frequency of a wave changes a small amount of df = f0 its propagation
co~stant changes by an amount

d~ = kD df = 
(~~~)~D

(2—8)

Thus, the propagation constant of the scattered light is:
+ + + 2w~ 12,r ri \= + kD _X

~~ ~~~~~1
1D (2—9)

The ratio of ~~/kj is given by:
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kD fD_ 0~~~~D 10 = 5 x 1 0
C c ~ x l0’~

’. (2—10)

where typical values of = 100 MHz and f0 = 5 x 101’. Hz have been assumed . Thus , k5
and A 5 = A~ within better than seven place accuracy.

C. Detection of One Velocity Component

The Doppler frequency shif t  relat ionship will be appli ed to show that only one
component of the velocity ~of a movi~g semitransparent medium is detected. In Fig. 2 an
incident light beam of wave vector kj, located in the x—y plane and at an angle 9/2 with
the x—axis, passes through and scatters light from a moving semitransparent medium. Only
that light scattered from the origin of wave vector k5 is detected by the combination of
the lens L2, the aperture, and the PM tube. The detected scattered light is oriented
an a~gle 9/2 with the x-axis and an angle 0 wish the incident beam. The wave vectors k5 -

and ki are of approximately equal magnitude. k5 and kj are indicated emerging away from
the scatter point so that th~ tail of each vector is located at the scatter point andthe ve~tor difference, k5 - ki, is from the tip of one vector to the tip of the other.Since k5 = kj = 2iv~/A 0.

k
~~ 

— k
j j  

= 2k
~ 

sin 9/2 = sin 9/2

(2—li)

and
+ + 4~~

y
~k - k .  —i—-— sin 9/2 e.1S 1 o (2—12)

Since fl~ l.00
+ for air, it may safely be neglected in the following discussion. However,

in media ot~’er than air fl must be included . The Doppler frequency shift of the scattered
light k5 is g..ven by

1 -~ + +

~D 
= - ~~-v . (k5 — k 1)

= T~~ ~~x ~x + 
~y 

ey + z e5) f- sin 9/2

2
= — sin 9/2A0

(2— 13)

For small 9, sin 9/2 9/2. Solving for y yields:

= ~ 
A0y 

~ (2 —14 )

Thus, by selecting the direction of the incident light and of the detected
scattered light so that the vector difference of their propagation vectors is parallel to
one chosen component of velocity, only that chosen component of velocity will contribute
to the frequency shift of the detected scattered light.

D. Fringe Analysis of Dual Scattered LV

There is, however ,
an alternative, and simpler analysis of the velocimeter which will be discussed since it
presents a much clearer phenomenological picture of the events that occur when the particle
traverses the probe volume. As in the previous cases, the laser source is split into two
beams (Fig. 3) one for each of the two velocity components, and focused a diffraction-
limited region where the Gaussian intensity consists essentially of planar wavefronts of
radiation. Because of the coherence of the source, the beams will interfere constructively
and destructively to establish a set of closely spaced, planar, stationary interference
fringes at the beam or crossover focal region. The peak—to—peak fringe spacing; 6, is

6=  A
2 sin 9/2

(2—15)

the 1/c2 diameter of the focal region is given by

4 P.L.2b0 = A (2—16)

where F.L. is the focal length of the lens and d the diameter of the beam at that lens.
The number of fringes N contained in the focal volume can be determined by dividing the
peak-to—peak fringe spa~ing into the focal diameter as follows:

A. —— - - ~ ...~~~~~~~~~~ - . -— — -—  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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8 F .L .N ..~ 
sin O/2

B ( 2— 1 7 )

This can be simplified by assuming 9/2 is much less than unity such that 2 sin 9/2 is
approximately equal to 0 where 0 is the separation of the two beams,d , at the transmitter
lens divided by the focal length. With this approximation: S

N = ‘$
s -i—

B (2—18)

As a particle traverses the focal volume at a velocity ~ , the interference fringes are
cut at a rate equal to

f 2v sin 9/2D (2—19)

which is equal to the Doppler frequency. Since the particles traversing the fringes
repetitively scatter light , they generate an alternating , f luc tua t ing ,  current in the
photodetector with a frequency proportional to the rate at which the particles intercept
the fringes. Although the fringe explanation is relatively simple to understand it cannot
be used to analyze the scattered radiation in detail. This is attributed to the complicated
nature of the particle scattering process that is dependent upon the ratio of particle
size to the wavelength of light , the index of refraction of the particle, the angle of
incidence of the light beam, etc.

III. LASER VELOCIMETER ANALYSIS

A. Introduction

The reference beam LDV was the first type unit constructed and placed into
operation. The initial LV system (Ref. 1) was a forward scatter non self—aligning LDV
unit. After several years of operation in which alignment difficulties were experienced ,
self—aligning units were developed . Operational difficulties were still evidenced and
the dual scatter or differential type LV units emerged from the development laboratories.
In these latter units the radiation that impinges upon the detection system is light
scattered away from the incident beam. The resulting improvement centered upon minimizing
the so-called broadening effects inherent with the reference beam systems. The basic
problem with the reference beam system is that a large number of particles , or scattering
centers, is required for operation.

In the present section the two main types of LDV systems will be discussed
and representative examples displayed . Although only one operational principle is
described , a number of different modifications exist. The analysis, however, is generally
valid. Both forward and back-scattered LV techniques will be discussed.

B. Forward Scatter LDV

The reference beam LDV can readily be analyzed with recourse to Fig. 2a and
Eq. (2—14). Two laser beams coming from one source are made to cross and to focus to a
common point in space. One of the beams is a low power reference bean (1% of the total
beam power) and intercepts the photocathode surface of the PM tube. The Doppler shifted
frequency for light scattered from the main beam is

-p
v + + 2 +f0 = 

~~~~~ 
(k

5 
— k0 ) = — sin 9/2 v 

( 3— 1)

The reference low power beam impinging upon the phototube is mostly unscattered , and
therefore , is not frequency shifted. Furthermore, any frequency shift of this very low
intensity light scattered from the reference beam is essentially zero since in Eq. (3—1)
0 sO. The reference beam and the Doppler shifted scattered beam interfere , however , at the
PM tube and generate an electronic (Doppler) current of frequency 

~~~ 
The generated

Doppler current will continually increase and decrease in amplitude as the scatterer moves -
toward and away from the axis of the focused reference beam because of radiation alignment
effects. In addition , variat ions in i l luminating beam intensity (i.e., the Gaussian beam
profile) will also affect the Doppler signal current amplitude. Both radiation alignmen t
and illuminating intensity effects combine to produce an effective probe volume . The
probe volume is defined to be the region where the laser beam intensity is at least 1/e
0.37 of the maximum possible current amplitude which occurs when a scatter center passes
through the geometrical focus P.

The Doppler current generated by a single scatterer is not of a unique frequency
but is dispersed slightly about the mean frequency f . This frequency dispersion is

caused by the finite angle A 9 (Fig. 2a) of the scattered radiation which is superimposed
upon and aligned with the reference beam at the photocathode surface . This ang le is
essentially constant at points remote from the geometrical focus, P. The net frequency
dispersion tnfD attributable to a finite dO 5 is determined from Eq. (3-1) to be—

~~~~~~~~
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df
D dO 3 cot 0/2

dO
= . .~~~_! (for small 0)

= 0 at 1800
( 3 — 2)

For small angle frontscattered light the angle dO is made much smaller than 0 to minimize
signal frequency dispersion and provide a very accurate Doppler frequency measurement. A
value of 11

~ D
1
~ 

- /i G/9 = 0.05 will provide a velocity measurement accuracy of approximatel y
one percent fo~ either a spectrum analyzer or direct-recording frequency readout. A small
9 has a limiting ef fect  on the signal power and the S/N ratio as the effective solid

collection angle of scattered radiation , d c~ dO 2, is restricted . However , for submicron
particles and small 0, the scattered intensity is very large , and this limitation is not
severe , provided a sufficient seed density exists.

In practice the reference beam , or local osc il lator , systems are self—aligning
and several means are used in splitting the laser beam into components. One technique
uses path compensating (Fig. 2a) glass blocks whereas other techniques utilize various
type prisms. A photograph of a compact two component block system is shown in Pig . 2b
and Fig. 2c. A number of these devices have been analyzed in detail for performance
(Ref. 2).

C. Backscatter, Reference Bean, LV

If backscattered light (9 180 deg) is heterodyned with reference light, the
relative frequency dispersion is negligible i.e., df ,.,/F = 0, as sin (9/2) is essentially
constant for 9 = 180 deg so long as dO <<0. Such congidRrations permit substantially more
backscattered radiation power to be collected and aligned wi th reference radiation without
adversely affecting the relative frequency dispersion . Also , for fractional micron-sized
scatterers , the backscattered light intensity (Ref s. 3, 4, 5, and 6) is much reduced in
comparison to that of small angle frontscattering. Thus, to obtain signals comparable to
those of frontscattering, substantially more radiation must be collected and aligned

— without adversely affecting the relative frequency dispersion d 
~D’~D.

The frequency to velocity conversion for the backscatter system where 9 = 180
deg is g iven by:

A (3—3 )

where e~ is the unit vector orthogonal to the vertical and horizontal components - or in
the direction of the incoming laser beam.

2v -~= -~~- cOs 9/2 v/9 for small 9
This result implies that the frequency to velocity conversion factor is large for back-
scattered light and approximately one order of magnitude greater than for the front-
scattering case.

By extending the techniques two and three orthogonal components of velocity,
using a single laser source , may be measured. Such a three component system would compr ise
one laser , three sets of optics that are orthogonal to each other , and three photodetectors
such as photomultiplier tubes or photodiodes. The advantage of ut i l iz ing an orthogonal
set of optics is that subsequent algebraic manipulation of the data is not required to
ext ract individual velocity components as the output frequency of each photomultiplier
tube will  be proportional to only one orthogonal component of velocity .

An optical arrangement for measuring three orthogonal reference beam systems
is shown in Fig. 4.  On the backscattered component , path length equalization mirrors
were employed as the laser did not include an etalon to extend its coherence length and
permit detection with large optical path differences. Note that the performance of the
backscatter component detection scheme is also vibration insensitive because the illumi-
nating and collecting optics are closely positioned in space and are very stable with
respect to one another .

D. Dual Scatter LDV

Velocity componen ts can also be detected by heterodyning two wavefronts
emanating from a common scatter center i l luminated by two beams . This is acco~lplished
(Fi g. 5) by simultaneously i l luminating the object from two input directions (e .  and
e .,~ and detecting the di f ference  frequency of two superimposed rays generated a
cMimon scatter center and propagated in a common direction (e s) .  One ray is scattered
from the eil beam and the other from the e12 beam. Light scattered from a11 and in
the direction e5 is of frequency

f 5 = f 0 ~~s 
— e~ 2 ) ( 3 — 4 )

whereas light scattered from the ei2 beam and in the same direction as is of frequency.
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(3 5)

As both wavefronts originate at a common scatter center , they are precisely aligned.
When they intercept a photodetector simultaneously, they will generate a Doppler current
of frequency

v -. 2 sin o/2 ;= — 

T 
.(e12 

— e11) = 
.

(3—6 )

which is ii~dependent of the viewing direction a and sensitive only to the velocity
component v . e1. 0 is now the angle between tRe two illuminating directions and ê ,,
and e~ is now a unit vector orthogonal to the mean illuminating direction, i.e., orthog&~alto ê . 1 + ~~ , (Pig. ~~~ f~ of Eq. (4—1) is independent of the observation direction e8beca~ie as

1
~ is varied, each individual scattered frequency (f or f 2~ 

increases
(or decreasJ) an identical amount such that the difference fre~~1ency Y,., = ~ =
remains constant. An inherent advantage of the two—beam , dual-scatter systeM (ii,
comparison to the reference beam) is that a large solid angle of scattered radiation
can be collected without introducing signal frequency broadening, thus, enhanced S/N
ratio is pr~ovided. Also, Eq. (4-3) predicts that should be a unique frequency ,
providing v, a11 and e12 are uniquely defined.

A frontscatter arrangement of the two—beam, dual-scatter system is shown in
Fig. 4. Two Gaussian illuminating beams focus to a common point P. The radiation wave-
fronts are planar near P, and therefore eil and e~2 

are uniquely defined . The inherent
singal frequency dispersion is thus zero, i.e.

d f

(3—7)

and is independent of both dO and 0. Thus dO can be increased at will to provide enhanced
values of S/N ratio.

Experimentally the two—beam, dual—scatter system performs satisfactorily with
low laser powers and low seed density. Using approximately 15 mw at 4880 L the system
has been used in the fromtscatter mode to measure 300 rn/sec velocities a free—jet
turbulent flow, using only atmospheric impurities (dust, etc.) (Ref. 8).

A self-aligning , backscatter , two-beam LV unit is schematically shown in Fig. 6.
This system, has been used to measure a 300—rn/sec velocity component in a free—jet turbulen t -
f low using smoke (partially oxidized mineral o i l)  as a seed material, with a laser power
of only 20 mw a tA= 4800_ g• With higher laser power , P0 0.5 watts , artificial seeding
was not required.

IV. BRAGG CELL VECTOR VELOCIMETER

A. Introduction

Self—aligning laser velocilneters using the dual-scatter or differential
Doppler techniques have been used successfully in a number of applications (Ref s. 7, 8 , 9, -

and 10) . For measurements of one velocity component , such instruments are simple to
construct and straightforward to use . All that is required is a bean splitter of reasonably
high quality, a laser, lenses, and a signal detector. A self-aligning velocimeter capable
of measuring two velocity components is considerably more difficult to construct, especially
since care must be taken to eliminate the so—called cross—talk between components and to
match optical paths in the transmitting portion of the instrument to maintain a high
signal—to-noise ratio. Furthermore, some complex means such as polarization separation
must be used to separate the signals for each velocity component and then direct the
respective signals to two different detectors (Ref. 11). Such velocimeter systems suffer
from several basic drawbacks-—the velocity signal for each component has a 180—deg
directional ambiguity. This presents no difficulty when the velocity direction is known
a priori . However , in certain applications, where turbulent and circulating flows ex ist,
the directional ambiguity severely limits the utility of the instrument. Ii. addition most
signal processors require a specific number of cycles of information. If a particle
traverses the focal region at an angle, which is realistic in the case of turbulent flow
cond itions , then an insufficient number of cycles of information will be obtained. In
other words, a “dead zone ” exists. As an example, in Pig. 7A the particle is traversing
the focal region at such an ang le that onl y a few fringes are cut and , hence, no hor izon tal
~~‘~ponent data were acquired. In Figure 7B the particle path is at such an angle that no
ver~.icle component data can be acquired, again because of the insufficient number ofcyc .es. The “dead zones” are characteristic of systems having stationary fringe planes set
up ir, the probe volume.

It has been shown that the directional ambiguity can be resolved with the use
of u l t rasonic  Bragg cells , rotating d i f f r a c tion gratings , etc., to f r equency sh i f t  of the
portion of the transmitted light such that a carrier frequency can be generated for the
Doppler signal ( R e f .  12) . The direction of the frequency shif t  about the carrier frequency -

is then related to the direction of the velocity vector . In the present section the
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operation of a Bragg Cell velocimeter system will be described, examples of its operation
illustrated and the improvement in performance of an LV will be described .

B. Principles of Operation

The diffraction of light by ultrasonic waves is well understood (Ref. 13 and
14). In a liquid—filled (or solid state) ultrasonic cell , a quartz crystal oscillating
at a predetermined frequency generates a traveling wave (although by changing the cell
geometry, a standing wave can also be generated). Since the wave oscillates along the
direction of propagation, sinusoidal variations in the index of refraction of the liquid
are produced . Hence, the device may be visualized as a phase diffraction grating ; for
standing waves the diffraction grating is imagined to be stationary whereas for traveling
waves the grating may be imagined as moving at the speed of sound in the direction of
the wave propagation. The diffraction characteristics of the grating are a sensitive
function of the orientation of the grating relative to the input illumination (Ref. 14).
Only Bragg reflection (where the ultrasonic wave vector is nearly perpendicular to the wave
vector of the input light) will be considered . Other diffraction modes, e.g., in the
so—called Raman-Nath region (Ref. 14) can be used in self—aligning two—component LV
systems, but with considerable difficulty. By carefully adjusting the driving crystal
electronics and the cell orientation , the cell may be made to diffract one—half of the
input light by the Bragg effect, into a f i r s t  order “Bragg mode ” the other half of the
light passes through the cell unaltered . The angle between the beams, 8, satisfies the
Bragg equation

. Asin B = (4—1 )

where A is the wavelength of the light and A is the wavelength of the ultrasonic wave in
the diffracting medium . A is given by

F A = ~~ — 
(4-2)

where c is the speed of sound in the diffracting medium and f is the modulation frequency
of the cell—driving crystal and , therefore, the frequency of ~he ultrasonic wave.

The grating model of the ultrasonic Bragg cell fits well with the fringe
interpretation of the LV. The fringe spacing , 6 , for stationary f rin~~ LV systems is
given by :

A
6 =

2 sin 9/2

= ~ for 9 <<1
(4—3 )

where 0 is the angle betS -een the beams transmitted to the probe volume. In a moving fringe
LV system , the Bragg cell can act as a beam splitter. The angle between the beams
(Eq. (4-3)) is usually quite small and must be magnified for practical applications. In
any case , a lens system images the dispersive origin of the two beams , to form the probe
volume for the moving-fringe LV system (Fig. 8). In this respect care must be taken to
mode match (Ref. 15) the optics associated with the Bragg cell. Since a laser produces a
Gaussian beam diffraction must be considered to ensure that the beams cross and focus
coincidentally. It is also possible for the fringes in the probe volume to be non-equi-
distant introducing errors in the analysis of data . In general commercial Bragg cell
systems will include the mode matching optics (Ref. 16) as part of the unit.

With recourse to geometrical optics , it is straight, forward to show tha t for
a moving fringe LV system

6 = m A
( 4 — 4 )

A
mA ( 4 — 5 )

where m is the magnif ication of the system . Equations (4—4) and (4-5) show that the
stationary and moving fringe systems are fully equivalent and that the probe volume in
the moving fringe case may be thought of as containing the image of the moving diffraction
grating. The movement of the grating image, Vm~ 

is given by

~
Tm m c  (4-6)

where is ~he velocity vector of the wave in the Bragg cell. Hence, the observed velocity
component , V5~ , normal to the fringes , is given by

+ + -p
V = V  + Vsc m — D (4 7)

where VD is the velocity component which would be observed if the fringes were stationary .The (+) sign is used if ~~., is in a direction opposite the travel of the grating image , and
the C — ) sign is used if V is in the same direction of travel as the image. Transformation 
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of Eq. (4-7) into one specifying only the frequency is accomplished by

6
~~sc (4—8)

= 6f (4 9)

VD = 6
~ D 

(4— 10)

which are forms of the usual equations used for determining velocity components from an
LV signal. Using Eqs. (4—8), (4—9), and (4—10) in Eq. (4—7) one obtains

~sc = 
~m ± ~D (4—11)

Equation (4-11) shows the well—known result that the Doppler signal is centered about a
carrier frequency 

~m 
and that the value of this frequency can be used to remove the

directional ambiguity.

C. Two—Dimensional Bragg Cell

The primary difficulty in using two individual Bragg cells in a two-component
duel—scatter LV system is that considerable effort must be expended to properly align the
system. The light input into a focusing lens from each of the cells must be parallel or
the respective components will focus at d i f f e r en t  points .  This could lead to considerable
errors in attempting to resolve the measured velocity components into a two-dimensional
velocity vector. The optics required for maintaining parallel inputs into the transmitting
lens is cumbersome, and it is tedious to align with sufficient accuracy for a coincident
focus. These difficulties have been circumvented with the development of a two-dimensional
Bragg cell (TDBC) . The device is shown schematically in Fig. 9. The cell consists of two
legs. At the base of each leg is an X-cut quartz transducer. The transducer consists of
a quartz disc , a mounting struct ure for the quartz disc , and impedance matching electronics.
The electronics in this particular example comprise two signal generators , two counters to
monitor the frequency and two drivers for the Bragg cell. Although 15 and 25 MHz were
selected for this example any two frequencies may be selected as dictated by the test
program.

The Bragg cell is used both as a beam splitter and as a frequency shifter.
It can be imagined to generate two superimposed , l inearly independent, diffraction gratings. -

Hence, for the conf iguration shown in Fig. 10 , light from the TDBC appears to disperse
from a common origin. This eliminates any possibility of focusing errors for the optical
components of the respective beams.

Several practical advantages in using the TDBC in a LV system are evident.
One may immediately observe that the system is automatically self-aligning , i.e., the
transmitted beams will have a common focus without further beam adjustment since the
beans originate from a common source. Furthermore, since the path length differences
between each of the beams are negligible , the fringe contrast at focus will be high ,
thereby eliminating the need to path compensate the beams prior to transmission and focus.
Compared to stationary fringe LV systems, the TDBC system increases the number of cycles
of information in the Doppler signal. This increase has signif icant  ramifications in
the choice of the type of signal—processi ng electronics to be used in a particular
application .

An estimate of the maximum number of cycles of information that the particle
will generate as it passer through th e probe volume can be made as follows. Assume that
a scatter center with velocity Vsc traverses the probe volume with a trajectory which is
normal to the fringe planes and passes through the geometric center of the beam cross
point (the condition for the maximum number of cycles of information) . The signal observed
in real time will have a pulse duration time T , which will be assumed to be the scatter
center time of flight between the l/e2 intensity points in the probe volume. The number
of cycles of information in the detected signal , N, is then given by

N = T  
~sc (4—12)

It should be noted that f as given by Eq. (4-12) is the frequency of the acoustic wave- -

fronts in the Bragg cell R~d will not necessarily be the frequency of the signal availableto the information processor. For example, experimentally, a more convenient frequency
range could be selected by heterodyning the detected signal current with that of a local
oscillator in the signal-conditioning electronics. However, to compare the number of
cycles of information for the moving fringe system with that of the stationary-fringe
system , it will be assumed that f as defined by Eq. (4—12) is the same for both the
moving- and s t a t ionary- f r inge  sys~Ims. Therefore t , t he pulse duration time , may be
written as

N 6
T a

(4—13)

where N9 is the number of stationary fringes within the l/e
2 points of the fringe intensity

distribution and 6 is the fringe spacing. Using Eqs . (4-10) , (4—11 )  • (4—12) , and ( 4 — 1 3 ) ,
the number of cycles of information observed from the moving fringe system relative to
that for the stationary-fringe system is 
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= (~~~± 1’) (4—14)

Thus, by always choosing fm >>f , a conside rable increase in the number of cycles available
for the signal processor can b~ obtained.

One advantage in using a two-frequency TDBC is that the respective, velocity
component frequencies are centered about the Bragg cell modulation frequencies. This
allows a multiplicity of components to be detected by a single photodetector and separated
electronically, as shown in Fig. 11, rather than optical ly,  a f t e r  detection. This charac-
teristic of the TDBC simplifies the optic design of an LV system .

V. THREE COMPONEN T VELOCIMETER SYSTEMS

There are two basic techniques that are considered in the development of three
component, simultaneous, velocity measurements. One technique comprises a two component
dual—scatter system for the vertical and horizontal components and the third velocity
component is a reference beam system. The latter component determines the velocity parallel S

to the transmitting beam. In this design, the optical geometry is such that three ortho-
gonal components are acquired. The second technique comprises three dual-scatter corn-
ponents. In this particular case , one component is off-axis  and determines either an x— z
or y—z velocity measurement. As a result the all dual—scatter system is a bit more
complicated in that mathematical reduction of the third component data is required.

A. Dual—Scatter/Reference Beam System

In the event artificial seeding of flow is permitted, or that a sufficient
number of particulates are entrained in the flow, then a reference beam system would
suff ice to determine the third velocity component. This system is schematically illustrated
in Fig. 12. F~ om the figure it is seen that the output beam of laser emitting two wave-
lengths (4880— A and 5l45-~ ) is split into several beams by the Bragg cell mode matching
optics system . The 4880—A line is partially removed to serve as the reference be~m (1%
of the total beam intensity). The remainder is transmitted , along with the 5145-A beams ,
to the focal volume. The back—scattered radiation is collected by the same lens as was
used for transmission of the beams. To minimize reflected radiation from the tranamitting
lens , the central region of the lens is removed . The collected radiation is directed to
the respective photodetectors by means of mir rors , and dielectric beam splitter (or color
separator) and respective line filters. From the photodetectors the signals are trans-
mitted to respective data processing systems. Parallel to the transmitting beam is a
local oscillator, or reference beam, system. The design of the two dual—scatter , refer- -
ence beam system results in a three—dimensional , orthogonal measurement .

B. All Dual Scatter System

In the dual—scatter concept, Bragg cells are used for acquiring both the
magnitude and direction simultaneously. Figure 13 is an illustration of the system
which has been set up and evaluated in the laboratory. An argon laser is used for the
light source and transmit.. multi—color ‘ight through a coAor separating f i l ter  where the
4 88O—~ line is separated t~ om the 5145—A line. The 5145—A beam enters the two—dimensional
Bragg cell by means of mode—matched optics. From the two—dimensional Bragg cell three
modulated beams are expanded to th~ desired separation ang le, collimated and then focused
to the measuring point . The 4880-A beam is directed by means of a mirror to its respective
Bragg cell by means of mode matching optics where it is frequency modulated. The two
modulated beams are transmitted to the focal region by means of a similar set of optics
as the 5145-A line. The two 4880-i b~ ams then traverse the focal lens and are brought to
the common focal point with the 5145—A lines. Three d i f f e ren t  sets of fringes are formed
and a particle traversing the focal volume scatters light which is collected by the
collecting-collimating lens combAnation shown in Figure 13. The scattered radiation ,
comprising both 4880-A and 5145-A lines impinges upon a color separator where the 4880-k
line is reflected to a mirror an~ then through an aperture lens combination into the
photomultiplier tube. The 5145—A line passes through the color separating lens and is
collegted on its associated photomultiplier tube and lens-aperture combination The
5145—A line contains two components of velocity information, whereas the 48 80—i line
contains a y-z or an x—z velocity combination. In this manner , all three components are
simultaneously detected and processed by means of an electronics subsystem comprising
frequency separators, translators, and data—processing system .

VI. FACTORS AFFECTING SYSTEM DESIGN

In this section the characteristic probe volumes of the cross-beam reference
beam and the cross—beam dual—scatter LDV optical systems and other factors affecting
system design are discussed. The probe volume is defined to be the region in space from
which the amplitude of the Doppler current generated by a moving scatterer is at least
1/c of its m.”ximum possible value. The probe volumes of these two optical configurations
are seen to be identical.

A. Cross-Beam Reference-Scatter Probe Volume

A reference—scatter (RS) , velocimeter of the cross-beam type which operates
in a maxim 1~m radiation collection mode has an ellipsoidal probe volume which is bounded
by the lie’ intensity contours of the I and R beams (Pig. 14) .  Both radiation alignment
and illuminating intensity are seen to limit the probe volume size.

~
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Two important facts concerning probe volume size are:

1. Scatter center position variations parallel to the axis of the reference beam do not
significantly affect alignment of the Scattered and Reference waves at a distant
phototube.

2. Scatter center position variations perpendicular to the R beam axis considerably
affect wavelength alignment and, thus, the amplitude of the Dopp1~r current generatedby a scatter center. When a scatter center is located on the 1/e’ intensity contour
of ~he R beam, the relative Doppler current is reduced in amplitude by a factor of1/c because of radiation alignment.

In Fig. 15 scatter center is assumed to be positioned such that the scattered wavefronts
(dashed) are in phase with reference wavefronts (solid) at a (O,z

~
)
~ 

the center of the
R beam on ~he phototube. The R and S wavefronts are chosen to be 180 deg out of phase
at the lie power points (b

~.
z ) of the reference beam. At (O,z ) the wavefronts rein-

force in phase, producing a ma~imum instantaneous intensity and ~ maximum elemental photo—tube current; at (bc~
Z ) the wavefronts are out of phase and tend to cancel one another,

producing a minimum in~ensity and a minimum elemental current contribution. At each point
the elemental current will vary with time at the Doppler frequency, as indicated by the I
versus t plots to the right of the respective points in Fig. 15. Thus, the net harmonic
(a-c) current, obtained by integrating the elemental current contributions over the extent
of the R beam on the photocathode, is reduced in amplitude because adjacent elemental
current contributions cancel one another. Such would not be the case, however, for a
scatter center located near (0,0) because the R and S wavefronts would be parallel over
the photodetector and the resulting Doppler current phase variations would be negligible.

The relative Doppler signal strength is affected also by the intensity of the
scattered radiation and , thus, by the illuminating beam. Assume an ideal TEM ,
dif fraction limited, Gaussian laser beam and that tan 9 = 1/F (Fi g. 15) . The°Eet
phototube Doppler current amplitude, ‘D’ generated by a scatter center positioned at
(x,y.z) relative to the cross point of the beam centerlines in the probe region (Fig. 15)

= ‘Do exp — {  [~/b0~] [~
2 + y2 cos2 (9/2) + z 2 sin2 (9/~~~}

( 6—1)

where it is assumed that detector optics similar to those in Fig. 2 are employed, and
signal amplitude variations caused by both radiation alignment and illuminating intensity
have been considered . ‘D falls to IDo/e when a scatter center is positioned on theellipsoid

x 2 + y2 cos2 (0/ 2)  + z 2 sin2 (9 / 2)  = b0
2/2

(6—2)

and to I DOe when

+ y2 cos2 (0/ 2) + z 2 sin 2 ( x/2) a ab0
2/2

(6— 3)

for arbitrary a ~ 0,

b = (2/5)f = (2/~~ ) (  A / A 9 )

(6—4)

wh ich is the 1 e 2 intens i ty) m i n im u m  beam radius of the I and R radiations in the focal
region , and f 1 0 is the f ‘ umber of the I and R beams . Equation ( 5 — 3 )  defines
surfaces of constant signal ampl itude. As the scatter center passes through the probe
region near O ,O . u. tP. roes point (and cosunon focal point) of the two beams, it will
lnterse-t such Su rf a ‘ .i and generate a r’...ppler signal of varying amplitude.

Let he pr ’~b~ vo l ume be defined as the region of space within which a
scatter en’~ r w ill 0 nera tc Dopple r current amplitude of at least lie of the maximum
aap1i~~ude occurring it  0.0.0. Equati on (5-2), which defines the surface of the probe

is illu stra~ ed in Pii . 14. Note that the entire probe volume is bounded by the
1/. intensity poin~.s f ‘he  reference and illuminating beams. The probe volume is —

V — 2 “ (2  b0
3 ) / ( 3  sin 0)

(6 — 5)

Substituting for b from Eq. ( 5 - 4 )  • it is found that the p~ obe volume is l0 6 ~~~ (f a 150,
A = .4880 urn , •nd°I = 10 deg) and can be as small at 10—i u cm 3 (assuming f = 8, A =
.4880 ~m , and 0 — 40 deg ) (or a velocimeter employing self—aligning optics.

Thus , the cross-beam RS LDV is seen to have a very small characteristic e 1
probe volume of ellipsoidal geomeqy which is limited by radiation alignment and illum-
ination intensity effects. The e probe volume is completely contained within the e 2
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intensity points of the beam cross-over region.

S. Cross-Beam Dual—Scatter Probe Volume

The two—beam , dual-scatter, cross-beam LV systems, described in Section IV -

and shown in Fig. 10 provide Doppler information by heterodyning two wavefronts simultane-
ously scattered from the common crossover region of two illuminating beams. Radiation -
alignment effects do not enter into the determination of the two-beam probe volume, as
two wavefronts simultaneously scattered from the same scatter center must obviously be
propagating precisely in the same direction at any point in space. Illumination intensity
effects, therefore, solely determine the probe volume of this system .

This system will have excel~emt spatial resolution since each illuminating
beam focuses to a Gaussian spot of (lie intensity) diameter 2b0 (Fig. 14) given by

2b = f A
(6—6)

where 2b0 is 0.06 mm assuming f = 100 and A .4880km .

The variables of Eq. (5—6) are shown in Fig. 14. The x , y ,  z dimensions of
the beam crossover (or common overlap) region are

x = 2b

y = 2b0/cos (9/2)

z = 2b /sin (0/2)
(6—7)

Signal contributions of the significant amplitude are generated by scatter centers
located within the volume of the beam overlap region which has these maximum dimensions.
For a l/ e2 f ocal spot diameter , Eq. ( 5 — 6 ) ,  of 2b = 0.06 mm and for 9 = 11 deg, these
dimensions are A x  = A y  = 0 .06  mm and z = 0 .60  ~m. Outside this region at least one of
the beams is reduced in intensity and contributes very little to the Doppler current
amplitude.

A more critical analysis (Ref. 15) will reveal that when a scatter center is
located on the ellipsoid :

x2 + y2 cos2 9/2 + z 2 sin2 
9/2 = (2b0; 2

(6 — 8)

the signal current will be of amplitude l/e relative to that signal current which would
exist if the same scatterer were located near the geometrical center of the probe volume
0,0, 0. It should be noted that this 1/c probe volume is identical to that of a cross-
beam, reference—beam , velocimeter (Section IV) and thus the dual—scatter technique provides
spatial resolution identical to that of a practical reference—beam velocimeter. In an
of f—axis configuration the probe volume that is measured can be smaller than the physical
probe volume generated by the transmitting optics. This is because the entire lens is
used for collecting the scattered light. The following serves as an example: If a 15 cm
lens of 90 cm foc.~l length is used for the signal collection then the measuring volume
dimensions are:

2b = A0 
~ 

DL

2b0 = 1.2 x .5 x lO~~ x

—4= 3 . 6 x 1 0  cm

The depth of field is

L = 3.6 x l0~~ x 6

= 21.6 x l0~~ cm

which is considerably smaller than the actual probe volume dimensions. In an off—axis
mode the dimensions would be further corrected to

L0ff axis 2I~~ cog 9

where 0 is the off—axis angle of the collector .

C. Optical Heterodyne Detection

In measuring the Doppler shifted frequency, the most common technique is by
optically heterodyning (or homodyning) the signals on the surface of a photodetector. The
primary interest is that of optimizing the signal-to-noise (S/N) ratio. Consider two
parallel electromagnetic waves that are aligned so that they impinge normally upon a

— - 
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photodetecting surface. The total electric field vector is given by

E aE  cos u t + E  cos u tt 1 1 2 2 (6—9)

where E and E are the amplitudes of the individual waves. Assume that both electric
fields ~lave th~ same polarization; the intensity 

of the radiation to which the photo-
detector responds would be to the square of the electric field , given by:

E~ 
a E~ cos2 

~ 1t + E~ cos
2 
~ 2t + E1 E 2 cos 

~~l 
+ w2 ) t

+ E1 E2 cos 
~~l ~~~~ ~ (6 — 10)

The detector does not respond to the instantaneous values of the optical frequencies —

(the first three terms) however, it does respond to the average value of these frequencies; -

e.g., £ 2/2 , E 2/2. The detector does have the capability of following the difference
freqtiem~y betw~en the two incoming waves. Thus, the response of the detector Ed is given
by

Ed = E1
2 + E 2

2 + E1 E2 cos (u,~ 
— 
~2)t

(6—11)

It is seen that the photodetector will yield an output current composed of a dc term and
an ac term varying at the Doppler frequency f . The laser velocimeter technique comprises
measuring the signal frequency given by Eq. (~ —1l) and then converting to velocity by the
use of Eq. (3—1). The S/N power ratio of an optical heterodyne detection system (an LV)
is

S ... T1 fl ~S~R 1— 

~~~ [(P8 + + 
~B~] (6-12)

where P is the scattered power from the focal region , collected by a lens and beat with
referen~e radiation power P , P is the background radiation power, r~ is the phototube
quantum efficiency, h is Pl~nckBs constant , v is the laser light frequency , and B is the
(shot noise limiting) bandwidth of the electronic circuitry often the intermediate fl-c-
quency (IF) bandwidth of a spectrum analyzer. The generated signal power is proportional
to the square of the Doppler current which varies in proportion to P P . The noise power
(denominator) is usually dominated by the electronic shot noise caus~d

Rby (Ps_t1P +
the net light power intercepting the phototube. A minimum signal power of 10 ~atts
will cause the ‘other electronic noise” (such as an RCA 931 or 8645 — S20 photomultiplier
with a load resistor greater than 50 ohms ( (1) and employing a low noise amplifier) to be
negligible. Experience indicates that when 

~R 
is an order of magnitude greater than P5,

it will dominate the denominator of Eq. (6—12). Such a large level of reference beam
power will drive most PM tubes into a light insensitive , saturated, condition . However ,
it is under this condition that maximum (by means of a spectrum analyzer) S/N ratios are
observed on reference beam LV systems. Equation (6—12) predicts that above a certain
reference beam power, the S/N ratio is a maximum, and this fact is commonly observed
experimentally. There exists a range in 

~R/~B 
of approximately 1000 :1 for which even

normal room illumination has little effect on S/N ratio since 
~R

>>
~~B’ and

Equation (6—12) reduces to

S _ 
_ _ _ _ _ _

N hv B Po B (6—13)

In the dual—scatter systems, with the collecting optics located between the two signal
beams , either forward or backscatter configuration and if P5 = P5 then

1 2

S _ r i Ps

~~~~2h v  B P
0 B (6—14)

This implies that the reference beam system S/N is greater than wi th  a dual-scatter system.
However , use of a larger collecting lens increases the magnitude of P5 thus reducing this
effect. This is a relatively simplified approach to the problem. In general , there is
also a relationship between the particle size and fringe spacing which must also be
considered when attempting to determine the actual S/N ratio. The Doppler signal is burst-
like as shown in Fig. 16. The a-c or high frequency term contains the desired Doppler
information whereas the d-c or low frequency term contributes to the degeneration of the
signal quality. Therefore the S/N ratio must be modified to properly account for this
phenomenon . The modification considers the ratio of particle size to fringe spacing
which is related to the Michelson visibility function , defined as

V = (I — I ) /  (I + I ) —

max 5min 5max 5min
(6— 15)
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where I is the maximum scattered intensity from a bri ght f r inge and 15,,, 4 is the m m -
imum sc2~~~ red intensity from the adjacent dark fringe. Under ideal cond itI ~ ns it can
be shown that the visibility function (Ref. 17) reduces to

2J
1 ( 

lid
\ iS

V =
lid
6 (6— 16)

where is a first order Bessel function , d is the particle radius and ~ the fringespacing. The function , plotted in Fig. 17, has zeros at l .2 21 T 6 ,  2.233~ 6 etc. indicatingthat when a particle has a diameter of 1.22 1T6 etc., no Doppler or a—c signal can be
detected. Therefore a means of varying the fringe spacing is therefore a desirable
feature to be incorporated into the LV design.

D. Photodetector Frequency Response

Two types of photodetectors are generally used with the various LV systems:
(1) a PM tube or (2) a silicon avalanche photodiode. The frequency response character-
istics of the photodetector or its associated amplifiers (whether PM tube or photodiode)

4 will ultimately limit the usable frequency range of the LDV system. One PM tube presently
in use is the RCA 8644 with a rated anode pluse rise time of 15 nsec. The time—domain
parameter , rise time , and the frequency domain parameter, 3—db frequency bandwidth are
related for a first—order low—pass device by

0.35tr 
= —i-— sec 

(6—17)

where t is defined as the time required for the photodetector output to rise from 0.1 to
0.9 of ~ts final value in response to a step function input. The quantity f., is defined
as that frequency at which the photodetector output has decreased in magnituae by -3 db
from its pass-band value. Equation (6-17) shows that the 8644 PM tube output will have
changed by —3 db and will have begun to decrease at a rate of 6 db/octave at a frequency
f2 given by

upper 3 db freq. = = 2.~! = 23.4 MHz

This represents the approximate upper usable frequency limit disregarding possible response
degradation caused by the circuitry attached to the photodetector by the user . The
circuitry attached to the photodetector anode could also have a profound effect upon
both the sensitivity and the frequency response of the device.

E. Photomultiplier Tube

The conventional (as distinguished from the microwave type) PM tube generally
consists of three main sections: (1) a photoemissive cathode, (2) a photoelectron focusing
assembly, and (3) a series of secondary electron emmission multipliers. Two effects
limit the upper usable frequency of the PM tube: (1) a time delay (transit time)between
the input radiation and the tube output current and (2) a spread in transit time. The
time delays are caused by the finite transit time of the photoemitted and the secondary
emitted electrons through the tube. The transit time spread is caused by diffe—ences in
the initit.1 velocities of the photoemitted electrons and differences in the paLh length
of the electrons through the dynode structure of the tube (Ref. 18). The time constant of
the load resistor , R,, and parasitic capacitance , Cp, associated with the anode lead
usually limits the frequency response before the transit time limit is reached . The
upper 3-db frequency response dependence upon the RLCP time constant is given by

= 
2 ~i RL ~~ 

Hz 

(6—18) 
. 

-

This is an unavoidable frequency response limit and the only alternative is to reduce RLif higher f 2 limits are needed. However , the reduction of RL has the undesirable effect
of reducing the volta’re out of the PM tube since the PM tube is a current source device. -

Therefore , as a first approximation the anode current is constant (for constant incident
radiation intensity) regardless of the value of the load resistor . The inevitable trade-
off is between sensitivity (output volts/input watt) and frequency response. For example,
the 8644 interelectrode capacitance (anode to all other electrodes) is 3.6 pico farads (pf).
with the tube mounted inside a shielded enclosure and electrically connected to output
circuitry , an additional 6.4 pf can easily be added to the 3.6 pf for a total Cp of 10 pf.
Then if a 3—db frequency of 200 MHZ is desired , RL is

1
2 ii C~, f 2 (~ — l9)

an undesirable value for sensitivity but necessary for the desired frequency resp onse .
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F. Measurement Uncertainties

Depending upon the optical arrangement of an LV system, velocities are deter-
mined from the Doppler shift of electromagnetic radiation scattered from a particle or,
for an interference system , the rate at which the particle intercepts fringes in the probe
volume. In either case the velocity of each particle is related to the detected frequency
by:

V. = 6 f .
1 1

( 6 — 2 0 )

where the subscript refers to the ith data point. The proportionality constant , c S , t h e
fringe spacing is given

i S a  A
~ sin 6/2 ( 6—2 1)

In lieu of frequency detection some ei~e~tronic processing systems measure the period
of a signal so that

i T
i (6—22)

The uncertainty in velocity measurements attributed to the optical geometry cf a stat ionary
fringe system LV is given by (Ref. 19)

+

= ~ + V V.V1 1 (6—23)

where
B —

~~
— (6—24) —

and T
i

V = (6—25)

The velocity—to—frequency conversion uncertainty can be shown to be (Ref .  19)

— 
A L  Ad

— (6—26)

where L is the distance from the probe volume to a selected measurement , or calibrat ion,
plane and d is the spacing between the two beams at the plane. Since the beam diameters 4

are finite it is a task to determine their exact geometric center. Similarly , the deter-
mination of the geometric center of the depth of field introduces an additional uncertainty.

As an example , a one-component LV was calibrated where the focal length of the
unit was 122 cm and the angle between the beams was 5 deg. From the focal point , or cross-
over region , the beams were permitted to expand to a plane 10 m distant.The beam separation ,
theoretically, should be 87 cm. A series of measurements was made and it+was determinedthat the uncertainty in measuring the distance L was approximately A L — 0.32 ~m. The
uncertainty in the measurement for the distance between the beams, d, was d = -0.25 cm.
Consequently the value for ~ was 0.00321 and the conversion for 

p was determined to be
8.7 x l0~~ sec/ft. Clearly the second term in Eq. (6—23) is considered negligible and
the largest uncertainty lies in measuring distances accurately .

In a Bragg cell or moving fringe, velocimeter system an addit ional uncer tainty
exists that is attributed to the modulation frequency 

~~~ 
In this particular application

the velocity is determined from:

iS 
ftr 

_ (
~‘ 

T X~

J (6—27)

where 6 is the fringe spacing and 
~r 

is the frequency equal to the .3ifference between the
Bragg cell modulation frequency and the local oscillator frequency used in the signal
separation electronics as illustrated in Fig. 11. It was shown (Ref. 19) that the
uncertainty in the velocity measurement is:

A T fl rA 
~r AT 71

V. V . I .~
_,_ _ ____ I + i S f  I — + —1 i i  o t . I  r i  f i x

( 6—28)

Equation ( 6 — 2 8 )  is equally applicable to the stat ionary f r inge  system if A f ~ = 
~r ~~~.

A Bragg cell LV is therefore inherently less accurate than a stationary f r inge  system
because of the f requency—shi f t ing  of the beams . Equation (6-28)  is equally applicable
for other frequency—shifting techniques, such as a rotating grating, etc. In the case
of the Bragg cell the uncer ta in ty  may be minimized by using a local oscillator to down-
beat the signal to a frequency range anticipated by the range of velocities to be measured .
The i l lustrat ion in Fig. 11 indicates the applicabil i ty of the technique . Channel 1,

~~~~~~ ~~~~~~~~~ _~~~~~~~~
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permits velocity measurements of ±10 m/sec by using a local oscillator frequency of
14.77 Mhz. If the local oscillator is changed to 12.7 Mhz the measurement range is
extended to *100 rn/sec.

Rearranging Eq. (6-28 )  shows that the uncertainty in the sample velocity
measurement is

+ -. +
V.  = n + BV . + V V .

1 3. 1
( 6 — 2 9 )

where

= 6 ç (4.f.~ + f AT
r (6—30)

B = ~~~ — 2 f A T6 r 1 (6—3 1)
A T  iV ( 6 — 3 2 )

The relationship indicates that in addition to the distance measurement errors an
additional term proportional t~ the square of the sample velocity is introduced . It
therefore becomes important to have instrumentation , particularly in high velocity f low
fields, that are capable of determining the period very accurately. In addition to the
geometrical errors that were discussed there are systematic errors and instrument bias
that must also be considered . These factors will be discussed in the next section .

G. Aero Engine Design Problems

The design of a practical LV system is functionally dependent upon the
application for which it is intended . No one system is capable of covering the spectrum
of requirements hence , specific tradeoff between the numerous parameters are required .
In the case of combustion cha~iuber probing of an aero engine the anticipated degree of
turbulence and the size of the turbulent eddies must be considered . In this respect , the
angle of intersection of the laser beams and the ratio of focal length to diameter of the
lens must be determined. The resultant  design dictates the probe volume size, f r inge
spacing, .nd number of fr inges in the probe volume which in turn determines the cali-
bration factor of the system. Assume for the moment that a frequency counting system is
used for data processing and has an upper frequency limit of 200 MHz . The v locity to
be measured is in the 500-rn/sec range and an argon ion laser operating at a frequency of
0.5145 mm will be used . The maximum angle between the beams is determined as

sin 9/2 max a (200 x 106)/sec x (0 .5 145 x l0 6) meters 
= 0.103

2 x 5 x lO rn/sec

9 max = 11.8 deg

This angle is relatively large and somewhat impractical; a separation angle of 5 deg would
be a more judicious choice. Using a lens of focal length 152.4 cm , the minimum lens
diameter is found to be 152.4 x 0 .0872  or 13.3 cm. The dimensions of the probe volume
will  be dictated by the smallest size of the eddy in the turbulent flow . If the upper
limit of the turbulence frequency is v ax ’ then by Taylor ’s hypothesis the size of the
eddy A is m

V max ( 6 — 3 3 )

using V = 500 rn/sec and a turbulent  frequency , v of 50 khz results in an eddy size of
1 cm. Set the desire d probe volume length to ~~~~~~~ The diameter of the focal volume
with a 0 . 2 5  cm beam diameter at the last t ransmit t ing  lens would be Eq. ( 6— 6)

2b0 = x 0.5145 x lO~~ x 152.4

= 0 . 0 4  cm

The probe volume length = 0 .04/ s in  5 deg = 0 . 4 6  cm

The fringe spacing in the probe volume would be Eq. (3-8)

0.5145 x l0~~ —4
6 = 0.087 = 6 x 10 cm

Hence the number of fringes , N f~ Eq. (3-10) is:

N f = ~~~~ = 66 f r inges

pore than s uf f i c i e n t  for accurate measurements us ing  the various f requency—count ing
techniques. With a probe volum9 of 0.04 cm diameter and a velocity of 500 rn/sec it
would take a particle 0.8 x l00 sec to traverse the measurement region . If the processor
requires 2 x 10-6 sec before another data point can be accepted (instrument dead time
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included) , and if one particle is assumed to be always in the probe volume , then the data
acquisition rate would be approximately 5 x l05/sec which is well within the Nyquist
criteria for the 50 khz turbulence frequency assumed.

VII. STATISTICAL BIAS OF LV DATA

A. Introduction

With the increased use of the LV a number of potent...al sources of error in the
interpretation of data have been identified which are related to the dynamics of particles

- - traversing probe volume . From the dynamics of fluid-particle interactions it has been
shown (Ref. 20) that  unduly large particles do not respond to f luid transients and may lead
to signif icant  errors in the interpretation of the data. Another type of error is concerned

4 with inherent signal processing techniques. Continuous wave systems rely upon frequency
tracking electronics to monitor the wave-form of a Doppler signal created by particulates
traversing the probe volume . These analog signals are subject to Doppler ambiguities which
are att ributed to the presence of several particles, simultaneously, in the probe volume
in addition to lateral and long itudinal velocity gradients. In general the digital burst—
type electronics systems that have been developed minimize these ambi guities. It has been
shown , however, (Ref .  21) that individual burst-type processing systems are also subject
to statistical bias attributed to a f in i t e  sampling time in addition to exhibiting bias
toward particles having higher velocities.

In the present section the statistical bias that arises when attempting to
acquire the temporal mean of a collection of samples by arithmetic averaging the data
will be discussed. The conditions for which this bias occurs is related to the number
density of particulates in the f luid . When the number density is suff ic ient ly  low and
the sampling frequency is less than the velocity equivalent frequency of the flow , no
bias occurs. However , when the number density is high the mean velocity is biased in
proportion to the turbulent intensity of the flow . It will also be shown that the bias , in
determining the mean velocity and the turbulent intensi ty,  may be eliminated by the use
of harmonic averages in conjunction with arithmetic averages . The biasing problem ,
including part icle—gas dynamic interactions, has been extensively treated (Ref .  2 2 ) ,
therefore, only a brief summary of the salient features wil l  be presented in this section.

B. Processing of Individual Data Points

Depending upon the optical arrangement of a LV system, velocities are deter-
mined from the Doppler shift of electromagnetic radiation scattered from a particle or,
for an interference system, the rate at which the particle intercepts fringes in the
probe volume. In either case , the velocity of each particle is related to the detected
frequency by the relation

V. ~S f1

(7— 1)

where the subscript refers to the ith data point. The proportionality constant , 6~ is
given by

6= 2 sin 9/2
( 7— 2 )

For the dual scatter system V. is the component of velocity normal to the f r inges ,  A is
the wavelength of the inciden~ radiation, f is the detected frequency and 9 is the °
included angle between the two beams . As an alternative to the frequency detection, some
systems measure the period, T

i~ 
of the signal so that

= ._i.
1 Ti ( 7— 3 )

Since the flow is not generally steady, meaningful  results are obtained by
statistical averaging of the individual results. The arithmetic mean of data is the most
direct measure of the mean velocity. For a collection of M samples of the velocity , V . ,
the arithmetic mean <> is defined by

= E 
(7 4)

Introducing (7—1) in (7—4), it is seen that
= 6 < f >  (7 5)

Due to the direct relat ion between the mean velocity and frequency, the arithmetic mean
velocity may be termed a frequency-averaged Velocity. Similarly , the nth moment of the
velocity is defined by M

EM i=l 1 
( 7— 6 )

If the sample, M , is sufficiently large, the corresponding central moments of the velocity
are n<V ’ > = < V ~~> — < V ~~’ (7—7)
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The concept of frequency—averaging applies for the central moments because
the relation to the mean and moments of a frequency is retained.

The relations (7-l)through(7-4),prOVide a consistent method for analyzing
individual data points. It is known (Ret. 21) that if the velocity is a random variable
and the number of samples is large, the results obtained by this procedure should provide
good estimates of the mean and central moments of velocity. Nevertheless, it has been
proposed (Ref. 22 and 23) that these estimates will be biased because the acquisition

- - rate of the samples is related to the velocity . In an effort to resolve this anomaly
consideration will now be given to the stimulation of the temporal mean of the velocity
by individual realization data.

C. Temporal Average of Velocity

T)~e quantity one wishes to stimulate with an LV system is the temporal mean ofthe velocity V which may be defined as

= 1 $ V ( t )  dt
o (7—8)

In laser velocimetry, however , data are not taken continuously since a particle wil l  not be
located in the probe volume at each instant. Consequently, (7—9)must be approximated by a
relation such as

1 M
a — E V. At.
T i=l 1 1 (7 9)

where the interval between samples is

At. = t .  — t .
1 i+l ~ (7—10)

To evaluate the temporal mean requires a model for the sampling interval. A
general model of the sampling process, however , would require knowledge of the history of
each particle in the flow . Obviously, this degree of generality is not practical. The
approach taken, therefore, must be more heuristic, since knowledge of the instantaneous
velocities is all that will be possessed in most cases.

If , in the vicinity of the probe volume, the number density of particles is
constant, and velocity changes in the volume are strongly correlated with those immediately
upstream, it may readily be shown from the kinematics of a one—dimensional motion that the
time interval between successive samples must vary as

A t .  = ~~
_. -

1 V
~ 

(7—11)

where V~ is the average f lu id  velocity over the interval. Introducing (7-11) in (7-10) and
noting M

T Z  A t .
i=1 1 (7— 12)

one obtains for the temporal mean
M V.

1

~~~ i l

i=l V
~ (7— 13)

Regardless of the complexity of the f lu id  motion over the interval A t . ,  the
velocity can be represented by a series of the form 1

V ( t )  a + E v ’ cos (W t - B
n l  n n n (7-14)

The mean value over the sample interval is then obtained by introducing (7-14) in (7-8) to
obtain

= cos W At i - l
= + V sin ( W t ~ — Bn ) W At i

= , sin W At .
+ E V cos (Wn t~ 

- Bn ) W At i
(7— 15)

When W At.>>l that is, if the sampl~.ng frequency , 1/ At. is much less than the
frequency of flow Bscillations, it follows that ~ approaches the mean fluid velocity, ~~~.

For this case, At~ is essentially constant and tha temporal and arithmetic averages are
identical. While this procedure does not prove that the arithmetic average is the true
mean velocity of the flow, it should be noted that long time delays between samples destroys
any correlation between the instantaneous velocity and the sampling rate. As a result, it
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is equaily probable that a detected velocity will be greater or less than the mean value.
It is, therefore, expected that the arithmetic mean should provide an unbiased estimate of
the mean velocity.

On the other hand, if W At 4<< l , the sampling frequency is much grea~e~ than
the frequency of flow oscillations.n Fot this case, it may readily be seen that V.’t. V..
This condition may be achieved by seeding the flow so that the particle number dehsit~’ is
very high and the time between realizations short. When the interval is short, moreover ,
the temporal mean (Eq . 7-9) should be an excellent approximation to (Eq. 7-8). It follows
from (Eq. 7—13) that the true temporal mean is g iven by the harmonic average

~~~= 1
1 M  

~~.

E V
1 ( 7— 1 6 )

Equation (7— 16) forms the basis for the “statist ical” bias of LV data.  The
nature of this bias may be more clearly understood if one substitutes (Eq . 7— 3 )  in (Eq .
7— 16) to obtain

-
< i >  (7—17)

The harmonic average of the velocity data may thus be interpreted as a “period—averaged”
velocity . The period-averaged and frequency-averaged velocity, (Eq. 7-5), are related
due to the inverse relation between period and frequency. If one notes that f

~ 
= i/Ti and

f .  = <f > + f~1 1 (7—18)

it may be shown from (Eq. 7—5), (Eq. 7-17), (Eq. 7-18) and the expansion of (1 + X)~~~
that for f .  <

1 a r lr
< V > = ~ z (—1) <f >

r=0 <~~> r (7—19)

It follows then that the frequency—averaged velocity will yield higher mean values than
the period—averaged result. To determine the magnitude of this bias in terms of the fluid
mechanic parameters, however, it is necessary to consider the higher temporal moments of
velocity.

D. Magnitude of Statistical Bias

The nth central moment of velocity may be defined in terms of temporal
averages by

~~ 
- ~ A~~.

= 1=1 
M
E At .
i=l ~ ( 7 — 2 0 )

From the binominal expansion , one may write

- vJ n 
= ~ (—l)~ (

‘
~) V~~~ 

~~

(7—21)

If the sampling frequency is high (At . = 1/V.) so that introducing (Eq . 7— 21)
in (Eq. 7-20) and carrying out the indicated average givas

~
m n 

= E (—l)~ (
n)<~,n s l > ~s+l

s=o (7—22)

Now the turbulence intensity is defined as

r~~2i 1/2
IV  I= [jrj (7 — 23 )

Setting n = 2 in (Eq. 7—22), one obtains

o a — - 1
V V (7—24)

and

(7— 25 )  
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It is seen that the frequency—averaged velocity is biased in proportion to the square of
the turbulence intensity. This result which agrees exactly with those of reference 23

~nd is plotted in Fig. 18. It should be noted , moreover, that for the assumed conditions
v is the “true” turbulence intensity and equation (Eq. 7—24) could be used to directly
compute that quantity without recourse to obtaining central moments.

Arithmetic averaging of the data likewise must lead to biased results for the
higher moments of velocity . For example, setting n = 3 in (Eq. 7-22), leads to

~— = —i-- — 3 — + 2
(7—26)

From (Eq. 7-7), (Eq. 7-23), and (Eq. 7—25), one may obtain

~ 1 2 
____= v ~~~~~~~~~~~~~~~~~~~~~ 2 3<v> 

~~~~~~~ L 
v o~~~i

v (7—27)

The turbulence intensity obtained by arithm~~ ic averaging is, therefore, biased
with respect to the true value . For turbulent flows , V is expected to be small (Ref.
24) since it is related to the skewness of the velocity probability distribution. Figure
19 presents the bias of the turbulent intensity for such a flow condition. It is seen
that arithmetic averaging of the data significantly over predicts the turbulence intensity .
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VI I I .  DATA PROCESSING

A. Introduction

No matter how s k i l l f u l l y  the optics assembly is designed and constructed ,
the data acquisition and processing system is the most important component of an LV system.
In the case of aero engine development and testing , the instrumentation requirements are
extremely demanding. A lower frequency limit is on the order of 10 khz because of the
thermal motions of the scattering particles. The upper frequency limit for a 500 m/sec

-
~ - flow is on the order of 100 Mhz.  The highly fluctuating flow conditions that exist;_even

flow reversal--pose an operational frequency-response requirement of approximately -200
Mhz. In addition the signal-conditioning electronics must respond to the sudden frequency
variations dictated by the turbulent flow conditions (the signal is frequency modulated ,
say at an upper frequency of 50 khz). Likewise the instrument should be capable of
rejecting noise signals while passing the Doppler information signals. For the case of
a large n umber of scattering centers , the system must not only accept continuous wave (CW)
signals but also signals undergoing abrupt changes in amplitude (the so-called signal
drop—out condition) . On the other hand a small number of scattering centers dictate that
the electronics system must accept frequency-burst  signals having small amplitude infor-
mation superimposed upon large amplitude pedestal voltage levels. Furthermore the
instrument should be capable of furnishing “on—line ” indications of the instantaneous , or
average, Doppler frequency or velocity. Finally, the output of the signal-conditioning
electronics must be in a form suitable for rapid data acquisition and processing . The
stringent demands of the LV electronics requirements for aero—engine development precludes
the use of the many analog processing systems available such as signal averagers, spectrum
analyzers, tracking filters , etc. The candidate systems that meet these requirements
incorporate direct frequency counters operating in conjunction with high speed data
acquisition, storage and computing systems. Several of these devices, e.g., Doppler data
“burst” type, real-time LV data analyzer along with several modifications of direct-
counting techniques will be described. Although the photon-counting techniques could also
serve as possible candidates, the data acquisition rate as compared with the real—time LV
data analyzer is much too low. A review of the analog techniques for applications in
engine development is contained in Ref. 25, and a review of photon counting techniques is
contained in Ref. 26.

B. Doppler “Burst” Comparator Counter

The so—called “burst” type comparator counters that have undergone considerable
development (Ref.8,27,28) are extensively used in many laboratories. In principle their
operation depends upon measuring the period of n cycles and m cycles of signal data and
then comparing these periods. If the periods correspond to wi th in  a certain set percent
called a “data window ” ; e .g . ,  0 . 5 % , 1% , 3% e tc. ,  the data are accepted for fur ther  pro-
cessing and analysis. If the data do not fall within the set window , they are rejected .
There are numerous versions of the processor such as 4/8, 5/8 and 10/16 etc., in addition
to dual time interval counters where the data have to pass both comparator tests. The
problem with these counters is that they are biased toward the larger particles where good
S/N ratios are evident. This is readily shown in Fig. 20 where the results of experiments ,
using various comparator techniques , were evaluated under poor S/N conditions. In this
example the S/N ratio was set at 0 .09 .  After  1000 data points had been evaluated by the
various comparator conditions approximately 1% of the data were valid . Of course as the
signal quality improves so does the data rate and the number of valid data points as
shown in Fig. 21 , for the case of the dual comparator . Nevertheless the data acquisition
rate is essentially proportional to the S/N rat io ; hence , attempts are made to maximize
this relationship although all of the contributing factors are d i f f i c u l t  to evaluate
quantitatively.

C. Real-Time Processor

The newly developed (Ref .  2 9 )  “ real-time processor ” technique is a prototype
that is being used for LV applications. When a particle traverses the focal volume, it
cuts fringes at a rate proportional to its velocity. The data interval is measured when
the particle traverses the f i r s t  detectable fr inge , above a threshold value , and ends
when it traverses the third detectable fringe. The time interval for traversing the
three fr inges is the f i r s t  data input for the histogram to be generated. A second data
input is acquired as the particle leaves the th i rd  fr inge and arrives at the f i f t h  f r inge ,
etc . After a predetermined number of samples are ac~ju ired , a histogram is developed . The
data rate has been reported to be on the order of lO’/sec. With data rates of this
magnitude , power spectral densities and turbulent  frequency measurements should be
realizable , almost in real time.

The analyzer  di git izes the LV “burs t”  data by counting clock pulses from a
150-Mhz clock during the fringe crossing time interval (Fig. 22 ) .  Two counters are
a l te rna te ly  counting and storing data into a scratch-pad memory which serves as a hi gh-
speed b u f f e r . The data generation rate is one-half the LV burst f requency;  and expeditious
handl ing is required while the burst signal is present.  One of the scratch pad memories -

is receiving data from the two counters while the al ternate memory is passing its data to
the address lines of a histogram-generating random access memory block. As each successive
address is applied , the memory word so addressed is incremented by one count. The

- - ~~
-: -—-i - ~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~

—
~~~~~~~~

— -



rr ~~~~~~~~ ~ ~~~~~~~~~~~~~~~~~~~~~~ 

—

~~

- - --— - .

~~ ~
- -—-

~~~~
- -

~~
--——-

~~ 
—- -- - -

~~~
--——-- --- - —— — --- -- — -

3-2 1

resultant grouped data in the memory provides a histogram of the LV burst data. The
memory address defines the velocity data cell number and the stored word defines the
frequency of occurrence within a given cell. Each 14-bit word can store up to 16,384
samples per cell at rates up to 10 million samples/sec . This provides for useful data
compression of the large amount of data being processed .

An auxiliary CRT visual display has “on line ” access to the memory-stored
histogram data being accumulated. The display is a condensed look at the 256 x 16,000-
point memory matrix containing over 4 million possible values. When a selected number
of samples has been taken , the histogram is rapidly transferred to a first—in first—out
(FIFO) bu f fe r  memory and the empty histogram memory is free to resume data acquisition.
The FIFO data in turn are clocked into a programmable calculator for data reduction.
The calculator prints the histogram distribution data and computes the mean and standard
deviation of the data set. Approximately 3 sec are required to reduce the histogram
data that may contain up to half a mil l ion samples. A calculator controlled x-y plotter
can be used for plotting a velocity prof i le  of the LV probe volume traverse .

The determination of the measurement accuracy is complicated in actual test
environments since it is almost impossible to have steady conditions. The technique was
evaluated utilizing a simulated Doppler signal by amplitude modulating a light—emitting
diode with a function generator whose frequency can be precisely measured . The diode
posseses the required bandwidth (10 to 30 MH z)  to simulate a frequency burst. A photo—
mult ipl ier  tube acquires the signal from the light emitting diode. Background radiation
is produced by a noncoherent light source to provide sufficient noise to simulate the
actual signal obtained in a test program .

A series of 1,000 histograms, each containing approximately 8,000 samples , was
taken and the mean of each sample series was determined. + During the sampling period
the amplitude modulated light frequency was held within —0 .05% of 12 MHz .  The mean (Xm)of the 1,000 sample mean values was calculated to be within 0.05% of the standard
frequency and the standard deviation of the distribution of the mean values was found to
be 0 . 0 7 %  of the mean (X ) .  The data provided a 99% confidence level indicating that  no
individual sample mean Will depart more than three standard deviations from the distri-
bution mean or more than 0.25% from the standard test frequency. These data are plotted
in Fig. 23b. A similar distribution of the instrument sampling a continuous sine-wave
signal is also shown in Fig. 23a for comparison purposes. The distribution sample , where
the number of samples per histogram was reduced from 8,000 to 500 samples , showed l i t t le
change in the computed results when the experiment was repeated . The reduced sample time
interval of the smaller sample data group would be significant only when measuring
turbulence parameters.

Another experiment was performed where the velocity distribution in a region
near a normal shock in a 30—cm transonic wind tunnel at the Arnold Engineering Development
Center. The signals stemming from a dual scatter , Bragg cell , laser velocimeter operating
in the on—axis backscatter arrangement were processed simultaneously by the real-time LDV
data analyzer and with the conventional “burst” counter type processor requiring ten
consecutively detected fringe crossings per sample. The best estimate of the Mach number
at the shock was between Mach 1.1 and 1.2 resul t ing in an estimate of the downstream gas
velocity of between 277 and 310 m/sec. The data in Fig, 24 show that within only 0.025 to -
0. 075 cm of the shock , the data processed by the real—time analyzer fall within this
range of estimates. The conventional-counter—processed data , for the particular S/N
ratio condition , lags the velocity for a distance greater than 1 cm from the shock front.
The indications are that the analyzer is processing signals from much smaller particles than
the conventional “burst” counter. A theoretical study was performed to ascertain particle
lag e f fec t s .  The results are shown in Fi g. 25 where the velocity of various size
particles is rdotted as a function of average distance from the shock front. From the
data in Fig- 25 (Ref. 30) it is estimated that the particle sizes, from which the majority
of data we€e taken , appear to be approximately 0.1 rim.

The interesting feature concerning the real-time system is that there is no
data rejection logic incorporated into the design . The particle lag effect is still
evidenced in the data since a skewness in the velocity distribution exists. In evaluating
the data the mode value was used to ascertain the mean value of the gas velocity di~~.ri-bution which reduces , and in some cases eliminates, the e f fec t s  of particle lag ( R e f .  3 0 ) .  4

Both the mode and mean values of the velocity distribution are compared with theory in
Fig. 24 . Of particular significance are the data acquisition rates of the two techniques.
The ana lyzer  required 0.10 sec to acquire 4 , 000 measurements , whereas the conventional
“burst”  counter required approximately one minute of sample time . The capability of on-
line visual display of the analyzer histogram , as it is being generated is a valuable
asset not only monitoring the flow conditions but in monitoring the system operation itself.

D. Computing Counter

Several additional straightforward counting techniques are currently being
used (Ref s. 31 through 33) as a means for processing the Doppler signals .  One of the
techniques uses a visibility processor (Ref. 34 ) that measures the signal amplitude
cont inuously  throughout the burst cycle. When the scattered light in tensi ty  reaches a
pre—set  signal threshold level , of the photodetector , the visibility processor triggers
a computer counter thereby s ta r t ing  the count ing cycle. During the ensuing t ime—interva l
both clock pulses and valid zero crossings are counted . The counting period ends on the
first valid zero crossing after the signal level falls below a set threshold value . At
this  t ime the gate is closed and the system is re-get for the next ,  burst ,  data inpu t .

________
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Upon completing the counting cycle the frequency is determined by the following
relationship

F aN / N  (F)d e t c (7—1)

Me is the number of signal zero crossings obtained during the sampling time , Nt is the
total number of clock pulses counted , and 

~c is the clock frequency . A schematic
i l lustration of the system is shown in Fi g, 26, and the signal characteristics, wi th in
the processing system, are shown in Fig. 27 . In the proposed arrangement two—component
velocity measurements are made simultaneously with particle size measurement . The
velocities are determined with HP 5345A computing counters having a clock frequency of
500 MHz.  The visibility processor , monitoring the quality of each zero crossing through-
out the burst , triggers the computing counters af ter  the f i r s t  valid zero crossing af ter
the threshold signal amplitude value has been attained.

The determination of the particle size using interferometric techniques has
been reported (Re f s. 17 , 25~ 

35 and 36) and is currently under development at the AEDC .
If the size of the particle, traversing the fringes in the probe volume , is small compared -

with the f r inge  spacing the scattered l ight in tens i ty  will be proportional to the incident
light intensity through the particle ’s trajectory. If the size of the particle is
comparable in size to the fr inge spacing the particle will  part ial ly overlap bright
fringes even when it is centered on a dark fringe and produce a burst signal as shown
in Fig . l6a. A larger particle traversing the same path as a smaller particle might
produce a signal as shown in Fig. l6b. A still larger particle could overlap several
adjacent fringes and produce a signal such as shown in Fig. 16c. There could also be a 4

range of particle sizes where the relationship between the a-c signal and d-c pedestal
is such that there would be no signal detected as shown in Fig. 17 and qualitatively
discussed in Section V—C . The conclusion is that the relative amount of s ignal—oscil lat ion
that modulates the d—c pedestal is a function of the size of the particle relative to
the fr inge spacing--which has been verif ied both analyt ical ly and experimentally.

In the particle size—velocity measuring system described the data acquired
and processed , from both the visibility processors and the computing counter electronics ,
are transmitted to a data acquisition and storage system . A histogram may also be acquired
on-line on either the particle size distr ibution or velocity distribution or any combination
thereof depending upon the type data format desired . It has been reported that the
application of the direct counting technique can realize an order-of-magnitude improve-
ment in data acquisition rate, over previous “fixed—gate ” frequency counting techniques
(Ref .  31)

The velocimeter acquires information on the f low—field  characteristics,
including turbulence, by measuring the motion of particles in the focal volume . If the
flow field possesses large velocity gradients and/or if the fluid motion is turbulent
the particles will  lag the f lu id  motion by an amount proportional to the particle diameter
and density (Ref .  37 and 3 8) .  Many studies of LV characteristics (Refs .  38 and 39)
considered the response of particles to f lu id  transients to determine the particle size
required to a specified f low-f ie ld  condition . The results of one such study ( R e f .  30) are
shown in Fig . 25 for the case of particles traversing through a shock f ron t .  If the
particles in a given flow were of a single size and chemical composition , the studies
would be suf f ic ient  to define the e f fec ts  of particle lag on the LV measurements. In
practice , the measurements stem from d i f f e r en t  types and sizes of particles that  traverse -

the focal volume and the results reflect these variations.

In the case where measurements are made on the inherent impurities contained
in the atmosphere , it is abvious that a wide range of particle sizes, shapes and composition -

will be present. Because of the particle size distribution , hence velocity dis t r ibut ion,
and discounting any other errors or bias the LV measurements will appear to indicate the
presence of turbulence even under perfect laminar flow conditions. The magnitude of the
indicated turbulence intensity is functionally dependent upon (1) the velocity lag of the
particle traversing the probe volume , (2) the inabi l i ty  of the LV to discriminate
particles of a given size such as in the case of the visibility modification to the S/N
rat io , and (3)  the size and densi ty distribution of the particles comprising the data set .

By artificially seeding the flow , attempts are made to control the results by
introducing particles of known size and character ist ics .  Unfor tuna te ly ,  even controlled
seeding will  produce a range of particle sizes albeit narrower than those found in the
atmosphere.

IX. OPERATIONAL LV SYSTEMS

A. Introduction

To conclude the present introduction to the fundamentals of LV measuring
techniques a brief description of operational installations for aero engine and other
fluid dynamic investigations are presented . In this respect it may be affirmed that the
LV systems are being seriously adopted for effecting non-instrusive measurements of flow
fields where data cannot be accurately acquired by other means.
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B. Engine Test Facility Installation

I n t h e present section a few LV installations in test environments
and the problems encountered will be briefly discussed. A one component , backscatter , LV
system was installed in an altitude chamber at the AEDC to measure the exhaust character-
istics of an operating aircraft engine. A unit in such an environment poses a number of
problems that must be resolved including the extremely high radiation heat flux ,
and exposure of the support structure to mechanical and/or acoustic induced vibrations.
The LV system therefore requires a suitable isolated enclosure to protect it from the
environment even though it does not come in physical contact with the hot exhaust flow
from the engine. The housing constructed for the LV unit had a capability of maintaining
atmospheric pressure while the engine was altitude tested. This is a necessary requirement
to prevent the electrical breakdown of the plasma tube and other hi gh voltage components .
The system was isolated from the localized aerodynamic loads in the test cell so that the
vibration would not adversely a f fec t  the optical al ignment.  The temperature in the v i c i n i t y
of the electro-optical components must be controlled to prevent thermally induced component
failures and sufficient vibration isolation was utilized to preserve the integrity of the
system in addition to mainta in ing  radiation al ignment.  In addition , in a test environment , -

oil and fuel spills are not uncommon , and attention had to be directed to the prevention
of con tamination that could cause signal degradation of any exposed optical components .
Figures 23a and b are photographs of the instal la t ion. The ent i re  system is enclosed in
a thermally insulated housing . The argon ion laser is shown on the left side of the
photograph. An umbilical furnishes the electric power and coolant water for the installa-
tion. The beam—splitting blocks are located on the top right hand region of the environ-
ment enclosure. The two beams traverse a light b a f f l e  before entering the transmitting
lens in the lens housing by means of a turning mirror . The focusing lens also serves as
a scattered light collector . The collected light is transmitted to a focusing lens to the
photomultiplier by means of a turning mirror located at the bottom center of the unit.
From thek photomultiplier tube the signal is sent, by means of a preamplifier and cabling,
outside the test cell to the si gnal—processing electronics. To minimize the background
radiation a laser line filter (.5145 jim) was used. As shown in both figures . considerable
baf f l ing  and heat shielding is required to minimize scattered radiation entering the
detection system and to reduce the heat load to the velocimeter enclosure. A heat shield
was also placed between the engine exhaust and the optics system to reduce the radiative
heat transfer to the optics. As can be seen in Fig. 28b, the heat shield contains a port -

through which the transmitted and scattered light pass.

Access to the collecting optics was by means of a removable side plate and the
entire system was also accessible from a removeable top plate of the housing . All of the - -

optical components, with the exception of the transmitting lens , were ma ted on a base
plate containing four optical rails. The base plate was attached to the remaining enclosure
and onto the test cell by means of pneumatic vibration isolators located on each of the
corners.

B. LV Instal lat ion in a Plenum Chamber

A two dimensional , backscattered , Bragg cell unit was installed in the plenum
chamber of an AEDC transonic aerodynamic test cell as illustrated in Figs. 29a and b. As
in the previous instal lat ion a special housing was designed to main ta in  proper pressure
and vibration isolation. Figure 29a  shows the LV system skeletal construction. The
laser is mounted in a pressured structure, whereas the optics and electronics are mounted
on top without any special environmental provisions. Turning mirrors were used to keep
the package compact since space was limited . In this  part icular  configuration the
transmitt ing portion of the optics are totally enclosed in metal tubing to minimize the
possibility of scattered radiation from entering the collection system optics. Inside
the metal tubing another lens is mounted on a ~mall traverse thereby providing a zoomscanning capability. It was possible to scan -35 cm from the centerline of the tunnel .
The entire unit was operated from the control room of the tunnel. As in the previous
case , the electronic processors and associated computing equipment were located external
to the tunnel environment.

C. Furnace and Diesel Engine LV

A two-dimensional Bragg cell system was designed to be used for probing an
EPA furnace using various fuels .  The design of the unit incorporating both forward and
backscattering capabilities is schematically illustrated in Fig. 28a. In this particular
design the laser is mounted on a rack below the optics and traversing system. The laser
beam is directed into the two dimensional Bragg cell by means of mirrors and a mode
matching system of optics. From the Bragg cell , positioning mirrors direct the beams to
the focusing lens and then i~ito tt.~ furnace be means of the output mirror . The back-
scattered radiation is collected by the mirror and reflected to the collecting—transmitting
lens. At this point the scattered light is reflected by means of another mirror , turned
toward the l ight collecting optics system , and directed to the photomultiplier tube. A
photograph of the un it  (Fi g. 28b) shows the cored mirror and t ransmit t ing-collect ing lens.  —

This minimizes the probability of parasi t ic  ref lect ions  from the transmitting portion of
the beam to the collecting—detection system . A laser line filter in front of the photo-
multiplier reduces the effect of the noise stemming from the light emitted in the con-
bustion chamber. The unit both forward and backscattered component has operated quite
satisfactorily in both oil and gas flames. The forward-scattered portion of the system
comprises a traversing system that is synchronized with the transmitting traverse system
to guarantee alignment between the transmitting and receiving optics. A system of this
same design was also used to make two dimensional velocity measurements in the combustion 

-
~~~~~~ ~~~~~~~~ --“ ~~~~~~~~~~~~ 

-



3-24 ‘
~~~

- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

chamber of a diesel eng ine (Ref. 4 0 ) .  The fundamental problem that existed in both the —

experiments was to keep the windows clean from soot and other contaminants. In the diesel
engine experiment the problem was more severe in that window fogging occurred within a
few minutes after the combustion process was initiated .

X. CONCLUSION

In th is  brief introduction to the principles of the laser velocimeter both
the reference- and dual-scatter system have been described . There are many variat ions
to the concepts, and the individual research worker will invariably develop his own
technique in accordance with the experimental program he is pursuing . The reference beam
system can be effectively used in fluid flows containing a large number of impurities so
that , essential ly ,  a continuous signal is obtained , In this case frequency trackers and
similar analog techniques may be used for data acquisition and processing. In the case 4

of the more hostile environments, such as in combustion chambers, compressors etc. the
dual-scatter or Doppler differential technique is the preferred system. In this case
more expensive counting systems used in conjunction with high-speed data acquisition and
storage equipment are required . Particularly in the illustrated case of the real-time
processor where 10 million data points and 5,000 histograms per second can possibly be
acquired , hi gh speed computing equipment is a necessary adjunct for the processing of
data .

In general it is desirable to design an LV system to perform in the back—
scattered mode of operation--the preferred orientation. In this mode of operation the
optical components are rigidly tied to a base plate thereby min imizing alignment problems.
Only one window is required for the entrance and scattered beams thereby fac i l i ta t ing
modifications to wind tunnels, combustion chambers etc. The entire unit can then be
mounted on a three dimensional traverse system to scan across a flow field , whereas ,
in the forward scatter mode of operation synchronous motion of transmitter and collector
optics is required to maintain alignment--a tedious task. However , one does sacrifice
signal intensity in the back-scattered mode of operation. For a given particle size ,
composition and velocity the intensity of light scattered in the forward direction is
approximately two orders of magnitude greater than in the back-scattered direction .
For this reason a relatively high powered laser is a dictating requirement for LV operation
in the hostile environments encountered in engine research and development. Details
concerning the scattering mechanisms , the variations in light intensity as a function of
the particle parameters and the peculiarities exhibited in the scattering process is
beyond the scope of this lecture, however , good treatments to the subject may be found
in Refs. 3, 4, 25 and 41.

Despite the necessity for considerable care in the design of an LV system
the accelerated application of the technique as evidenced by the myriad of symposia and
workshops during the past decade specifically designated to the presentation of new
developments and applications of laser anemometry justify its application as a diagnostic
tool. Dr. Wisler in a following lecture will discuss other salient features of the
velocimeter in practical aero—engine applications.

~ 
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LASER -T WO- FOC US V E LO C I MET RY (L2F) FOR USE IN  AERO E N G I N E S

BY

R. SCHOOL
DFVLR —I ns t i t u t  fUr Lu f ts trah lan t r iebe ,

L in der  Hö he , 5 Kbln 90, W .Germany

A B S T R A C T

The fundamental s of a new noninstrus iv measuring techn ique  - the L2F method - are
reported. Similar In concept to the LDV system , this method measures the velocity of a
fluid by utilizing the pr inci ple of light scattering of small particles entrained in the
flu id. However , a much higher laser light concentration is achieved In the probe volume
which helps to overcome the difficulty of obtain ing measurements in regio tis of un-
favorable signal-to—noise ratio . e.g. within the narrow blade channels of turbomachines ,
especially those of centrifugal compressors. For this application a concentric backscatter
measuring device was considered and compared with an equivalent LO-system. It can be
demonstrated that in pr incip l e  the L2F-method Is less susceptible to the injurious back-
ground radiation which is generated from solid surfaces and in the narrow olade channels.

A description of an improvod L2F-ve locimet er suitable for use in strongly turbulent
flows such as those found in turbomach ines is presented.

From a series of probability density distributions taken at each measuring location
nearly al l  two-dimensional  information about the f low can ba calculated; e.g. the m agni —
tude an d di rec ti on of the  mean  fl ow v ector , the turbulence intensities , Reynold ’ s s hear
stresses, etc. Measurement errors and their possible correction are discussed and the
measuring accuracy is demonstrated In windtunne l tes ts .

— To apply the L2F— velocim eter to turbomachines requiresseveral additional pieces of
equipment. A particle seeding device to Increase the number of particles for the purpose
of reducing the measur ing time , a t ravers ing and time delaying unit for pos i t ion ing of
t h e  p r o b e  vo lume , and a window c lean ing  dev ice  are described and the exper iences of ope-
rating the L2F- ve loc imete r  are reported. Furthermore some resu l ts  of L2F- measurements ,
carried out in a transonic axial and a highly loaded radial compressor are submitted and
discussed.

NOMENCLATURE

b meridional impeller channel w id th
cm meridional component of absolut velocity
dA diameter of ho les w i th in  the 12F— arpert u re

window diameter
diameter of lense system L2

d par t i c le  diameter
velocity function
mean value of velocity function

f focal  l e n g t h  of l e n s e  L i
f0 foca l  l e n g th of l e n se system L 2

ax ial length of the L2F-probe -vol ume
Li ,L2 l enses
N Mach-number
C mass flow
m index—of-refraction of particle material

rotat ional  speed
design speed

p,p * ,p** probability density functions
sca t te red- l i gh t  power of a s ing le  p a r t i c l e
b a c k g r o u n d  ra di a ti on power
scat ter ing e f f ic iency of a s ingle pa r t i c l e

r0 beam radius at the probe volume
S, S ’  beam spacing w i th in  the L2F-probe-vo lume
Sm meridional shroud contour length from Inlet to out let
T
~ ’ ,T

~ ’ turbulence intensi t ies
t blade spacing

time difference needed from particles for passing the two beams in the
L2F— probe volume

u amoun t of ve loc i ty  vector
u mean va lue of ve loc i t y

veloc ity vector
u amount of ve loc i t y  component in the plane perpendicu lar  to the beam ax i s

ve loc i t y  f luc tuat ion component In the d i rect ion of the mean f l ow vector
u0 opt ica l ly measured ve loc i t y
u veloc ity calculated from temperat ure and pressure measure ments

tip speed at impeller outlet
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v ’ velocity fluctuation component perpendicular to the mean flow direction
w r e la t iveve loc it y
x distance of a scattering solid surface with respect to the probe volume
-4 position
x l o ca l  vec tor
X/Sm relative meridional shroud contour
y/H/2 dImen sionless coordinate of the tube wi dth
y/t relative blade spacing
z/b relative meridional channel width

direction of flow velocity components in the pl ane perpendicular to the beam
ax i s
angle range defined by the finite size of the beams in the L2F—probe -vo lume

$ relat ive flow angle
c magnitude of outstanding edges caused by flat windows and curved casings
CS erro r of beam spacing
w angle of particle velocity with respect to the focal plane
A vacuum wave length of light

scattering efficiency of a solid surface
cone angle limiting the spatial angle of scattered light observed
rad i us of cas i n g

e crossing angle of the beams in the LO-probe volume

1. INTRODUCTION

Future research and development work on turbom achines is dependent upon the experi-
mental investigation of flow phenomena within the blade channels of the rotors. The
recently developed non contiguous optically based velocity measurement techniques offer
us today methods for conducting such Investigations.

Using the well stablished Laser Doppler technique, flow velocity measurements often
become difficult in high speed turbomachinery because of the unfavourable test conditions.
Th i s i s es pe c i a l l y  t rue , when in addition to the high speed problems the flow channels are
very narrow. Often strong background-radiation is generated by laser light reflections at
the hub and at the casing windows rendering any measurements more difficult.

Howeve r , It has been possibl e to overcome these problems at least in some turbo-
machinery applications. The first report was publi shed by Wisler and Mossey (General
flectric) [1] in 1972. They developed a Laser Doppler Velocimeter (LDV) for use in a
transonic fan. A recent paper by Wisler [2] describes the application of the same basic
technique to map the local velocity and to determine the shc..k ,z~ e locations within a
high speed fan rotor.

Meas urements of a similar nature have been carried out by Pratt & Whitney Aircraft.
As repor ted by Wal ker , Will iams and House [3], a two-compone nt LDV was used to measure
flow ve loc iti es an d dt erm i ne s hock loca ti ons In  an ex per im enta l transon i c com pr essor
blade row. Also In a research compressor Boutier , Guy Fertin and Larguier [4] performed
measuremen ts of the periodic flow downstream the rotor blades and Seasholtz (5] describes
wo rk going on at the NASA Lewis Research Center to make LDV measurements in axial turbine
rotors.

These important papers have presented valuable results of turbomachinery flows how—
ever they also mention the difficulties encountere d 4’ maKi ng measurements in regions
which are located less than about 10 mm from solid surfaces. The relativel y large dimen-
sions of the LDV probe volume may introduce additional p !-oblems , when used in high speed
tur bomach inery applications.

Because of the rather large dimensions of the mach ines being examined these restric—
tiones were not so severe. However in sma ’l machines or in the outlet part of centrifugal
Impellers operating at high speeds the already mentioned limitations make measurements
very difficult.

~~~~ the frequency limit of LDV electronics is mainly responsab le for this drawba ck,
luns tadler and Dolan [6] designed LDV-e lectron ics which work up to about 150 MHz. In that
.iy the probe volume diameter could be decreased and measurements closer to a scatt ering
. .1l bica., pos~ 1ble . Results of flow research at the Inlet of a small high speed centri-
‘~~ a1 $m p e l le r and behind the rotor are reported.

- - - V2 the DFVIR Institut of Airbreath ing Engines started the development of a new
- .. ..h,~~’uqtir system for use In the study of high mach number turbomachinery flows

- • i -’ 9 .rs airy much from usual LDV ’s. The fringe pattern In the probe volume Is re-
*.~~ 

.
~~~~ d $ s c r ete light beams, thus creating a light gate. It was supposed that the

• “t.n s$t y concentration In the probe volum e could be used to overcome the
• ‘oo .~ab IlIty In turbomach ines. The basic Idea of such a time of flight anemo-

- • -~~ ~~ ed b y Toepson (7], Mesch [8] and Tanner [9). As Tanner ’s method was
a • - i 1~~ Of l  In low turbulent flows it was necessary to Improve It for use

- . ‘~ di y e l o p m ~~flt le d to the Laser-Two-Focus (L2F) velocimeter (ref.
- an be used In any turb ’lent flows to measure the magnitude and

~~~~~ w e l o c i t y  as well as the turbulence intensities and the Reynold ’ s
.~ . oerp en d l cul ar to the beam axis.
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2. PRINCIPLES OF TANNER’S TIME OF FLIGHT ANEMOMETER

Like the Laser -Dopp ler— Technique the Time of Flight anemometer measures the velocity
of small light scattering particles usually present in the fluid.

Fig.1 Illustrates the construction of this optical arrangement which resembles that
of the Doppler procedure . The inc ident laser beam is split in two by a beam splitter. The
beams are sent forth at such an ang le with respect to one another that they cross at the
focal  po i nt  of the su bsequen t l y p l a c e d l ens  L~ . As a res ult , the beam axes leave the lens
para l lel  to one ano ther w hereas the para l l el bea m s a re focuse d on the o ther focal  pl ane
of l e n s  L 1 . As illustrated by Flg.1 in enlargement, two parallel beams are formed each
of which Ts highly focused in plane MV ’ (the focal point of lens Lj) such that the desired
“l ight—gate ” is created. In order to assure sufficient space between the optical apparatus
an d the m easu r i ng sec tor a secon d l ens  system L2 is interposed between L 1 and the flow
channel to Increase the distance to the desired length.

For a more exact examination of the conditions at the point of measurement (see detail
Fig .1 and Fig.2) It may be observed that both beams in cross—section have - as a result
of the focusing - a converging diverging character. The diameter of the beams at their
narrowest point is limited by diffraction and the spherical aberration of the lenses. In
the present set—up this diameter Is about 10 um which makes it ma ny times smaller than
that of the usual Doppler-crossed beam techniques. This gives a laser light concentration
in the measuring sector which is about one hundred times greater than otherwise possible.
The distance between the two beams-shown in Fig .1 - is between 0.3 and 0.5 mm. The axial
depth within which the photodetector is capable of receiving particle-scattered light , -•depends on the intensity distribution of the laser beams around the measuring (focal)
plane and on the spatial resolution of the receiving optical equipment. It can be limited
to about + 0.5 mm.

A particle passing through both the light beams in the measuring sector , along the
focal plane, produces then two successive pulses of scattered light. Given the distance
between the two laser beams, the time elapsed between the pulses yields the velocity of
the flow perpendicular to the optical axis - at 300 rn/s about 2 us . In order to register
th i s do u b l e  p u l s e  it is necessary , however , that the plane formed by the two laser beams
is parallel to the flow direction. Consequently, it is possible to determine the flow
direction once the plane of the beams has been established.

However , e.g., in turbulent flows , not every particle entering the probe volume will
meet both laser beams and emit a scattered-light double pulse. Moreover , two succeeding
light pulses - necessary for the time measurement - may be ger~erated by two different
part icles. But those measurements yield useless time interval data which are randomly
distributed along the time axis. Only the time interval of useful double pulses as they
are actually produced by single particles which pass both laser beams has an eminent
probability as long as the mean distance between two succeeding particles is just larger
than the laser beams distance in the probe volume. For the chosen beam distance of 0.5 mm
there are no limitations in any real flows including seeding.

A simple way of determining the time interval between the two scattered-light pulses
is to use a storage oscilloscope as proposed by Tanner.

Fig.3 shows a typical oscil logram of the double pulses which are superimposed on the
storage screen. The distance between the two peaks yields the time interval between the
scattered-li gh t pulses from which , given the spatial distance between the beams , the
average flow velocity perpendicular to the optical axis can be evaluated. This simple
timing method was used for measurements carried out in a subsonic and a supersonic wind
tunnel un der exploitation of the weak back-scattering of particles. The results published
in ref.(11] demonstrate that - even by employment of a 5 mW laser - the weak back-
scattered li ght of natural dust particles in filtered air generates sufficient signal
quality to measure flow velocities hlgh 8r than Mach 2. The measuring error was about 1.5%
and the flow angle resolution about ± 1 -

Howeve r, this simple method Is only suited to determine the mean flow vector not the
turbulence intensities. Furthermore it must be pointed out , that - as a great disadvantage
Tanner ’ s method works only in low turbulent flows. Because of the often higher turbulence
intensities found in turb ornachines this limitation cannot be tolerated.

3. LIMITING CONDITIONS IN TURBOMACHINES WITH REGARD TO THE APPLICATION OF
OPTICAL VELOCIMETERS

Due to the very complicated geometrical conditions in turbomachines one Is constrained
In applying an optical backscatter arrangement. Thus , only the weak backscattered intens i-
ty of small particles can be employed by the photo-detectors leading to low signal
amplitudes.

To measure the high velocities found within blade rows very small particles are re-
quired to insure that they follow the real streamlines closely so that they provide an
accura te measurement of the fluid velocity. This Is especially important in flows which
con tain large gradients or shock waves. These submicron particles should have diameters
below 0.5 urn. Unfortunately these small particles only scatter very weak intensities of
light.

The most important restriction on the app lication of laser ve loc imeters in small tur—
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bomachines is the background radiation generated by laser li ght refJection~ at the hub
and at the casing windows. Its order of magntude is usually from 10° to 1O~ times higher
than the scattered-l ight of particles. If it is possible to chose a large angle of obser-
vat ion with respect to the axis of the incident lCser beams one has a good chance to
suppress the background radiation by spatial filtering. But especiall y In centrifugal
machines such arrangements cannot be employed. It Is necessary to have only one casing
win dow for both the incident laser beams and the observed scattered light beam. This
win dow should be flat so that it will not be restrictive In positioning the probe volume .
Flat windows installed in the generally highly curved turbomachinery casing generate pro -
j ec t i ng  edges wh ich  should be small to avoid flow disturbances. Fig .4 illustrats this con-
ditions. The width of the protruding edge is c, the radius of casing is 

~A ’ 
DF defines the

window diameter and H the blade height from hub to tip.

Taking In account different types of turbornachines It was found that for the most cri-
tical measuring point close to the hub a cone angle of less than 0L • 100 - when used simul-
taneously for the incident and scattered light - is required to avoid edges with c greater
than 0.2 mm . Due to this small spatial angle it is very difficult to suppress the men-
tioned background radiation.

As a result a confocal bac kscatter arrangement of an optical anemometer should be
chosen as the best possible compromise under these limiting conditions.

4. COMPARISON OF CONFOCAL BACKSCATTER SET UPS OF A LASER DOPPLER AND A TIME OF FLIGHT
A N E M O M E T E R  W I T H  RESPECT TO THE I N F L U E N C E  OF B A C K G R O U N D  R A D I A T I O N

A c a l c u l a ti on of the i n fl u e nce of bac kgrou nd rad i at i on on Laser  Do pp l e r  an d tim e of
flight anemometers was performed considering two very similar optical set u8s.
Fig .5 shows the Laser Doppler set up. The observation cone angle of 

~L 
= 10 corresponds

to turbornachinery limitations. Taking into consideration a 50 MHz frequency limit of LDV
e lec t ron i cs an d 500 ~/s as a maximum of measurable flow speed the beams crossing angle 0
is calculated to 2.9 . Furthermore a beam diameter 2r0 0.2 mm results assuming 20 frlngs
in the probe volume . To reduce the background radiation extensively an arpertureO .2 mm In
diameter is placed in front of the photomultip lier. This diameter corresponds to the dia-
meter of the beams in the probe volume — the imaging scale is 1 : 1. A working distance
of f0 300 mm was arbitrarily chosen.

To study the influence of background radiation it was assumed that the arpeture is
figured into the probe volume. At a certain distance x from the probe vo l ume a solid sur-
face is placed wh ich scatters the incident laser beams into the observation optics. As x
Is much smaller than f0 the optics gather the background light nearly by a constant cone
an g le  of 

~k 
= 10

However, the arperture cuts off a certain part of this light so that the observed
background radiation decreases as x increases.

A similar optical set up for a time-of-flight anemometer suitable for us~ In high
speed flow research is shown in Fig.6 . The observation cone angle is also 10 , the dis-
tance of the beams in the probe volume is 0.4 mm and their diameters 2r0 = 0.012 mm. The
double hole arperture in front of the photomultiplier has diameters of dA — 0 .030 which
are somewhat greater than the beams ’diameter to make adjustments easier. Again the arper-
ture is assumed to be figured i nto the probe volume for a simplier understanding of
background radiation reduction.

A measure of the influence of background radiation is the ratio of the scattered-
l i g ht power P5 of a particle and the observed background radiation power P8. Calculations
of this ratio have been carried out under the following assumptions :

1. The distance x is small compared to

2. All the scattered light which passes through the lenses striks the photomultip l ier
ca thode. The entire area of the lense is used to transmit the backscattered radia-
tion although in actual applications the central portion cannot be used since it
is occupied by the incident beams.

3. The solid surface scatters the incident laser light homogeneously into the space
a n g l e  2~r.

The resulting equation for the power ratio of the LD system Is:

P Q

and the corresponding equation for the T.O.F. anemometer is

P Q
- ~~L d

~~ r2 d~ 
(2)

Is the scattering efficiency In backwards direction with respect to the observation
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cone of 100, n0 descr ibes scat ter ing eff ic iency of the so l id  surface and d the particle
d iameter. The fo rmulars demonstrate the strong dependency of this ratio o~ the  beam r a d i u s
r0 in the probe volume and on the diameter dA of the arperture.

— For the following data ; d~ • 0.5 u~
, the wavelength of light A — 0.5 urn, the par t i c les

• index of refraction m p — 0.5 the scattering cross section of such particles was found to
be ~ — 10 -‘ . Assuming a solid surface scattering efficiency of 

~o 
— 0.01 the power ratio

was Lcalcu la ted . The results are shown In Fl g.7.

The minimal allowable distance x of a scattering surface form the probe volume can be
estimated by setting PS — 

~~ 
This limiting value is found to be 62 mm for the LD—system

an d 1.2 mm for the time of flight system. The superiority of the time—of-flight system Is
mainly due to the much smaller beam diameters in the probe volume and to the additionall y
smaller arperture. If the inner part of the lenses is excluded from collecting light the
lim iting distances can be decreased In both cases, but the comparable ratio remains un-
changed. Although the time of flight system has this advantages the problem remains that
it only works under flow condItions with low turbulence. How to overcome this restriction
Is part of the following description.

5. STATISTICAL A N A L Y S I S  OF T U R B U L E N T  FLOWS

A stationary turbulent flow field can be expressed by

= ~(~~,t) (3)

or in carthesian coordinates

u 1 — u 1 (x 1,x2,x3,t)
U

2 u 2(x 1,x2,x3,t) (4)
u3 — u 3(x 1,x2,x3,t).

Usuall y the time dependence of flow vector variations is very irregular so that it can-
not be related by any time functions. Therefore mean values of the flow parameters are
required to describe the most probable flow field.

In the theory of probabi’ity ~
(
~

) is considered to be a random variabl e and the proba-
bility density function p (i~,x) is used to describe the turbulent flow field. The ex-
pression p(u 1,u2,u3,x 1,x2,x3)du 1, du 2, du 3 is equal to the probability that at a certain
l oca ti on t he ve loc i ty com ponen tstake v a l u e s  of u 1+du 1, u2+du 2 a n d u 3+du 3.

To ca lculate the mean value of any a function F(~~) which Is also considered to bearan-
dorn variable the space integral

r(x) — J F(~~) p(~~,~ ) du 1, du 2, du 3 (5)

can be applied, but only if the condition of normalization

JJ~ p(~7,~~) di7 = 1 (6)

is true.

The probability density function contains all information about the flow field except
its time dependence. By the inserting the appropriate function F(~~) into the integral the
mea n values of the flow vectors, the turbulence Intensity the Reynold ’s shearstresses ,
the skewnesfactors , etc. can be calculated .

Transfo rming equation (5) into cylindrical coordinates yields
o,2i,+a,

r (x )  — fl~I F ( i~) p*(u ,.,ci,u3,x 1,x2,x3)uj du~. dm du 3 ( 7 )
~ o —T

if the velocity components in cylindrical coordinates are

• j~(u ,, cos~ , u~. sina , u3 ) .

Restr icting oneself to functions F(~~) wh ich are only defined in the plane perpendicular
to u 3 — F ( u )  • F (u .L,a) — a transformation of equation (7) yields

• f f F(u 1,a) p~~ (u 4,a,x 1,x 2,x3 ) u~ da du~ (8) .

pea Is the integrated probability density fu nc t i o n  p a, which now contains only the in-
formation about the flow parameters defined in the plane perpendicu lar to u3.

It is maintained , that pee (uL,a,x 1,x2,x3) can be measured by a time of flight ane-
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mometer or as it was later called the Laser-Two-Focus (L2F) velocirneter.

A t a certain measuring point ~ • ~(x 1,x2,x3) p**(~~) is a two—dimensional function

p*a (~) _ pa*(u~.a). (9)

Due to the flow turbule nce the flow vector varied in its magnitude as well as in Its
d i rection. If the plane containing the two beams of the L2F-veloclrneter Is assumed to be
approximate ly al igned wi th  the f low direct ion only par t ic les which have this d i rect ion
will be selected for measurements. Measuring the amount of velocity of a certain number
of particles entering the probe vo l ume that leads — due to the velocity fluctuations -
to a pro bability histogram as a function of u~ . Because the axial length of the probe
volu me Is orientated along the coordinate U3 the veloc ity component of all particles In —

the plane perpendicul ar to the optical axes are measured.

In this way , the measured histogram is already integrated over the velocity component
U3.

By setting the plane contaIning the beams to other slightly different angles and by
count ing the same number of particles entering the probe volume, more velocity histo—
g r a m s  can  be measured as long as the chosen setting angles of the plane are within the
range of the ve locity angle fluctuations. This yields a two dimensional probability
histogram comparable to the probability density function of equation (9). From equatIon
(8) which should be transformed from an Integral to a summation form the desired mean
val ues can then be calculated.

This treatise should demonstrate , that the L2F method has the capacity to measure
also in high turbulent flows if one operates it in the above mentioned manner. To turn
the plane containing the beams a special construction of the optical beam path is re-
quired and in addition a suitable arrangement of data processing electronics must be pro-
v ided for the measurement of velocity histograms.

6. THE CONCEPTION OF THE L2F—VEL OcIMETER

6.1 Opt ica l Set Up

To apply a velocimeter to turbomachines a solid construction is requred to make it
insens itive to vibrations and for easy in handling it. The optical beam path should not
include too many optical components to keep the laser light losses as small as possible.
Furthermo re any sl i g h t m i s a l i gn m en t of the i n i t i al l a s e r  bea m s h o u l d  no t al ter t he be ams
d is tance or the po s i t ion of the probe volume.

The arra ngement of the final L2F-set up is illustrated schematically in Flg.8. A po-
lar ization prism — Rochon prism - is used to split the initial laser beam (detail A )
whose mi d d l e  i s loc a te d at the foca l  po i n t of th e i mme di a tel y fo l l o w i n g l e n s  L 1.

As a result , the bea m axes  l eave the l ens  p a r a l l e l  to one ano ther whereas th e p a r a l l e l
beams are focused on the other focal plane of lens L 1. As shown in Fig .8 - detail A — two
pa r a l l e l  beams are fo r m ed , eac h of which is highly fócused In the focal point of lens Li
so tha t the desired “light—gate ” is created. In order to assure sufficient space between
the op ti cal appara tus and the m easu r i ng secto r , a secon d lens complex L2 is installed to
increase the distance between the probe volume and the apparatus to the desired length.
The same lens system L2 also picks up the back-scattered light and forms two dIscrete
ligh t bundles which are deflected by a flat mirror into the observation plane of a micro-
scope optics , where - corresponding to the laser beams in the measuring volume — two
scatter ed light beams of very small diameter occur. By means of the microscope optics,
these two beam s may now be enlarged and projected on a double hole aperture . The following
optics align each of the laser beams to a photomultiplier. The purpose of enlargement is
to allow an exact adjustment of the aperture holes in order to minimize any background
radiation received by the lens system L2 .

The use of two photomultip liers — one to deliver the start pulse and the other the
stop signal - effects several advantages.

First the influence of background ra diation is reduced by a factor of two since one
photo multip l ier only observes the radiation being generated by one beam while the signal
ampl itude remains constant.

Second the probability of measuring useless double pulses is decreased since only a
particle passing the first beam enables a measuring event to be started.

And third , the two photomultip lier arrangement allows the detection of the sign of the
velocity direction.

To ca rry out measurements inside the rotating blade channe lstrigger optics are in-
stalle d to switch the laser beam periodically.

As alrea dy mentioned the plane containing the two laser beams must be turned. This is
accompl ished with a rotation of the Rochon-prism and a synchronized turning of the dual
hole aperture , while the respective position Is Indicated by use of a potentiometer.

Some considerations of the dimensions of the two beams in the probe volume are  ne-
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cessary . Fig .9 shows an enlarged view of the probe volume .

The contour of the laser beams is defined at the 1/e2—point of Intensit y distribution
inside the laser beams. Due to the focusing of the beams a minimum diameter of 2r0 results
at the probe volume . To achieve a sufficientl y high intensity concentration this diameter
should be very small. It was chosen to be 12.8 urn . The axial length 1 of the probe volume
depends on focussing. If one defines it at the location where the beam diameter is double
the minimum diameter, the length 1 can be calculated to be 0.88 mm.

Us ually, the velocity vector ~ is not aligned in the plane perpendicular to the beam
axis. To measure its velocity component with respect to this plane a particle cr8ssing
t he beams a t an an g le  of ~ (s.Flg . 9a) must be detectable. If w Is set to be + 45 this re-
quires a beam distance S smaller than 1/2. WIth a choice of S = 0.4 mm all dimensions are

— fixed.

Due to the cylindrical shape of the laser beams a systematical error is introduced
which effects the beam spacing. Fig.8b shows this situation. A particle passing the beams
centers travels a distance S. But if it tangentially touches the beams as illustrated In
Fig .9b the distance travelled is S’ . These two distances are related by the equation:

2r
S’ • S cos arc sin _~.2. (10)

I nst i t u t ing t he b eam d imens i o n s the er ror  £ was c a l c u l a ted :
s s’ 

S 2r
— s — 1 — cos arc sin ~~~ ( 11)

A value of about 0.001 results which I s  small enough to be considered negligible.

6.2 Electronics

To carry out veloc ity measurements the time difference between the double pulses must
be registrated. Assuming a beam distance of 0.4 mm , which could be measured with an accu-
racy of 1 urn by enlarging simultaneously the two beams in the probe volume and a micro -
scale, a time difference of 0.85 us occurs for a fluid velocity of 500 rn/s. Therefore
f a s t  electronic equipment is required with a time response of a few nanoseconds. For ty-
pical probe volume dimensions and particle seeding rates about 10 000 measurement per
secon d must be registrated by collection electronics.

Similar measuring problems occur in nuclear physics. Sufficiently fast electronic
equipment has been developed in this field and these devices are well suited for the
L2F—ap pl ication .

Fig.1O shows a block diagram of the data processing system. The start signal for the
time measurements Is produced by photomultiplier 1 which receives the scattered light
from the first laser beam. Photomultipl ler 2 which is aligned with the second beam yields
the sto p signal.

After the amplification of both signals discriminators enable the pulse type signals
to be triggered at their maximum independent of the signal amplitudes. This is to avoid
a b roadening of the time measurement. The discriminator output signals are well defined
and have short rise times. They start and stop the time interval measurements which are
carr ied out by a time-to—amplitude converter. A counter counts the started measuring
events and after reach ina the present number the measuring cycle is stopped. The rec-
tangular shaped output pulse of the time-to-amplitude converter containing the
informat ion on the measured time difference in its amplitude is digitized by the ADC of
the follow ing multi—channel anal yser. The data are stored and arranged along the time
ax i s , such , that a probability histogram of time measurements is generated on the MCA
display.

Fig .11 shows an oscil logram containing various probability density distributions
cor responding to different angles a with respect to the mean flow direction. The t— axis
represe nts the transit time of the partIcles between the two beams. The quantity of each
time-measurement is arranged along the ordinate . Each distribution represents th. same
num ber of measuring events at each measuring cycle. The probability that a particle
traveling along the line of flow will be irradiated by both laser beams Is maximum at
the angle position a • 00 corresponding to the mean flow direction. The peak of the dis-
tr ibution curve Indicates the mean veloc ity , whereas the width of the curve near the
basel ine indicates the maximum velocity fluctuations. As a increases the probability of
parti c le  i r radiat ion by both laser beams decreases rapidly and is - in this case — at
a = 1~~5O practically nonexistent. Negative values of a y ield the same results. A combi-
na tion of all results leads to a two dime ns iona l probability density distribution de-
pen ding on time difference (velocity ~~) and angle (setting angle a) as It is shown In
Fig. 12.

At each of abou t 5 to 6 angle settings 1 000 to 2 000 valid measuring events are necessa-
ry to provide sufficient information about the fl ow. Depending on the particle concen-
tration In the flow this takes nearl y 3 to 5 minutes and requires steady flow condItion s
dur ing this time period.

After the two dimensional probability distribution Is measured and stored the data
are  t r a n smit ted to a computer for the calculation of the desired mean values.
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The probab ility distribution as a function of time and setting angle is trans-
formed into an equivalent one as a function of velocity an d fl ow ang le. In the case of the
L2F—ve locimet er the well known particle broadening effect occurs . Assuming the flow densi-
ty to be constant and independant of flow fluctuations at each measuring point corrections
can be carried ou t by dividing each value of the histogram by the respective velocity .

A nother broadening effect is due to the finite size of the probe volume. While its in-
fluence on the magnitude of the measured velocities is already corrected by the employment
of discriminators triggering each signal pulse at its maximum , the additional broadening
of the measured flow angle fluctuations must be considered.

Flg .13 shows the cross-section for the two beams at 3 different angle positions of the
measuring plane. A flow fl uctuating only in velocity magnitude and not In direction Is
assumed. Using the L2 F—velocimeter different probability di stribution swi ll be measur ed at
d i fferent angle settingsof the measuring plane inside the range 

~ ~
a which depends on

the dimensions of beam diameter and beam spacing. In this way the measured two dimensional
probability distribution indicates an apparent flow angle variation which does not occur
in the flow as persumed.

A theo retical treatment of this problem leads to the calculated correction curve shown
: in Fig.14. By the mean flow velocity u and the components of velocity fluctuations u ’ and

v ’ parallel and per pendicular to the mean flow direction the turbulence intens ities Tu ’
and Tv ’ are defined. Because of the broad ing effect only the turbulence intensity Iv ’
calcula ted from the measured probability distributions deviates from the real flow turbu—
le nce. The possibl e error decreases as the turbulence increases. The magnitude and the
d irection of the mean flow vector will not be effected. The correction of Tv ’ was carried
ou t by the com pu ter program m.

The remaining measuring erro r of the L2F-velocimeter depends mainly upon the uncer-
taincies of determining the beam distance , from calibration errors, and from temperature
sh lffing of the electronics. It was found to be 0.25 S at 200 rn/s and 0.5% at 500 rn/s.

6.3 Experimental Test

The first set of test results have been conducted in a rectan gu l a r  tube to prove ex-
per im e n t a l l y how close to a reflecting wall measurements would be possible and to deter-
mine the accuracy of the measurements, particulary the turbulence intensit ies. Fig.15
shows some results of these tests.

The fixed wall is left, the tube center right in the diagram. The mean flow velocity
with respect to the velocity in the tube center and the degree of turbulence are plotted
aga inst the dimensionless coordinate of tube—width. The results performed by means of
the L2F technique are compared with those attained by Relchardt using hot—wire m emo-
metry (Ref.(12J). The agreement of the two sets of results is practically exact be-
ginning at the first point of the optical measurement which is located 20% of the tube
half width or 1.5 mm from the fixed wall. This value was determined to be a positioning
l imitation in the test and it agrees very well with the theoretically calculated limit,
des pite the simp lifications which have been persumed. Reichardt could get relatively
closer to the fixed wall because he conducted his experiments in a rectangular tube of
sign ificantly larger dimensions. However , the Reynolds numbers are , despite the dIffe-
rence in size of the rec ta n g u l a r  tubes em p l oyed , nearl y the same in both cases.

The results of tests performed In a supersonic windtunne l are shown In FIg .16 . The
related difference of the optically measured velocity u0 an d the velocity u calculated
from pressure and temperature meas-~rements are plotted “ against the Mach- “number. A
maximum erro r of 0.5% is indicated . The reproduceability of two test-series was much
better than this even at the high velocities of 570 rn/s which corresponds to Mach —
2.8. However , it must be considered that the determination of flow velocity by static
and total pressure is not more accurate than 0.5%.

7. APPLICATION PROBLEMS IN TURBOMACHINES

7.1 PosIt ioning of Probe-Volume

Under usual app lications of fixed flow channels the measuring position in the flow
f ie ld Is changed by moving the complete dev ice  on a x—y-z—coo rd ina te  p lat fo rm (see
Fig.17). Depending on the focal length of lens 2 (see Fig.8) the probe volume Is posi-
tioned at a certain distance — about 350 mm - in front of lens 2. This distance remains
constan t as lon3 as no refractive material is placed along the beam path. However this
di stance is a l tered if planparal le l  g lass  window have to be ins ta l led  in the cas i ngs
of f low channel s or turbomach ines. The result is a small change in the probe volume po-
sition which can easily be calculated from the glass thickness and its refractiv index.
But a bet ter way is to adjust the coordinates with the help of a reference point insIde
t he f l o w  channe l

When applying the L2F velocimeter to rotor flow measurements in turbomach ines dis-
placements of the probe volume can only be carried out In one or two coordinates - in
rad ial and in axial directions. The reference points inside the blade channels can be
for example the pos ition of the hub to adjust the radial coordi nate and the small slot
betw een rotor and stato r to adjust  the axial coordinate, or an y other suitable reference
po ints .  The complete device is moved along the corresponding coordinates until the probe
volume Just touches the chosen reference point. This is indIcated when the maximum dc-
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current of the photomu lt ip li er output is observed. In this way adjustments are possible
during machine operation. The positioning of the probe volume is accurate to within
0.1 mm.

I~i order to define the measuring poS Ition in the circumferential directIon a
Pockel ’s cell has been insta ll ed in the- L2F-ve locimeter beam path (see Flg.8). The
Pockel ’s cell interrupts the laser beam during the rotation of the rotor and releases it
- as directed by a trigger signal from the rntor - at a certain point in each blade

•- channel to take measurement. The adjustable exposure time of the Pockel ’s ce ll Is so
short that the measurement can take place in a very small sector of the flow channel and,
thus, under nearl y steady-state conditions. The exposure time is determined by the blade
frequency and the number of measuring points along the blade spacing . for 10 points this
time has to be less than 1/10 of the blade cycle (at a frequency of 10 kHz less than 10
us). This time must be necessare ly longer than the particle time of flight through the
probe volume . It was usuall y chosen to be 1/20 of the blade passing time. The measure-
ments at the selected spots In the blade channels are repeated during rotor revolution
again and again until enough data for an adequate statistical evaluation are gathered.

At first it might appear be sufficient to merel y switch the si gnals from the elec-
tron ics , but due to sudden changes in background radiation caused by the blade passing
through the probe volume this method is not used. If the blade surfaces touch the probe
volume a strong radiation is generated which causes the photomu lti p li er to become satura-
ted for a certain time. During this time period , which is often not small compared to the

~
- blade passing time, no measurements can be carried out. Therefore , the use of a Pockel ’s

cell helps to overcome this problem .

To adjust the measuring position in the circumferential direction two methods are
possible. One possibility Is to calculate the delay time between the tr iggers ignal from
the rotor and the selected circumferential position. However , due to changes in ro-
tational speed and due to the twisted blades this calculations becomes very difficult.
perhaps even wrong if the blade becomes untwisted by centrifugal forces.

The other method of adjustment is independent of rotor displacements and blade de-
formations. Observing the photomultip l ier output signals on an oscilloscope the circum-
ferential position is clearly indicated (see FIg .18).

This is possible because the laser beam is not completely switched off by the Pockel ’s
cell. The remaining intensity is sufficient to generate a good qual Ity signal on the
photomultip l ier If a blade surface passes the probe volume. One must pay special attention
to whether the blade radiation is caused by the suction or pressure surface of the blade.
On the scope two pulses close to each other are periodically produced by the start- and
stop-photomultip lier. Between the double pulses displaced by the blade period a reg ion of
increased noise is indicated which occurs just in that moment when the laser beam is re-
lease d by the Poc ke l ’s cell for measurement. Due to the short time increase of intensity
the background noise will simultaneously be increased , such, that it is detectable by the
photomul tip l iers .

In order to shift the probe volume to ancy circumferential position adjustable delay
elec tronics were used which work independent of rotational speed.

Before ending this consideration on the positioning c3nd ition s in turbomachines a
problem must be emphasized which render any measurements impossible in some regions of
the blade channel. These regions - called blade shadow - result if the blade cross-section
in the plane normal to the rotor axis is not orientated parallel to the optical axis of
the velocimeter. The blade tips cut off the laser beams such, that depending on the
respective orientation either close to the suction - or close to the pressure side mea-
surements cannot be made. The way to overcome this restriction is to adjust the optical
ax i s , at each axial position , parallel to the respective blade direction. Because these
adjustments are often very difficult the small blade shadow regions are tollerated.

7.2 Window Cleaning Device

Preliminary tests inside the rotating blade channels of an axial compressor have
revealed additional problems. The most severe of them was that during compressor opera-
tion the glass windows in the casing became dirty very quick ly, rendering the velocity
measurements difficult or even impossible. A c l e a n ing dev i ce was d e v e l o ped w hi ch wor ked
v e r y  succesfu lly. The basic idea was to clean the windows during compressor operation
just before each measurement by injecting a cleaning liquid upstream of the windows for
a short time (2 seconds). Thus, a liquid sheet covers the glass and cleans it of any
dirt. The measurement can then take place immediately after the liquid has evaporated.

The construction of a window mounting device including the window cleaning arrange-
ment is shown in Fig .19. The cleaning lIquid - usual Tric lorath ylen - is forced through
the c l ea rance  between the window and the mount ing d e v i c e .  Due to some slots In a r i n g
s hown in  the top view the liquid is directed to the upstream part of the window. The
clean ing process is accomplished with both chemical and mechanical actions due to the
turbulence within the casing shear layer which provides a scrub bing action.

The already mentioned cleaning fluid works very well for dirt or oil usually contained
i n  a i r  flows . But there are some seeding mate rials - f o r  example 11 02 - which stick so
s t r o n g l y to the gl ass windows that no liquid was found to be capable of cleaning the
cove red surfaces. Therefore when using artificial seeding the window cleaning problem must
be given spec i al cons id era ti on.
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7.3 PartIcle Seeding Apparatus

Another problem concerned the concentration of dust in the test air, which often is
so low that the velocity measurements take a relatively long time. Because the laser beam
is triggered to fix the measuring point at a definite circumferential position , the flea-
suring time is extremely short especially at high rotational speeds. This again reduces
the probability that a particle is ins id e the control volume at exactly the same time .
Therefore , it is often useful to seed the flow with additional particles. ThIs has to be
done to Increas e the particle concentration but not to get larger particles , as i s o f t e n
necessary in LDV operation.

Toda y some particle seeding devices are available, but most of them generate liquid
particles of a relatively large diameter (1 — 2 urn). It is very unfavourab le to have 11 -
quid particles in compressor work as they will be centrifuged on to the compressor casing
and soil the windows . Thus, it is more convenient to seed with solid particles. However ,
other problems arise because solid particles usually agglcmerate to large units, which
no lon ger fo l l o w  t~e real flow.

A techn ique was developed to reduce the size of the agglomerated particles. The prin-
cip le of this technique is shown in Fig .20.

A fluid ised bed of S102 with ind iv idua l particle diameters of 0.03 urn is produced by
a sma ll compressor which simultaneously drives a cyclone to separate the large agglomera-
ted particles. A membrane pump sucks the smaller particles out of the cyclone and feeds
them with the help of a seeding probe into the flow. Due to the fl uctuating flow field in-
duced by the membrane pump the small agglogerated particles become broken into smaller
particles which have an area of about 1 urn’. Fig .21 shows electron-microscopic photographs
of particles caught by wisker meshes. The upper picture shows particles transported by the
membrane pump and the lower one the much larger particles which occur when Instead of a
membrane pump only pressed air is used for transportation.

Because  of the ve r y l o w  mass  of the par ti c les  w it h res pect the i r a rea th ese pa r ti c les
are small enough to accurately follow the streamlines even in supersonic flows. Some
tests carried out pointwi se across an oblique shock demonstrate that these particles
followe d the velocity step in the short distance of only 2 mm.

Ano ther great advantage of 5102-particles is that they do not settle out and can
eas ily be removed from the window surface with the already mentioned cleaning device.
Fur thermore extensive test experience with these particles has shown that they do not
demage the blade leading edges.

7.4 Meas uring Accuracy of L2F-Velocimeter in Turbomachinery Te s t

When positioning the probe volume In the circumferential direction a finite measuring
reg i on ra the r  than  a di screet po i nt  resul ts du e to t he com b in at i on of the rotor wheel
speed and the finite time interval during which the laser beams are released by the
Pockel ’s cell. The measuring point position is assumed to be localized in the middle of
this region which usually occupies 1/20 of blade spacing. Velocity gradients which may
occur in the circumferential direction lead to a broadening of the measured velocities
with respect to the assumed measuring point resulting in a measured turbulence intensity
wh ich Is usually too high. Depending on the velocity gradients the measured mean values
can deviate additionally. To estimate the possible error the shape of measured circum-
ferential velocity distribution must be taken into account.

Equ i v a l e n t u n c e r ta i nc i es ar i se If  the a x i a l  l e n g t h  of the pro be vol ume (+ 0.4 mm) is
no t small wfth respect to the velocity gradients in the radial direction. ThTs happens
especially in the regions of hub and wall shear layers.

In order to decrease the measuring time measurements should be carried out in each
of the blade channels. Due to small errors in manufacturing the blade shapes the flow
in each blade channel is somewhat different. As a result, in addiation to the real flow
turbulence, some flow unsteadiness is superimposed on the velocity measurements. There-
fore the measured turbulence intensities are a result of both turbulence and flow fluctua-
tions .

Cons idering all this uncertainc ies it was found that generally an accuracy of flow
an gle detection within ± 10 can be achieved , whereas the erro r of mean velocity measure-
ment does not exceed + 1%. Only in the region of three dimensional shock waves, within
the blade wakes , and within close proximity of the hub and outer casing walls measuring
errors will be somewhat increased.

8. COMPRESSOR TESTS

The compressor that has been investigated is a single-stage transonic axial compressor
without inlet guide vanes, des igned for a total pressure ratio of 1.51 and mass f low of
17.3 kg/s at 20.260 rpm. The ro tor has 28 blades with an inlet tip diameter of 399 mm and
a radius ratio of 0.5. The rotor tip solidity is 1.34. The blades are composed of multiple-
circular-arc profiles, having the shape of a DCA-prof lle near the hub and of a wedge type
profile in the supersonic position near the tip. The stator consists of 60 blades having
NACA-65-prof lles with a circular arc camber line.

The flowpath of this stage ,illustrated In Fig .22 , has been designed such that the
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blade loading is properly balanced between rotor and stator and does not exceed critical
values. The stage design date are submitted in detail in [13].

‘- The tests were carried out in the point of maximum efficiency at 70- and 100-percent-
Speed (mass flcw 11.7 and 16.8 kg/s, respectively ).

In Fig .22 the lines denoted by the numbers 2 — 8 desIgnate the streamlines as they
are drawn from conventional measurements outside the blade rows at design speed. The ver-
tical lines, num bers 3 — 16, represent the various measuring planes distributed through-

~ 
- out the rotor. The points of the optical measurements are indicated by the circular sym-

bols . At each point , up to 15 dIstinct measuring positions were realized over one blade
s p a c i n g , espec ially downstream of the rotor to analyse the blade wakes; however , a l s o
In side of the blade channels to determine the shock positions accurately.

Within the blade channel s , howeve r, measurements in the actual vi cinity of the
blade surfaces were often imposs ib le due to the blade twisting which causes as alread y
mentioned shadow areas.

Fig .23 ill ustrate the complex flow field within the rotor blade row for 70 percent
speed at the compressor ’s best point (11.7 kg/s). Each plot shows the distribution of the
relat ive velocity as lines of constant local Mach number on surfaces of revolution from
blade-to—blade and on planes from hub to tip over one blade channel . - -

• Fig.23 demonstrates the relative flow field at 18 percent blade height (stream sur-
face 2 , FI g.22). The flow - subsonic throughout the blade channel — decelerates by flow
turning to a Mach number of about 0.46. Along the blade suction side the deceleration
takes place quite steadily whereas on the pressure side it happens primarily in the blace
entrance region of lower velocity .

Fig .24 presents the flow field on stream surface 8 at 89 percent ble ide height. This
plot reveals a reasonable effect of the blade row on the upstream flow which enters the
roto r at a mean Mach number of 0.86. On the suction side the flow accelerates to weak
su personic velocities. The static pressure increases steadily within the blade channel by
subsonic flow turning.

In Fig .25 the relative Mach number distribution is plotted over the blade passage at
rotor outlet , seen with flow direction (plane 16 , FIg.22) . The blade wake can be clearly
identIfied in this picture by the region of low velocity . The wake position varies with
radius due to variations of the relative flow direction and also to the increasing dis-
tance from blade trailing edge to plane 16. Outside of the wake the Mach number increases
uniformly from hub to tip.

Fig.26—28 present the results of the experimental flow study at 100 percent speed with
a mass flow of 16.8 kg/s.

In Fig .26 the relative velocity distribution - a g a i n  a s  l i n e s  o f  c o n s t a n t  M a c h  n u m b e r  -

is shown on stream surface 4 (45 percent blade height ). The inlet Mach number is now
slightly supersonic (Maw = 1.05) due to the increased rotor speed. The detached shock
waves appear at the blade channel entrance with a subsonic bubble downstream around the
blade leading edges. Along the front part of the suction side the flow accelerates to
reasonable supersonic velocities before being reduced to subsonic values through a normal
shock. After an additional subsonic diffusion in the rear part of the blade channel an
outlet Mach number of about 0.7 is achieved.

Fig .27 demonstrates the flow field on stream surface 6 at 63 percent blade height. Mach
number is now about 1.2 , and a typical bow shock is located ahead of each blade. Its ob-
lique branch (dashed line ) tr avels upstream and interferes with the expansion waves, which
are caused by the supersonic acceleration around the blade leading edge and along the con-
vex suction side. The normal shock within the blade passage impinges on the suction side
of the adjacent blade at nearly 50 percent chord . Due to shock-boundary-layer interaction ,
a A-shock appears at the blade suction side , which is indicated by the spreading of the
Mac h lines in this region. The normal shock reduces the flow to subsonic velocities and
contributes essentially to the static pressure rise within the rotor. The pressure in-
crease in the normal shock does not agree with the theoretical value of a one-dimensional
su personic flow, which is probably due to three-dimensional flow effects as annulus con-
tract ion and flow interactions on adjacent stream surfaces. The subsonic flow Is further
decelera ted by flow turning in the rear part of the blade channel .

Fig.28 shows the rela ti ve Mach n um ber d i s t r i bu ti on th rou gh ou t  two bl ade passa ges on
stream surface 8 (89 percent blade height near the blade tip ). The inlet Mach number has
increased up to 1.3. The shock wave is attached to the blade leading edge and has an ob-
l ique branch also within the blade channel which impinges on the adjacent blade at nearl y
80 percent chord . This flow type is typical for a back pressure case In transon lc cas-
ca de.

As indicated in Fig .28 the deceleration from supersonic to subsonic velocities does
not occur with in a normal shock , but gra dually over a larger portion of the blade channel.
Th is supersonic diffusion is probably caused by the smooth stream tube convergence.

Thi s diagrams presented here demonstrate some typical flow phenomena within a tran-
sonic compre ssor rotor.  More de ta i led  in terpretat ion and a compar ison wi th results of a
corre sponding through—f low ca l cu la t i on  is publ ished In [14] .
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As a secon d example velocity measurements In the internal flow field of a radial di s—
c harge  imp e l l e r , running at a tip speed up to 400 m/s , are presented (inlet diameter 280
mm , outlet diameter 400 mm). The flow investigations are carried out at a test point near
stage optimum — at n • 14 000 rpm and C • 5.31 kg/s a stagnation pressure ratio PR — 2.1
an d an isentr opic stage efficiency n 15 0.88 were reached.

The centrifugal Impe ller flow field was determined from inducer inlet to impeller dis—
charge in 5 measuring areas, designated by I - V , the positions of which are illustrated
in the Fig .29 .

The described L2F principle renders it possible to measure the amount , the d i rec ti on
of the statisticall y averaged absolute velocity vector in the laser focal plane. A fter
calcu lating the local circumferential velocity from Impe ller speed , geometry and the re-
lative width position z/b of the measuring volume , the complete velocity triangle inclu-
ding relative velocity w and flow ang le  ~ can be determined.

Fig .17 shows the centrifugal compressor test rig and the L2F velocimeter set-up on
the left. The laser beam passes through a cy li ndr ic casing window (5 - 20 mm diam . de-
pending on blade height), which is normally aligned to the shroud contour.

The Figures 30, 31 , 32, 33 and 34 represent the continuous development of the flow
distribution within the centrifugal impeller from inducer inlet (meas.area I) to impeller
discharge (meas.area V).

The perspective views show the locally measured meridional components of the absolute
velocity cm , referred to the tip speed at Impeller outlet u2. In the dIagrams the form of
the measuring areas has been simplified to trapezium shapes at whi ch the blade spacings
and widths are equally scalled; the shroud-side casing wall lies in the front (z/b 0),
the hub in the rear (z/b 1) and the hatched areas along the pressure side PS (y/t =0)
a n d  s u c t i o n  s i d e SS (y/t — 1) designate half of the blade thickness respectively.

A chec k of th e re l a t i ve f l o w  pa tter n showe d th a t  the m eas u red r e l a t i ve fl ow  di rec ti ons
B coincide within + 1 deg. with the local blade angles of plane I. This indi cates that
the flow has al rea~y largely adjusted to the blade surface at this plane about 11 mm aft
of impeller leading edge. Similar conclusions can be drawn from Fig.31 for the conditions
in the next measurement area II in the transition range from the axial inducer to the
radial impeller. The flow Is  again very regular at a comparatively low bl ade loading
and has st i l l  preserved its potential-theoretical character.

First marked distortions of the impeller flow pattern appear a short distance down-
stream at measurement area III , as c~ n be observed in Fig.32. Here — at x/sm = 0.59 in
the range of highest blade loading — a pronounced velocity “d i p ” i n the shrou d strea m
tube (z/b • 0 . 0 7 )  marks a beginning flow separation. In the rest of the blade channel the
flow is preserving its theoretically predi ctable pattern , but compared to the foregoing
measuring areas with a clearl y steeper blade—to—blade velocity gradient. This is especial-
ly true at the shroud stream tube (y/t < 0.4) where additionall y a distinct thickening
of the casing wall boundary layer may be observed .

The be gi n ni ng f l ow  se para ti on i n measur i ng a rea I I I  rap id ly en l a rge n s downs t ream , as
shown in Figures 33 and 34 for the subsequent area s IV and V , developing a pronounced
wake.  Thi s wake area covers about 30 percent (IV), respect ive ly  35 percent (V) of the
corresponding flow channel area. The wake region is characterized by

— a low mass-flow component , the wake comprises about 15 percent of the
total mass-flow at impeller discharge ,

— a high fluctuation Intensity ,

— a Lteep, re lat ivel y stable ve loc i ty  gradient to the surrou nding main flow.

It is apparent from the velocity distribution , FIg.32, that there is still , at least
in the circumferential direction , a substantially potential-theoretical flow character.
The thickening shroud wall boundary l ayer and the increasing displacement effect of the
ra pidly growing wake region initiate then a shift of the main flow towards the pressure 

—
side and the hub wall region.

Ec kardt [15] and [161 has published more details about these measurements as well as
an ex tensive Interpretation of these results. It was shown, that the impeller flow pattern ,
wh ich coincide largely with potential-theory calculations in the axial inducer, become
mo re and more reversed when the flow separates from the blade suction side, developing a
rap idly increasing wake In the radial impeller. The observed secondary flow pattern and
effects of channel curvature and system rotation on turbulence structure are discussed
with respect to separation onset and jet/wake interaction. —
8. THE L2F— FLUORE SCENT TECHNIQUE

As it was demons trated by the results taken within the centrifugal impeller , measure-
ments were possible up to a minimum probe volume distance of 2 to 3 mm close to the hub
or to the shroud. An unsteady background radiation was generated , due to machine vibra-
tions and differences of hub curvature, lead ing to a somewhat greater minimum probe vo-
l ume distance than that observed In windtunne l tests.-
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Additionally, measurements somewhat closer to the flow channel walls are still of In-
terest to stu dy flow separation effects and boundary layers In more detail.

Therefore the L2F—ve loc imeter was modified, so that now measurements became possible
very close - about 0.5 mm — to a reflecting wall .

Th i s Im p rovemen t coul d be ac h ieved by us in g fl uo rc~ cent particles for flow seeding.
The sol id fl uorescent particles — called “lumogene ” - are stimulated by IncIdent light of
high frequency - as e.g. the blue or green light of an argon +_ laser - and emit immediate-
ly low frequency l i gh t , which is well separated in Its wave length from the Incident
light.

The unfavourable background radiation Is almost completely eliminated , If optical
filters are used to prevent the photomultip lier from observing the Incident laser light
frequencies , but which allow the passage of the fluorescent light frequencies.

Although the fluorescent particle light intensity is two orders l ower than the back—
scat tered light , the signal—to—noise ratio was found to be much Improved , espec i a l l y i n
the case of measurements close to the walls. A signal amplitude, sufficient for data pro-
cess ing was achieved due to the high llghtconcentration in the L2 F-volume .

Fig.35 shows the new 12F measuring device which can be operated both , with scattered
as well as fluorescent light.

Some results of a preliminary test , carried out within the above mentioned centrifugal
impeller , are shown in Fig.36 ,

The results correspond to a measurement area at x/sm 0.73, locate d between the mea-
su rement areas III and IV . Measurements with the L2F scattered lIght technique are marked
by triangles , whereas the circles designate the measurements with the fluorescence tech-
nique, demonstrating the improved possibilities for measurements within the immediate yin-
cinity of the shroud wall.

A limiting distance of t~b 1 mm resulted from the background radiation which could
not be eliminated completely by t h e  applied optical filters . However , a further reduction
of th i s m i n im um di s tance  woul d no t be ver y r e a s o n a b l e , for the finite axial length of the
probe volume and the steep velocity gradients in the wall boundary l ayers would cause
sign ificant errors .

9. CONCLUSIONS

An extremely high light concentration can be achieved in the probe volume with the
L2F—veloc imeter. Thus, measurements using the weak backscattered li ght are possible even
in the vicinity of metal surfaces. This was proved by measurements in compressors where
the test conditions are normally more severe than in w indtunne ls .

The L2F—ve loc imeter measures time differences Instead of frequencies (as LDV systems
do). Thus , measurements can be performed up to 1 000 rn/s without reaching the limits of
the electronic data processing equipment.

Furthermore , the L2F device is a compact unit which allows modifications of the mea-
sur ing volume without any realignment in the optical part. It is well-suited to determine
the amount and the direction of the velocity vector. Very often this procedure is more
accurate than the determination of the velocity components. It yields also information
on the flow tur bulence and on the sign of velocity vector.

Detailed investi gat ions by means of the L2F-velocim eter revea led an excellent survey
of the internal flow in a transonic axial compressor rotor at subsonIc and supersonic
spee ds and in a centrifugal compressor impeller.

The r e su l t s  demons t ra te t he ca pa bi l i ty of the tec h n i que for exper im en ta l  s tu di es o f
the complex real flow pattern : the shock—wave system within the blade row was Investi-
ga ted with respect to position and intensity . Effects of blade wakes were revealed. In
the fu ture the study of boundary—layers and flow separation appears to be possible.

These exper imental investigations will help to develop more realistic internal flow
models as a valueab le basis for more complete calculation methods and more reliable loss
and f l ow  tu rn i n g p red i c ti on techn i ques .
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Fig. 4 Installation of flat windows in curved turbomach lnery casings

Fig. 5 LD-set up for turbom achinery application

Fig. 6 Optical set—up of a time of flight anemometer for turbomach inery application

FIg. 7 Inf luence of backgroun d rad ia t ion

Fig. 8 Optical set—up of the L2F-velocimet er

Fig. 9 Dimensions of 12F-probe volume

Fi g .1O Data processing of L2F-velocimeter

Fig .11 Output Signal of the electronic data processing system

Fig .12 Measured two dimensiona l probability distribution

Fig.13 Broadening effect on flow angle turbulence due to finite size probe volume

Fig.14 Influence of finite size probe volume on flow turbulence

Fig .15 Optical measurements of flow velocities in a rectangular tube in comparison to
ho tw ire m easu remen ts of Re i chard t

FI g.16 Optical measurements in a supersonic windtunne l

Fig .17 L2F—ve locimeter for impeller flow studies at the centrifuga l compressor
test rig positioned on a x-y- z—coordinate platfo rm

Fig .18 Detection of the circumferential measuring position

Fig .19 Mounting and cleaning dev ice of a casing window

Fig.2O Particle seeding apparatu s

Fig .21 S102—part lcles (151 photographs)

FI g.22 compressor flowpath with the laser measuring stations

FI g.23 Lines of constant relative Mach number through the blade passage at
18 percent blade height (70 percent speed)

Fig.24 Lines of constant relative Mach number at 89 percent blade height
(70 percent speed)

Fig .25 Lines of constant relative Mach number downstream of the ro tor plotted over one
blade channel (plane 16); (70 percen t speed)

Fig .26 Lines of constant relative Mach number through the blade passage at 45 percent
blade he ight (100 percent speed).

Fig .27 Lines of constant relative Mach number at 63 percent blade height (100 percent
speed)

FIg .28 Lines of constant relative Mach number at 89 percent blade height (100 percent
speed).

Fig .29 Centrifugal compressor impeller with arrangement of optIcal measur ement areas
in the blade channel (impeller blackened by anodic treatment to reduce back-
ground-rad iation )

Fig.30 Velocity distrib ution Cm/U2 at m easu rem en t a rea I ,
n • 14 000 rpm , m • 5 .31  kg/s ,  x/s m • 0.08

Fig .31 Velocity distribution cm/u 2 at measurement area II,
n — 14 000 rpm , C • 5 .31  kg/s ,  x /s m • 0 . 4 3

Fig.32 Velocity distribution c~ /u 2 at measureme nt area III,
n • 14 000 rpm , C • 5.31 kg/s, x/s~ • 0.59
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• Fig.33 Ve’ocity distributio n Cm/U? at measurement area IV ,
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Flg.34 Velocity distribution c~/u2 at measurement area V .
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Fl g.35 L2F— fluorescence—v eloCimet er
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FIg.29 Centrifugal compressor Impeller with arrangement of optical measurement areas
in the blade channel (impeller blackened by anodic treatment to reduce back—
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PRACTICAL APPLICATION OF LV SYSTEMS TO AERO ENG INE RESEA RCH AND DEVELOPMENT

• by

D.C. Wisler and P.W. Mossey

Aircraft Engine Group
General Electric Company
Mail Drop H43
Cincinnati , Ohio 45215 USA

ABSTRACT

Laser velocimeter (LV) measurement technology has been applied to aircraft gas
turbine research and development. The velocimeter operates by measuring the transit
time of a seed particle across interference fringes produced at the intersection of a
split and crossed laser beam. The LV system has been used to make nondisturbing gas
velocity measurements in front of bellmouth inlets, within jet exhausts for acoustic
studies and within the rotating bladerows of axial flow compressors, fans and turbines ,
including the mapping of shock locations. The rotor flowfields were obtained at
several radial immersions for operating-line and near-stall throttle settings. The
results show the effects of blade loading on the flowfield and , for the supersonic fan ,
show the change in shock pattern as stall is approached. Analytical predictions of the
various flowfields were obtained using potential flow theory , the method of character-
istics and a time-dependent, finite difference solution of the fluid dynamic equations
of motion. The analytical results and the flowfield measurements are considered to be
in good agreement. Typical results are presented from the compressor and fan studies,
the turbine studies, the acoustic studies and the inlet flow studies. The practical
benefits of these results are briefly discussed.

1.0 INTRODUCTION

At the present time the laser velocimeter (LV ) is the only practical method of
making nondisturbing velocity measurements within the rotating blade rows of compres-
sors , fans and turbines , particularly when these components are operating in the tran—
sonic or supersonic flow ranges. Although the concept of measuring the velocity of a
gas flow by the Doppler shift of light is well known (1,21 and in recent years has been
used to study many types of flowfields [3—81, the practical application of the LV to
making measurements in the rotating components of turbomachinery was complicated by the
fact that access to only one side of the stream was available. A particular version of
the LV, known as differential Doppler [9,10), was developed using a geometry which
permitted measurements of fluid flow velocities in situations where there is access to
only one side of a stream. The first publication of laser velocimeter measurements in
a turbomachinery application was that reported by Wisler and Mossey (11] in 1972. This
work was part of a continuing research and development program at the Aircraft Engine
Group of the General Electric Company, Cincinnati , Ohio USA to investigate the flow-
fields within turbomachinery using the laser velocimeter. The work reported in Ref-
erence 11 formed the basis for continued development of the laser velocimeter and for
its use in transonic fan measurements in 1973 as reported by Wisler in Reference 12.
Measurements of a similar nature on a transonic fan have also been reported by Pratt
and Whitney Aircraft (13] . Runstadler and Dolan [14) have described the use of the LV
for studying the basic fluid dynamics of the impeller and diffuser regions of a high
pressure ratio, small centrifugal compressor . Seasholtz [15] has described work being
conducted at the NASA Lewis Research Center , Cleveland, Ohio to make LV meas urements in
a turbine cascade. Work has been in progress at DFVLR in Germany for some years to
develop an LV system that does not use a fringe pattern . Schodl has described the
development of this system in References 16 and 17 and Eckardt , in Reference 18, has
presented the results of using this type of LV system to measure the flowfield in a
radial compressor.

The present paper discusses the application of the laser veloc imeter to aero
engine research and development in the areas of compressor , fan, turbine , inlet and jet
acoustic technology . Roth the experimental results and the analytical correlation are
discussed .

2.0 LASER VELOCIMETER

The laser velocimeter determines velocity by measuring the time taken by a parti—
cle to traverse laser fringes of known spacing. This time is obtained by analyzing the
light scattered by the particle as it traverses the fringes. A discussion of the
desiçn of the velocimeter , the electronics for analyzing the scattered light, the seed-
ing of the flow and the data reduction techniques are presented in the following .

2.1 Design of the Laser Velocimeter

The arrangement of the General Electric laser velocimeter system used to obtain
measurements within rotating blade rows of turbomachinery is shown in Figure 1. The
laser , the optics and the photomultiplier assembly are enclosed in a cylindrical hous-
ing that can be electrically actuated over 380 mm axially, 150 mm radially, and ±90
degrees about the beam bisector . A continuous argon-ion laser with a power of 1.4
watts is operated at a wavelength of 514.5 mm . The laser output beam is split into two
beams by a beamsplitter. Each of these half power beams is brought to a common focus ,
called the measurement zone, by the mirrors and lens assembly shown in Figure 1.
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Optical access to the blading is provided by an anti-reflection window which is flat to
X/l0. The insert in Figure 1 shows an enlarged view of the laser beam interference
fringes formed in the measurement zone. There are 572.07 laser fringes per cm in the
measurement zone. The beam diameter at Section A--A is about 0.305 mm and the included
angle of the beams is 1.9 deg, providing 4.06 mm of common crosscver. Seed particles,
which are sprayed into the flow upstream of the blading, pass through the laser fringes
in the measurement zone and scatter the laser light in all directions. A small li-deg
cone of back-scattered light is collected and converged through an aperture to a photo-
multiplier tube. For turbomachinery applications within rotating blade rows, an opti-
cal working distance from the velocimeter to the measurement zone of 64 cm (25 in.) is
acceptable. For acoustic measurement applications, the optical arrangement of the
system shown in Figure 1 is modified by removing the mirror and using lenses which
provide a long working distance of 216 cm (85 in.). The velocimeter is capable of
making measurements from 8 to 1200 rn/sec.

When a particle passes through the laser fringes, it scatters light in all direc-
tions. The backscattered mode of operation was chosen for use because only one visual
access to the flow is needed. This is ideally suited to turbomachinery applications
because , generally, only one-sided entry through the casing is available to observe the
flow. In addition the receiver and transmitter can be integrally contained resulting
in better thermal equalization , one acoustic housing and best alignment stability. For
acoustic applications using long working distances, stringent requirements on laser
divergence and beam alignment are necessary to obtain a small control volume at long
working distances.

The intensity of forward-scattered light is approximately 100 times greater than
the intensity of back-scattered light. Consequently, a laser power of 1 to 2 watts
(single line) is necessary to assure sufficient back—scatter intensity. The continuous
1.4 watt argon—ion laser, which is fairly reliable and widely available , provides this
intensity in the 514.5 -rn green line. It is advantageous to work with the visible
light rather than infra-red light because the scattering cross section is better and
set-up and alignment is more convenient. The photomultiplier used to detect the back—
scattered li ght needs to have high gain, low noise and a frequency response up to
approximately 100 MHz. The $20 cathode chosen is ideal for the 514.5 nm green line.
The photomultiplier is protected against acoustic and vibratory inputs with mass damp-
ing material (lead sheet and foam rubber).

The laser fringe spacing determines the resultant Doppler burst frequency for a
given velocity. The design goals are (1) to keep the control volume as small as pos-
sible so that spacial resolution is high and (2) to keep at least 12 to 20 fringes in
the control volume. The frequency corresponding to the highest velocity should be
within the signal processor ’s range but well below the laser ’s cavity ~f which is about
140 MHz for a 1 meter cavity. Theoretically there is no lower velocity limit , but in
practice the dynamic range, Vmax./Vmin , can be the item that determines complexity and
therefore cost of the signal processor. The dynamic range of the GE processor is 150
to 1.

Adaptation of the laser velocimeter to turbomachinery applications requires cer-
taii~ compromises. The LV head must be kept compact to keep clear of probes, etc. In
order not to disturb the flow, the window size is usually limited which in turn limits
the viewing volume available. In addition an X , Y, Z and tilt actuation system , which
is expensive and complex , is often needed to reduce blade shadow volume. Finally , the
necessity to keep the window clean in order to keep good fringe quality for signal
processing must be balanced against the Cost of having to shut down to clean windows
during engine and component testing .

2.2 Electronics

The counter—timer (also called the burst counter) type of signal processor was
chosen for use because of the low seed density employed . The frequency tracker , spec-
trum analyzer and correlation processors are not capable of single-particle velocity
measurements and therefore cannot be used.

A schematic of the GE counter—timer signal processor is shown in Figure 2. The
processor uses a 5 cycle/8 cycle comparator as a validation check. A brief description
of the operation of the processor, developed by W.B. Jones (101, is given in the follow-
ing . Since the scattered light intensity varies sinusoidally as the particle moves
from one fringe plane to the next, the photomultiplier output during this time is an
amplitude modulated sine wave burst. If the spacing of the fringes is known , then the
velocity component can be found by measuring the frequency of the burst. This burst is
made symmetrical about a line of zero volts by using a high pass filter . This symmet-
rical burst is highly amplified and clipped or~ the top and bottom to yield a nearly
square wave . The square wave enters preset counters whose outputs are single pulses of
time duration equal to five consecutive cycles and eight consecutive cycles of the
burst wave respectively. The preset counter output gates a pulse-vidth—to-pulse-height
converter. The converter output is a linear ramp ending in a constant voltage whose
magnitude i_ s proportional to the elapsed time for five cycles and eight cycles respec-
tively. The comparator validates the signal and outputs a gate pulse only if the five-
cycle elapsed time is equal to 5/8 of the eight-cycle elapsed time within a tolerance
band. The analog divider converts the eight-cycle elapsed time to a voltage propor-
tional to the velocity. The voltage is recorded if the data validation gate appears.
All circuits are then reset for the next signal pulse. The maximum attainable data
rate was 67 ,000 data/sec. The signal processor was calibrated as input frequency 
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versus output voltage by using a variable frequency oscillator as a signal source into
a “burst generator.” With a typical processor setting of N = 8 counts, the overall
calibration limit was ±0.6 percent. The signal-to—noise ratio required by this wide—
band processor is about 20 to 25 dli. As the signal—to—noise ratio falls below 20 dli
the validation percentage falls.

2.3 Seeding

The LV operation depends upon the detection of frequency shifted scattered light
from micron—sized tracer particles. Seeding is generally necessary because air mole-
cules do not usually scatter sufficient laser light and because the data from existing
natural dust is too low. Two types of seeding are used. The first type is a 1 micron
diameter polystyrene latex particle manufactured for use in calibration of electron
microscopes. These particles have a low density (1.0 gm/cc). Seeding is accomplished
by spray-atomizing a dilute suspension of the particles into the air entering the test
compressor. Unfortunately they have a temperature limit of about 9 50  C (200° F).
Latex particle seeding was used in the compressor tests described in this paper.

The other type of seed particle used is the refractory type such as A12O3, MgO or
Ti02. Seeding is accomplished by use of a fluidized bed and an auxiliary dry air
supply. Although refractory particles can withstand higher temperatures , they have
higher densities (4 gm/cc) and for a given diameter tend to show more slip in high—g
fields. Refractory seeding was used in the turbine tests and the acoustics tests
described in the paper.

The accuracy of the LV system is limited by the accuracy with which the tracer
particles follow the fluid flow. A detailed particle trajectory analysis was conducted
and the results shown in the Appendix of Reference 12 indicate that the seed particles
should follow the flowfield within 1 to 2% outside of the region of the shocks and that
the particles should recover rapidly after passing through the shocks. This conclusion
is also supported by the crisp shock wave indication in the oscillogram in Figure 3.

2.4 Data Recording and Reducing Techniques

The laser velocimeter processor—validated measurements of velocity are available
as either a brief (5 ~sec) sample or as a sample and hold output which lasts as long as
the interval to the next sample. The various types of data recorders which can be used
include: the X—Y plotter for mean velocity profiles, the pulse height analyzer for
construction of probability density distributions of velocity , the digital data acqui-
sition computer with core, disc and magnetic tape storage mediums, and the oscilloscope/
camera for data collection, storage and display. The oscillosope/camera recording
technique and the pulse height analyzer recording technique are discussed in the
following.

A typical oscillogram showing LV measurements obtained within the rotating blade
rows of a high speed fan is shown in Figure 3. A velocity scale which starts at the
baseline is shown on the figure. Each of the short dashes on the oscillogram in the
zone marked “Laser Measurements” represents an individual velocity measurement. The
horizontal lines appearing at 55.4 rn/sec and 176 rn/sec are used for calibration pur—
poses. The blade spacing marks on the oscillograms were obtained by recording the
f lash of the blade as seen by the photomultiplier and by—passing the LV electronics.
These blade passing marks were used to position the data circumferentially relative to
the blade surface. Since the laser beam was blocked by the twist and camber of the
blade , a void, indicated as a blade shadow in the figures, appeared in the data at
circumferential locations near the blade surface. The LV oscillogram in Figure 3 shows
measurements taken at 37% axially projected chord foi~ the 30%—flow streamline. There
is clear indication of the shock wave location and of the pre-shock and postshock
velocity levels. The velocity component measured was 40° from axial. The shock wave
was usually more clearly detected using this fringe orientation.

In order to obtain the circumferential and axial velocity components which are of
interest, measurements at two fringe orientation angles were necessary. The radial
components of velocity were not measured . A schematic in Figure 4 shows the orienta-
tion of the laser fringes, the two velocity components V1 and V2 obtained from the
oscillograms, and the vector diagram of the rotor. Since the LV measures the velocity
component perpendicular to the fringes, the absolute velocity, C, and flow angle, a,
are obtained by solving Equations (la) and (lb) simultaneously . This results in Equa-
tion (2) for the flow angle, a. Numerical values for a and C are obtained from Equa-
tion (2) and either Equation (la) or (lb) by using the measured velocity components V1
and V2 and the measured orientation angles of the laser fringes 81 and 02.

V1 = C cos (01—a) (la) V2 — C cos (ci—02) (lb)

V cos O — v  cos O
t a n a = ~~~

- 9j ~~ 9
2 _ y 2

5i~~ p ’ (2)

The relative velocity , W , and the relative flow angle , B, are then obtained from the
usual equations involving the blade speed U,

W — (C2 + u2 — 2UC sin cs)1”2 (3) 8 — tan~~ ~~~ a] (4)
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Another method of recording data is by using the pulse height analyzer. This
allows the velocity measurements to be classified , providing the necessary information
for the construction of probability density distributions. These distributions are
particularly useful for jet plume turbulence (acoustic noise) studies. An example of
such a distribution is shown in Figure 5. The mean velocity, 

~~~, can be calculated from
the discrete velocity samples by

+ V
i) 

~ 
(5)

All Class
Intervals

where (V1+1 + V1)/2 is the value of the sample velocity component at the center of the
class interval, 

~~ 
is the number of occurrences (the weighting factor) of a classified

velocity interval (such as from 100 to 100.5 m/sec) and N is the total number of
samples taken. The turbulence velocity , v ’, at a point is found from the standard
square root of the statistical variance,

V + ~ 
1/2

= [
~

( i+~ 
V
~ - 

~
) ii!] (6)

All Class
Intervals

The turbulence level is then v’/V.

3.0 COMPRESSOR AND FAN APPLICATIONS

The General Electric Company is conducting research programs aimed at the develop-
ment of high performance turbomachinery components. As part of this effort, the laser
velocimeter is being used to provide detailed flowfield measurements within the rota-
ting blade rows of fans and compressors. Such measurements have proven to be very
useful in napping shock wave locations, in determining diffusion rates and in assessing
the performance of turbornachinery blade rows. Two applications of the laser veloci-
meter to these types of flowfield measurements are presented.

3.1 Low Speed Research Compressor Application

The Low Speed Research Compressor (LSRC ) is an experimental facility which is used
for testing the aerodynamic characteristics of various compressor and fan designs. The
compressor has a tip diameter of 1.52 m (5 ft) and is mounted vertically , as shown in
Figure 6. A large flow straightening screen (not shown), which fits over the bell-
mouth, was used to ensure uniform disturbance—free flow into the compressor . The
discharge of the LSRC is covered with a large movable plate for throttling the flow.
The experiments were performed using a two—stage 0.5 radius ratio compressor having an
average rotor tip speed of 46 n/sec (150 ft/sec). The laser measurements were confined
to the region of the first stage - rotor. The 55 blades of this stage had a modified
NACA 65—Series thickness distribution on a circular arc meanline. At 50 percent immer-
sion the solidity was 1.61, the camber was 18.2 degrees, and the stagger angle , mea-
sured from axial, was 52 degrees.

The arrangement of the LV system is also shown in Figure 6. The laser, the optics
and the photonsultiplier assembly were mounted on a platform that could be electrically
actuated over 380 mm (15 in.) of radial distance and 150 mm (6 in.) along the compressor
axis. In addition, it could be rotated ± 90° about the beam bisector. Measurements
were taken at the entrance and exit planes of rotor 1 and at various radial mmmersions
from the leading edge to the trailing edge within the first rotor passage for three
throttle settings: wide open, mid-range and near stall. Data were recorded across a
blade pitch and were reduced using equations (l)-(4) as discussed in Section 2.4.

Test Results

There were two fundamental objectives of the experimental program. The first was
to make velocity (magnitude and direction) measurements at those positions where con—
ventional instrumentation, such as hot film anemometers, pitot static probes, and flow
angle measuring devices, could be used for comparison. To carry out this objective ,
velocity measurements were made at the inlet and exit planes of the first stage rotor .
The velocity obtained from the laser velocimeter , the hot film anemometer and the pitot
static probe all agreed generally within 2 or 3 percent. An example of these velocity
comparisons across the rotor pitch at 50% immersion for the midrange throttle setting
is shown in Figure 7a for the rotor inlet plane. The velocity distribution across the
inlet plane from the pressure surface to the suction surface of the rotor varied from
18.3 rn/sec (60 ft/sec) to 20.5 rn/sec (67.2 ft/sec). The pitot static and hot film
measurements fell within the distribution of the LV measurements. Good agreement was
also obtained between flow angles measured by the LV , the tuf t and the wedge angle
probe. An example of such measurements is shown in Figure 7b for the rotor exit plane.

After confidence in the laser velocimeter measurements had been achieved , the
rotor intra-blade flow angles and velocities were then measured. The data were taken
at 50 percent radial immersion in equally spaced planes from the leading edge to the
trailing edge of the rotor. The relative flow angles and velocities are shown in
Figures 8 and 9a , b, and c. The small solid circles in Figures 9a, b, and c ind icate
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measured data points, Velocity contour lines were then drawn through the measured data
points assisted by a knowledge of general isobar shapes typical of the potential f low-
field about .~n airfoil. Since the laser beam was blocked by the twist and camber of
the blade, a void appeared in the data near the pressure surface . This void is indi-
cated in the f igures by “blade shadow” . The intra-blade relative flow angles for the
mid—range throttle show a smooth turning of the flow from the entrance plane to the
exit plane with no evidence of flow separation ; see Figure 8. The relative velocity
measurements, seen as contour plots in Figure 9, show the effects of blade loading as
the compressor is throttled from wide open (Figure 9a) to mid—range (Figure 9b) to near
stall (Figure 9c). These figures will be discussed in detail in the next section.

Theoretical Analysis and Discussion

The flowfield in the first stage rotor passage was analyzed theoretically by
applying Laplace ’s Equation to an incompressible , irrotational , two—dimensional cas-
cade. For these conditions, Laplace ’s Equation can be written in terms of the stream
function , ‘

~~~, as

(7)

~x 3y

The computer program , which also incorporates compressibility corrections , per-
formed a relaxation solution for the stream function within a strip corresponding to
one rotor pitch with the airfoil surfaces forming fixed boundaries. Solutions to
Equation (7) were obtained for the wide open, midrange and near stall throttle settings
by using the measured rotor inlet and exit flow angles. Velocity components were then
found by differentiating the stream function ,

u~~~~~~ a n d v = — ~~~ (8)

The resultant velocity contour plots are shown in Figures 9d , a, and f.

The overall qualitative agreement between the LV measurements and the potential
flow solution is quite good, as can be seen by comparing Figures 9a, b, c and 9d , a,
and f. For the wide open throttle in Figures 9a and 9d, the peak velocity on the
suction surface occurs near the 45% chord point as measured from the leading edge.
Also the contours around the leading edge compare favorably. When the compressor is
throttled to the midrange setting, the location of the peak velocity on the Suction
surface moves toward the leading edge; see Figures 9b and 9e. Again the contours
around the leading edge and the free stream velocity contour of 130 ft/sec compare
favorably. For the near stall throttle settings, Figures 9c and 9f, the position of
peak velocity has moved very near the leading edge.

Examination of Figure 9 from approximately the mid-chord point to the trailing
edge reveals that more diffusion occurs in the potential flow analysis than is present
in the experimental results. The local diffusion parameter [19] is defined as

V - V .
— max exit ,~~~~

V I )

max

where Vmax is the maximum suction surface velocity and Vexit is the rotor exit veloc-
ity. Based on the velocity contours in Figure 9, the experimental and potential flow
Di values are respectively 0.24 and 0.28 for the wide open throttle, 0.29 and 0.34 for
the midrange throttle and 0.35 and 0.42 for the near stall throttle. Thus the poten-
tial flow analysis has over-estimated the amount of diffusion by about 17% for the wide
open and midrange throttles and 20% for the near stall throttle. This overestimate is ,
of course, primarily due to the fact that boundary layer growth and flow separation
were not incorporated into the flow model. Thus the use of the LV for determining
“calibration factors” for potential flow cascade models appears feasible.

Additional information on this test program is given in Reference 11.

3.2 High Speed Fan Application

As part of another comprehensive test program , the laser velocimeter was used to
determine shock wave locations and to make gas velocity measurements wi thin the rotating
blade row of an advanced 550 rn/sec (1800 ft/sec)-tip speed fan rotor , shown schemat-
ically in Figure 10. The rotor contained 30 titanium blades having an inlet tip diame-
ter of 559 mm (22 in.) and a radius ratio of 0.45. The rotor tip solidity was 1.27 and
the stagger angle was 72°. Therc were 26 variable IGV ’s and 48 variable stators in the
assembly. The fan was tested in the General Electric Scale Model Test Facility at
Evendale , Ohio. The tests were conducted at an inlet pressure of 0.55 atmosphere and
an inlet temperature of 32° C (-90° F). A flow straightening screen and belimouth (not
shown in the f i gure) were used to ensure uniform disturbance — free fl.w into the fan .

The laser , the optics and the photomultiplier assembly , also shown in Figure 10,
were enclosed in a cylindrical housing that could be electrically actuated over 38 nun
axially , 150 mm radially and ± 90 deg about the beam bisector. Measurements were taken
from the leading edge to the trailing edge within the fan rotor passage for the opera- - 
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represents 152 n/sec (500 ft/sec). For the operating line condition shown in Figure
lla , there are two shocks in the rotor passage. The first shock is an oblique shock.
Due to window contamination , measurements of this shock location could not be obtained
near the leading edge; however, the data that were obtained , when extrapolated , m di-
cate that the f i r st shock was oblique. The second shock, is approximately a normal
shock originating on the pressure surface at about 60% chord from the leading edge.
The normal shock is positioned outside the passage well past the trailing edge of the
adjacent blade. The measured flow velocity entering the oblique shock is about 510
rn/sec (1675 ft/ sac). The flow turning and supersonic Mach number behind the oblique
shock as well as the subsonic flow behind the normal shock are clearly shown by the
measurements. It is recognized that the velocity jump across the normal shock does not
follow the classical normal shock relations. This difference , verified by over-the—
rotor pressure measurements , may resu lt from the three dimensional nature of the flow
in which the shock is not normal in the plane in which the measurements are made , but
is rather curved in the radial direction.

At the near—stall throttle setting shown in Figure llb , the higher back pressure
has eliminated the second strong shock and pushed the leading edge shock upstream in
the rotor passage. The measured velocity entering the shock is about 521 rn/sec (1710
ft/sec) which has been reduced from the inlet velocity of about 533 n/sec (1750 ft/sec)
by the precompression on the suction surface, The shock is still mostly oblique and is
pulled back into the passage. It is nearly attached to the leading edge, indicating
that rather l i t t le flow spillage has occurred. The flow at the near-stall condition is
slightly less than at the opera ting line , so not much flow spillage would be expected.
The post-shock velocity is very slightly supersonic , M-l.06, decelerating to subsonic
Mach numbers with no evidence of a shock of any significant strength. The flow con-
tinues to decelerate in the enlarging passage and exits from the rotor at a subsonic
Mach number.

The flowfields for the 30%—and 50%-flow streamlines , shown in Figures llc , d, e,
and f are qualitatively the same as those for the 10% flow streamline. There is an
acceleration of the flow behind the oblique shock shown in Figure llc which is caused
by an expansion on the pressure surface. In addition , the normal shock has moved
closer to the trailing edge of the adjacent blade in Figure lic and has moved into the
rotor passage in Figure lle. Due to window contamination , measurements could not be
obtained forward of the 50%—chord point; consequently, an assumed oblique shock is
shown as a dashed line for graphic presentation. The near-stall flowfields shown in
Figures lld and 11f are qualitatively the same as that shown in Figure llb , except that
the Mach numbers behind the shock are more clearly subsonic.

In summary , the measurements at the operating line show a distinct two-shock
system in the rotor that exists at least to the pitchline radial immersion and probably
beyond. In contrast, at the near stall condition a single shock system is present in
the rotor. In all cases the flow exits the rotor at subsonic Mach numbers.

Theoretical Analysis

In order to determine the consistency between the experimental measurements and
the analytical prediction of the rotor flowfield , a time dependent calculation pro-
cedure and a method of characteristics analysis of the rotor flowfield , were carried
out. These procedures are discussed below.

A numerical procedure has been developed at General Electric by P.R. Gliebe for
computing inviscid transonic flowfields in turbomachinery cascades. The procedure uses
a finite difference scheme to solve the time—dependent conservation equations of mass ,
momentum and energy written in cylindrical coordinates relative to a rotor rotating
with angular speed w. With the time dependent computation (TDC) approach , the steady-
state solution of these equations is obtained as the asymptotic limit for large times
of an initial flow distribution which is allowed to vary with time . The solution is
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updated at small time intervals until changes in the solution are no longer signif i—
cant , at which time the flow field is considered to have reached its steady-state con-
dition. The main advantage of this procedure over other iterative solution methods is
its capability for accommodating the mixed subsonic and supersonic flows typical of
high—speed turbomachines. When shock formations appear in the solution , they are
treated by modeling them as rapid but continuous changes in flow properties through use
of the “artificial—viscosity ” technique described in Reference [20).

The effects of boundary layer growth are also incorporated into the solution . At
- - 

selected time steps during the development of the inviscid flow, the boundary layer
displacement thickness on the blade surface is calculated , based on the “current” blade
surface inviscid pressure distributions, by using the Stratford and Beavers Boundary
Layer Method discussed in Reference [21). A new effective geometry is determined from
the displacement thickness. A simple method for handling the boundary layer wake which
accounts for effective flow area reduction was formulated. The displacement thickness
is made to vary linearly from its trailing edge value to a value equal to the trailing
edge momentum thickness at the downstream boundary.

The TDC predictions of the rotor flowfield were computed for the three radial
immersions using the design values for the blade geometry and upstream inlet conditions
(relative Mach number and absolute and relative flow angles). The upstream inlet con-
ditions computed from the experimental measurements were equal to the design values
within experimental accuracy. The measured value of downstream static pressure was
input as the exit condition. At the upstream boundary angular momentum (rCu), stagna-
tion enthalpy and entropy are held constant for each time step. At the downstream
boundary static pressure is held constant. The program puts the trailing edge stagna-
tion point at the trailing edge. This is sufficient information to determine the down-
stream vector diagram. The blade—to—blade flow field on the stream surface—of—revolu-
tion is computed and circumferentially averaged flow properties through the cascade are
then calculated, Annulus contraction in the flowfield was taken into account by modif y-
ing blade stream surface thickness using a variable lamina thickness as discussed in
Reference 12. The TDC calculations were made with a 50 x 15 grid requiring approxi-
mately 1700 time steps to converge. The procedure yields solutions which satisf y mass
and momentum conservation within 4%.

The supersonic portion of the rotor flowfield was also determined analytically by
using General Electric ’s Method of Characteristics (MOC) computer program. This pro-
gram solves the steady state conservation equations using the method of characteristics.
In addition it includes provisions for automatic initiation and reflection of oblique
shock waves in the flowfield and for a variable lamina thickness as described in the
previous section. The MOC calculations were performed within a strip corresponding to
one rotor pitch with the airfoil surfaces forming the fixed boundaries. A right char-
acteristic running from the suction surface of the rotor to the leading edge of the
adjacent blade was used as an inlet line to start the calculations. With Mach number ,
flow angle and initial oblique shock jump conditions provided along this line , the
calculations were continued downstream until subsonic flow appeared .

Analytical and Experimental Comparisons

Analytical predictions of the flowfield , obtained by using both the time dependent
computations (TDC) discussed in the previous section , and the method of characteristics
(MOC) for the supersonic portions of the flow are compared with the laser velocimeter
results in Figure 12. These comparisons are presented as velocity contours. The shock
wave locations indicated by the LV and by the MOC calculations are st’perimposed on the
TDC results. The dashed lines near the blade surface in the figures show the magnitude
of the calculated displacement thickness.

The comparison of the operating line analytical and experimental velocity contours
for the 10% flow streamline at 100% corrected speed are presented in Figure l2a, and b.
The TDC results in Figure l2a show a two—shock system that is consistent with the LV
measurements. The TDC results also show the precompression region on the suction
surface, the reg ion of the oblique shock , the deceleration of the flow across the
oblique shock , the acceleration (expansion) of the flow around the pressure surface ,
the normal shock outside the passage and the subsonic flow behind the normal shock .
There is good agreement between the magnitude of thq analytical and experimental velocity
contours shown in Figures 12a and l2b respectively.

The location of the oblique shock indicated by the LV in Figure l2a is in gooa
agreement with that indicated by the TDC results. Alth3ugh the location of the normal
shock indicated by the LV is somewhat upstream of the TDC predictions, the agreement is
considered to be satisfactory.

The oblique shock angle computed in the MOC analysis is the same as that measured
by the LV although the MOC shock is slightly downstream . The MOC analys is shows that
the oblique shock is reflected from the suction surface , strikes the pressure surface
and is again reflected. There is no evidence of the reflected shock in the LV data
either because the shock , if present, is very weak , or because the LV was not oriented
in a manner that would detect it. Similarly there is little evidence of the reflected
shock in the TDC predictions , probably due to the grid orientation and size. The MOC
analysis indicates that subsonic flow would be obtained at approximately the same
location as predicted by the TDC results.
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Similar analytical and experimental comparisons are made for the 30%- and 50%-flow
streamlines in Figures 12c , d and l2e , f respectively. The agreement in these com-
parisons is also reasonably good. The TDC predictions show that the normal shock moves
toward the trailing edge of the adjacent blade in Figure l2c and finally into the pas-
sage in Figure 12e. The agreement between the magnitude of the velocity contours is
also good.

Although reasonably good agreement between the analytical and experimental results
has been demonstrated, significantly better agreement should probably not be expected
because: (1) the analytical models do not include three—dimensional effects , and (2)
shock—induced boundary layer separation and the resultant thickening of the boundary
layer is not incorporated in the calculations (although a boundary layer displacement
thickness model is incorporated ), (3) the lamina thickness in the TDC and MOC models
varied only in the axial direction, (4) all of the losses in the flowfield could not be
determined and modeled, and (5) the LV system has inaccuracies associated with posi-
tioning the measuring zone and reducing the data.

Additional information is presented in Reference 12.

4.0 TURBINE APPLICATIONS

Modern aircraft gas turbine engines often employ advanced , highly-loaded , single-
stage high pressure turbines and highly loaded low pressure turbines. As a result of
this advancement of turbine technology, losses associated with transonic and supersonic
flow in the blading , secondary flow effects and cooling air injection have become more
important and applied research programs to reduce them have been undertaken. As a part
of this e f fo r t, the laser velocimeter is being used to investigate the complex flow
fields within turbine rotors.

4.1 Test Program

Turbine component and development testing is conducted in the General Electric
Warm Air Turbine Test Facility, a dual purpose facility capable of evaluating either
high pressure turbine or fan drive turbine performance. The facility will accommodate
turbine configurations ranging from a minimum hub diameter 356 mm (14 in) up to a
maximum tip diameter of 81 mm (32 in) with operational capabilities up to 11,20 0 kw
(15,000 horsepower) at 15,000 rpm.

For the test program being described , a research turbine having 94 blades was
tested at 7550 rpm with inlet conditions of 422° 1< (760° R) and 41.4 EPa (60 psi). The
laser velocimeter was mounted in a manner similar to that described in Section 3.2 in
order that axial, radial and circumferential traverses of the flowfield could be
obtained. The flow was seeded with magnesium oxide particles having a diameter of 1
micron or less. The LV measurements were reduced using equations (l)— (4) as discussed
in Section 2.4.

4.2 Test Results
so — - — 

A typical turbine rotor flowfield ob-
tained from the LV measurements is shown

I in Figure 13. The solid arrows in the
I figure represent the LV vector measurements
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Fig. 13 Comparison of LV velocity mea— surface), and the overall flow turning
surements and analytical results obtained determined from the LV measurements is in
within a turbine rotor passage fair agreement with the turning predicted

by the analytical model. 
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Since flow seeding was used to obtain LV measurements, particle trajectory calcu-
lations were performed in an attempt to follow a 1 micron diameter particle through the
rotor flowfield. These results are compared with a flow streamline in Figure 13. The
particle and the streamline do not start at the same location in the rotor inlet plane
because the particle was assumed to have entered the flow upstream of the preceeding
vane and some migration o~ the particle relative to the streamline has already occurred.Two questions arise. First, where does the particle go? And secondly,  when the par-
tid e gets there, how well does its velocity compare with the local flow velocity at
that point? To answer the first question, the results in Figure 13 indicate that the
particle path can migrate substantially from the streamline. This result, coupled wi th
the fact that reasonably large amounts of cooling flow were injected into the flow
along the suction surface , would explain why there is a void in measurements near the
suction surface. However , in answer to the second question , the particle trajectory
analysis  indicates that even though the 1 micron particle migrates , it is still able to
represent the local flow velocity reasonably well at that point. The deviation in the
high turn ing region between thp LV measurements and the analytical predictions are
larger than would be predicted by the 1 micron diameter particle trajectory analysis.
Consequently it is believed that the MgO seed particles clumped together forming par-
ticles of at least 2 or 3 microns in diameter and the LV measurements were obtained
from these particles.

Overall the results are quite encouraging and work is still continuing in the
analysis of this data.

5.0 JET NOISE (ACOUSTICS) APPLICATIONS

With the advent of larger and more powerful commercial and military aircraft pro-
pulsion systems, it has become increasingly important to improve the general community
environment affected by these systems. Consequently General Electric has conducted a
number of major research programs aimed at improving this environment , and in particu-
lar aimed at understanding the mechanisms of noise generation and reduction. In one
such program, sponsored jointly by the US Air Force and Department of Transportation ,
an investigation of supersonic jet exhaust noise was undertaken to develop a mathe-
matical model capable of providing aeroacoustic design data for future supersonic jet
exhaust noise suppressors. As a part of this program reported in Reference 22, a com-
prehensive turbulent mixing aeroacoustic model was developed which is capable of
computing detailed aerodynamic flow properties such as velocity (mean and turbulent) ,
pressure, temperature , density and length scale of turbulence as well as the main
acoustic properties such as overall sound power level, power spectra, overall sound
pressure level, sound pressure level spectra and jet directivity. The computational
scheme was designed to yield acoustic predictions based on aerodynamic input which can
be computed or measured. It is at this point that the General—Electric—developed laser
velocimeter was utilized. The LV provides a means of measuring the flow properties of
high velocity/high temperature jets without disturbing the flow. It also provides an
accurate method of measuring not only rms mean velocity and turbulent velocity dis-
tributions but also of obtaining spectral and cross—correlation type of information
which is important for direct noise source location. A brief discussion of the LV
measurements obtained in this study is presented in the following sections. The ex-
tensive test results and the LV—to—far—field cross—correlation experiments are pre-
sented in References 22 and 23.

5.1 Laser Velocimeter Mean and Turbulence Velocity Measurements

The laser velocineter measurements were taken in the jet exhaust of General
Electric’s Jet Acoustics Test Facility. This facility provides for testing of a wide
variety of interchangeable exhaust nozzles using gas temperatures ranging from ambient
to 3000° K and using pressure ratios of up to about 4. Two nozzles were used in the
tests described below: a converging—diverging nozzle producing subsonic flow and
shock-free supersonic flow and an underexpanded conical nozzle producing shocks in the
flow. The exit diameter of both nozzles was 152 mm (6 in).

Velocity measurements were obtained as probability density distributions and the
data were reduced by using the statistical techniques discussed in Section 2.4 to com-
pute mean values and standard deviations (mean velocity and turbulence velocity) respec-
tively. The data were obtained at various axial stations along the jet centerline
(radius of measurement plane/diameter of jet S r/D = 0) and along a line having a value
of r/D = 0.5. Typical mean and turbulent LV velocity measurements for the ambient sub-
sonic jet are compared with hot film/hot wire measurements in Figure 14a and b. Very
good agreement between the LV and the hot film/hot wire measurements is obtained for
the subsonic jet. LV measurements of mean velocity and turbulent velocity were then
obtained for the high—temperature 833° K (1500° R) supersonic flow exiting from the
convergent—divergent nozzle. The results are presented in Figure 14c and d. In both
Figures 14a and l4c the existence of the extended potential core is evident. Also, the
difference in the turbulence distributions between the -$ub~OU1c and supersonic jet can
be seen by comparing Figure l4b and d.

Further experimental measurements were obtained using the converging—diverging
shock—free nozzle flow and the shocked conical nozzle flow. For both cases the exit
Mach number of the jet was 1.55 and the total temperature was 833° K (1500° R). Radial
profiles of mean axial velocities were obtained for various axial positions, X, in the
jets of both nozzles. The results , presented in Figure lSa and b, are plotted using a
parameter, n, which collapses all of the data onto one curve and clearly defines the
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jet boundary and shear layer at r~r9. For the conical nozzle case, Figure 15b, the
underexpansion in the jet boundary is apparent as the value of normalized mean velocity
becomes greater than 1.0 in the expansion region near the jet exit plane (X/D — 2).

Radial profiles of normalized turbulence velocity for the converging—diverg ing
nozzle were computed from the LV measurements using the statistical methods discussed
in Section 2.4. These normalized turbulence velocity profiles , shown in Figure 16 , are
plotted as a function of the same variable n which was used in the previous figure to
collapse all the profiles onto one curve. The peak turbulence (maximum shear) is
clearly seen to occur at the jet boundary, r=r0.

These results demonstrate the ability of the LV to define the aerodynamic velocity
f ield of jets, providing the necessary aerodynamic input to the aero-acoustic computer
program discussed at the beginning of Section 5.0.

5.2 Turbulence Spectra and Noise Source Location

To construct turbulence spectra from the LV presents a difficulty not encountered
with continuous-type measurement instrumentation. Conventional spectra estimation tech-
niques assume that all values of the input signal are known in the analysis interval.
Such knowledge is not available at the LV output. ‘P0 overcome this problem , it is
necessary to reconstruct the autocorrelation function of the velocity signal , then
obtain the spectrum as its Fourier transform. These techniques were used to obtain the
axial component of turbulent velocity spectra for ambient subsonic jets as well as
sonic heated jets. The reconstruction of the spectra from LV measurements is compared
to that using hot fi lm measurements in Figure 17. The results are quite encouraging.

The techniques developed for obtaining cross—correlation between LV in—jet mea-
sured velocity and far—field microphone acoustic pressure measurements have been demon-
strated and the results are discussed in References 22 and 23.

_________________________________ 5.3 Engine Test Program

The laser velocjmeter has been used to
make jet exhaust measurements during engine
test programs being conducted at the General
Electric outdoor test complex at Peebles,
Ohio. Measurements, similar to those de-
scribed in Section 5.1, were obtained in
the exhaust of the J79 engine and in the
fan and core exhausts of an experimental
high bypass turbofan engine .

6.0 MASS FLOW AND CALIBRATION MEASUREMENTS

ANALYTIC An accurate measurement of mass flow

~ —~~ LV MEASURtMEIIT S in turbomachinery test fac il i t ies is qui te
a

.3 -2 1 important. Consequently , a test program
0 - 

~ 

was initiated to determine the feasibility
of using the laser velocimeter to provide

40 60 50 (20 110 200 an independent determination of flow rates

distortion into the turbomachinery test

ANALYTICAL 

facility. The test program was conducted

\\I! 

in a manner that would not introduce any

using a small—scale, calibrated bellmouth
inlet. LV measurements were taken in

.
~ 

V~OWY radial planes at various axial positions
in the flowfield ahead of the inlet.

were made and the LV data were correlated
Analytical predictions of the flowfield

It*ASURtMENT with these predictions in order to compute
o ~ mass flow. The LV data were obtained in
0 60 the form of probability density distribu-
0 80 tions and were reduced using the techniques-2 v (20 described in Section 2.4. The velocityo 

~~ and flow angle were obtained from the
-3 .2 -i o measured components using equations 1 and

2. Static pressure measurements were alsoNORMALIZED AXIAL DISTANCE taken in the inlet throat in order to
Fig. 18 Comparison of experimental and determine mass flow. In addition , a
analytical streamlines and velocity con— potential flow model of the inlet f low—
tours for the ballmouth inlet flowfield , field was established using standard
velocity is in ft/sec , (rn/sec = 0.3048 x General Electric computer programs avail—
ft/sec) able for subsonic compressible flow.
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The LV measurements and the analytical determination of the flowfield are pre-
sented in Figure 18 in the form of velocity vectors, flow streamlines and lines of con-
stant velocity. The good agreement obtained between the LV-velocity vectors and the
analytical streamlines and between the velocity magnitude measurements and the analyti-
cal velocity contours is evident in the figure. The LV-determined mass flow was 0.209
kg/sec (0.460 lbrn/sec) while the nozzle throat measurements of static pressure yielded
0.212 kg/sec (0.467 lbm/sec). Further refinement of the data is still in progress.

The laser velocimeter is also being used to calibrate an annular cascade designed
for airfoil aeroelastic instability studies. Radial and circumferential surveys of
velocity (magnitude and direction) are being made in the cascade over a range of sub-
sonic and transonic Mach numbers.

7.0 AREAS REQUIRING FURTHER DEVELOPMENT

In the practical application of laser velocimetry to the turbomachinery environ-
ment , it must be remembered that this environment is different from the somewhat well-
controlled conditions of the wind tunnel or research laboratory . For example , the use
of the LV to obtain jet exhaust measurements at outdoor engine test sites presents a
challenging set of environmental problems which include high noise and vibration levels ,
high exhaust temperatures and products of combustion in the core exhaust stream. In
component and scale model testing the general approach has been to adapt the LV system
to the specific hardware and flow situation, wherever possible, rather than to modify
the hardware. In such testing the experimentalist has had to deal with a number of
problem areas which include: accessibility to the flowfield , clouding and dirt collec-
tion on optical windows, measurements close to solid surfaces, mez~surement accuracy and
economics of operation. These problem areas, which are receiving further attention ,
are discussed in the following.

Complete optical access to the flowfield is often limited in turbosuachinery appli-
cations. As discussed previously in Section 2.1, a forward-scattering system would
require the optical axis to pass through blades, discs , shafts, etc, which is not
possible. Consequently, the back—scatter mode is used even though there is a substan-
tial decrease in signal—to—noise ratio. Also the optical path is often blocked by tip
shrouds or part span shrouds and optical accessibility is uf ten hindered by the twist
and camber of the blades which results in a “shadow ” problem. These types of access
problems have generally been solved by using a reorientation of the optical axis.
However, a remote—controlled actuation system for reorientation is complicated and
expensive . Another real accessibility problem has been the clouding and dirt collec-
tion on optical windows by seed materials and other contaminants. This problem , whi ch
also presents signal resolution difficulties , has been greatly reduced by employing
ingenious window protection procedures during testing.

Making measurements in close proximity to solid surfaces, where reflected light
tends to completely dominate the back-scattered flow signal , presents another diff i-
culty. In some cases this swamping has been reduced by using selective, non-reflective
wave length coatings or by a reorientation of the optical axis. Measurements have been
made as close as 0.75 cm (0.3 inch) from solid surfaces and in some cases, by using
special techniques, at the boundary. Photornultiplier tube saturation , and a subsequent
recovery problem , results when the rotor blade tips, or blade surfaces, pass through
the measurement zone and reflect laser light back to the phototube. If the phototube
recovery time is small compared to the blade-to-blade passing time, this does not pre-
sent a significant problem. When there is a problem , a gating system can be employed.

The accuracy of LV measurements is influenced by a number of factors: the size of
the measurement volume, ability of particles to track the flow, particle agglomeration ,
the degree of turbulence and the size of any separated flow region. The dimensions of
the measurement zone where the two laser beams cross were presented in Section 2.1.
For most cases of relatively larger turbomachinery flow paths, these dimensions are
small compared to the flow field dimensions. However , in very small turbomachinery
f low passages or in regions of very large velocity gradients , the size of the measure-
ment volume becomes important. For the large gradient case , the velocity measurements
can be biased away from the average velocity which is assumed to occur at the center of
the measurement zone. The accuracy with which the tracer particles track the local
fluid velocity (direction and magnitude) also limits the accuracy of the LV measure-
ment. The use of small, uniform seed material has minimized this problem . As dis-
cussed in the particle trajectory analysis in Reference 12, the seed par ticles used
should track the flowfield within acceptable limits even in the high acceleration
regions such as those which occur through shocks. The real problem arises when the
seeding material agglomNJrates or when contaminates (diameter > 2 microns) enter the
flow field giving erroneous velocity measurements due to large particle lag or lead .
This in general is easily recognizable as a large spread or scatter in the data.
Electronic discrimination can also be employed to eliminate measurements from large
particles.

In h ighly turbulent f low, LV measurementi’ can be biased toward preferred velocity
vector orientations because of the way the particle trajectories cross the fringe
field. Also, in highly turbulent separated flow regions, the measurements may be
biased because of non—un iformity of seed material in the separated flow region .

Finally the cost and time involved in making laser velocimeter measurements in
turbomachinery is a practical and important consideration. Component snd engine test- 
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ing is expensive, often involving a large number of personnel and a complex test
facility . Consequently sufficient time is not always available to take the detailed
measurements one would like to take, to shut down and clean windows or to “iron out the
bugs ” .

- 
Overa ll , the experimentalist has produced meaningful LV aerodynamic measurements

‘a turbomachinery under rather adverse operating conditions. Developmental work is
continuing in an effort to reduce or eliminate those problem areas discussed above.

8.0 CONCLUSIONS

The laser velocimeter has been used in aircraft gas turbine research and develop-
ment to make nondisturbing gas velocity measurements in bellmouth inlets and cascades,
to make flowfield measurements within jet exhausts for aero—acoustic correlation and to
make flowfield measurements within the rotating bladerows of compressors , fans and tur-
bines, including the mapping of shock locations. Analytical predictions of the various
flowfields were obtained by using a potential flow analysis, method of characteristics
analysis, and a time—dependent, finite—difference solution of the fluid dynamic equations
of motion , where applicable. The analytical predictions were, in general , consistent
with the experimental measurements. The application of the LV to jet exhaust (acoustic)
measurements and to compressor/turbine intra—rotor flowfield measurements was of particular
encouragement. For acoustic applications, the LV provides an accurate method of obtaining
not only rms mean velocity and turbulent velocity distributions but also of obtaining
spectral and cross-correlation type information which is important for direct noise
source location. For compressor/turbine applications the LV provides detailed intra-
rotor flow measurements which include the location of shock waves. The hig) speed fan
operating line results showed a two—shock system in the rotor passage consisting of an
attached oblique shock at the leading edge and a nearly normal shock further downstream
in the rotor passage. As the rotor was throttled toward stall , a one-shock pattern
appeared as the higher back pressure eliminated the second shock , and pushed the leading
edge shock upstream in the rotor passage. Based on these experimental and analytical
results, it is concluded that the laser velocimeter provides an accurate and practical
method for obtaining detailed flowfield measurernents in turbomachinery research and
development programs.
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SUMMARY

Ma~y difficulties with this technique of laser anememetry arise from engineering constraints end
seendng]~y trivial problems ray take much time and effor t to overcome. A few solutions to some of these
proble ms are outlined. Data retrieval from very low signal is possible using photo n correlation and
this is now popular in many engineering applications because of its high efficiency. We have obtai~~ d
good measurements in aero—e ngine exhaust and in unsteady conbustion systems with this method. For real
time measurements it is necessary to seed the flows and use fre quency tracking (Or equivalent). Phase

noise is serious here but tray be compensated by separate assessment. Transit anenc metry is shown to
be superior in conditions of bad flare , such as blade passages, but takes longe r to make a given
measurement. However , shear stresses may be derived from the same measurement. The disparity between
particle and fluid velocity field is related to its practical consequences. More application topi cs
are included, suoh as window installation and cleanliness, vibration and noise , thermal problems , laser
safety and finally information present ation.

1. INTRODUCTION

This paper comprises a large num ber of topics and ideas which may be useful in the applic~- tion of this
relative:Iy new techno1o~~r to the measurement of velocity and turbulence parameters in engineering
situations. By ‘engineering situations ’ we mean areas where quantification is a necessary step
forward in the unde rstanding of a device or machine — the important factor being a ‘measurement ’ rather
than a meticulous theoretical guess. The eng ineering constraint also means in many cases that the
device to be investigated already exists and may not be designed to facilitate optical measurements.

This makes it necessary to adept the instrumentation, sometimes with considerable loss of opt ical

perfo rmance to get results. That is not to say that we are not concerned with accuracy, but more that

we are concerned to pick out factors which may affect our conf i dence level and attend to these at the

expense of tho se interesting sophis tries which may divert.

Some of the problems here would be too trivial to include if it were not for the large amount of wasted
time which may be avoide d simply by arranging that they do not occur . Other, mere serious, problems

such as wha t to do to optimise information retrieval in low signal cases, and how much trust nay be
placed in data so obtained, merit more detailed stuLy.

2. SOI~ TRIVIAL CONS IDERATIONS

We at Rolls—Royce have spent some years developing and trying to understand laser anenm metry, and to
applying it to measuring fluid mechanical proper ties within and ne ar aero—eng ine s and component  test

rigs.(l3)( 14) In most of these applictt ions the major problems have been those associated with
ope rating conditions and environment.  Many systems of ane nometry may be constructed and used in the

laboratory but onJy the naive would suppose that the transition to real test stands was easy. The

sort of optics and electronics which it has become necessary to use for ane nnmetry measurements  tend.s

to be sensitive to rain, snow , and ice : large changes in temperature , humidi ty or electrical

surroundings all conspire to prevent successfu l measurements. To some extent care and forethought

may minimise the effects, but perhaps examples nay be instructive .
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Many of our app l icat ions have been in the open afr as ii. necessary for rigs -~s. d lo r  noise f i ~-~~d

ua acuret inm nt s,  or in large bu t  clu t t er -ed  buildir .gs w i t h  a lot of env~ ror::i~it - Ler~ ~. In in~~~~nd

weather chan~ cs may be very rapid and keep ing a forward  s- - a t ~.~~r ane~:ora ~t~ r w i t h  a 5c t L r - o .

it was the only suitable syste m for that appl icst ion)  in good alifnc:~-rr t posed pro - n c .  A~~tL~~u~j

these tes ts are alway s scheduled for sumner it ofte n seems that  the  final r r o ~~r - ~ _ce ac~~ia happens

in January and t t r ~ f- :na l ~z -r  c~t y r

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ adjus tment  :;~u y t  be :aci r or a 1:er try

fr-o : the gro und in wind  and rain (
~

- . .  1).

Act i c  i p a c  ~ -rli of t s~r -ronc i t i  c r c  car :1./c

life r an ier .  E r i v i r o r i c i ~r ita . p r o t e c t i o n

for t h :  opti cal and c - r ct r -~ r i r  c.poner ~ts

is always to be recoccerr icd; in cases

- - wh ere an arreco:aetcr is in a cold er ~v i r j n —
rant but exposed to a hot rig some form of

thermal control is necessary. Alucinico.

— - . 0 foil coated asbestos is a very good protection

- from radiant heat and also provides some

thermal buffering.
L. 4

Sf mplification cannot be too highly

t 
recommended. In the laboratory one can

- 
- 

. get away wi thout  parsimony of components

but in the field the fewer separate items

requiring adjustment, cleaning or ever.

rigid mounting the mere reliabi e is the

-- - final unit likely to be and the higher the

- - ~ . chance of success. Every component

- . — - should be viewed critically to see if it

- - 

- - 
‘ F -  

- - 

~~~- ‘, may be omitted without excessive penalty .

Even the layout of Fl6. 2 may be simp —
- lified if the rig is not self luminous

by the omission of the narrow bend laser

Fig. 1 RB2ll Quiet Engine Demonstrator with LIlA on filter and its collimating lens.

a Test Stand.

It is usually impossible to obtain access

to the data acquisition part of the laser

anememeter when a rig or engine is running, so all control functions and adjustments if necessary most be

made remete ly, and the signal must be transmitted through long leads. Signal attenuation is no problem;

whet has been troublesome is electrical ir.terference and pick up. Many large rigs have associated

ele ct ric-al plant and heavy switching produces unpleasant transients. Where long distances of tens of

metres are involved there can be problems with earthing. That this is an irritating problem was

evidenced by one of our magnetic tapes recording the output from a Cambridge Physical Sciences Tracker

processing the signal from a life size combustion rig.

Tke FM tape recording of the real tine continuous output from the frequency tracker was later played

for analysis. We have developed the habit of putting such signals through an audio channel because

tIic ear is very good at picking out odd anomalies; in this case hidden beneath the noise and

scuffling represented by the turbulence and phase noise was a distorted but intelligible demodulation

of a radio programme whose transmission frequency was near that represented by the sean velocity.

4
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f
VABLE STOP

Fig. 2 Layout of Typioal Fringe Anemometer

When working on engines with mass flow up to 7O~~Cgs 1 doping is normally infeasible. The quantity and

quality of signal, determined as it is by the natural particles present may vary radically . In England

a south west wind, a harbinger of rain, is usually the most satisfactory, but other conditions ray
operate to provide particles. In industrial areas, particularly those in radium to heavy manufacturing

there are usually adequate supplies of particulates despite pollution legislation. The best natural
signal we ever obtained was from a test stand in farming area on a sultry summer day several fields away
from a combine harvester.

3. PARTICLE PROBLEMS

The most serious problem in optical anemometry is almost always directly attributable to particles

and may be divided into two parts:—

(a) The provision of suitable particles

(b) The disparity between particle and fluid velocity.

We offer some general motes on these subjects but no more than an introduction to a very complex

aggregate of ideas.

By ‘provision’ particles naist exist in the flow or be added to it. Homogeneous mixing is almost

always assumed but not always guaranteed. A simple test of the Poisson nature of distributed

particles added to a mixing chamber and subsequently sampled in the core of a jet shewed very high

correspondence between theory and measurement, but it is a large step to infer that this may hold true

in cases such as turbomechinery applications. Indeed it is known to be untrue for large particles (8).
The addition of particles to the flow may be achieved in a number of ways — none especially satisfactory.

For liquid particles a sheared membrane is probably the easiest method. Acoustic or air driven

‘atomisers ’ are most suitable but a settling chamber must be provided to allow removal of large
particles, and the particle loaded gas must be conveyed to the point of its addition to the flow in

queation by sufficiently lar ge pipes, and at sufficiently slow speeds to prevent ‘reclassification ’ and

‘wetting out’. Many liquids ray be used but inert syste ms of low vapour pressure are preferred. In
general, water is not good as the fi na l partic)e size depends more on the proximity to dew point in
the gas than on more closely controllable fact..

Solid particles are preferred for hot flows as they may be refractory or otherwise have very high
boiling pointi. Methods of production are fluidised beds, crystallisation from solution , or
condensation from gas . Examples of these three methods might be MgO particles, NaC l fro m water and

Ti02 from TiCl~ and water vapour . An added advantage of the last is that if the HC 1 is rendered harmless
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by NH
3 

the smoke formed by NH~Cl is a useful adthtion to the dopant until it dissociates at higher

temperatures. Problems wi th  the first metho d are caused unless the particles may be prevented from
becoming charged. Aggregates of charged particles will be of quite different sizes from those
intended. Even with the best methods a form of settling chamber is desirable to remove the largest
particles. Crystallisation is a good method in many ways as the solute concentration can be changed
to obtain any given range of sizes from an atomiser producing only a fixed size cut, perhaps widely

— - different from the desired size. We have extended this method to a stirred suspension of refractory

particles (emulsion paint) with an air driven acoustic atomiser. One problem with solid particler nay

be erosion of the rig, although if this happens it is a sure sign that the particles are or have become

too large for sensible velocity measurements.

To have ‘suitable particles’ it is desirable to use the optimum size, small enough to follow the flow

acceptably and large enough to sca tter sufficient light. The range of this optimu m nay be extende d by

such considerations as reducing the differential specific gravity between particle and fluid, increasing
the complex component of refractive index of the scatterer, using a fluorescent seed, etc. The

- 
- refractive index merits sore mention. The real part corresponds to absorption and is little use for

— anemometry. The baokscatter from a good conductor is smaller than that from a bad in ranges of
interest here. Scatter in other directions may be very complicated but can, if one has the n ine,
energy and need, be calculated from Mie theory. The complex component of refractive index, indicative
of the reflected or transmitted component should be large, as that implies that light hitting the

particle is redirected into possibly useful directions. Many books are available which discuss these
— mechanisms. Usually-a stronger constraint than the esoteric theoretical ideals is the real practicality

of obtaining any usable dopant that is just acceptable, given all the constraints placed on the system

by more pragmatic circumstances, for example , toxicity, cost, availability etc.

The second problem, of disparity between particle and fluid velocities (7) is not easily resolved. It

has been referred ;o as particle sampling bias but this concept was shown to be in error by Dr. F. Durst

at Capri ‘76 who pointed out that the difficulties only exist in the difference of fluid velocity from

the measured particle velocity. In those f ew cases , such as fluid sprays, where the particle velocity

field is under investigation there can be no problem. However most researchers require measurements of

the fluid field an1d attempts to infer it from particles embedded in the flow has led to interminable

argument. We propose to illustrate only the skeleton of this problem.

If particles are uniformly distributed throughout a container of gas at rest and subsequently moved past

a fixed point in space the rate of observing particles depends on several things. For a perfect

incompressible flow the rate of particle events depends on the modulus of velocity of the gas at that

time and place and the mean separation of particles. The distribution of rate depends on Poisson

statistics skewed by the velocity dependence. For degrees of compressibility the velocity dependence

becomes a fract~onal power. This assumes tha t there is no velocity slip, i.e. the particle velocity

is identical with that of the fluid.

The criterion on particle s following the flow is that the difference between their velocity and that of

the local gas shall be below a given small percentage — implying an uppe r size limit for othe r parameters
fixed. This is only the first part of the constraint as there is a much tighter limi t for results to a

given accuracy.

Al though the particles may follow the flow velocity to the acceptable degree discussed above and are thus
bounded in behaviour by a given tolerable acceleration, both velocity and acceleration are vector fields
and need not be everywhere aligned. Hence if a particle experiences en acceleration field associated

wi th vorticity, al thoug h its differential  velocity is a smal l value its consistent e f fec t  will sort
particles such that there will be a correlation of particle concentration with vcrticity hist cry. This

concentration heterogeneity interferes with assumptions about uniform particle distribution and can bring

statistical inferences into serious question.
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In summary then there are two criteria about particle flow following properties, miniinisation of
differential velocity due to slip, and changes in local concentration correlated with fluid acoeleration
properties.

Having outlined many of the problems with particles it is useful to discuss the sort of errors which
arise and what level of tolerance is necessary. Here it is most nlportant to obtain engineering
measurements anr~ what would be totally unacceptable to an academic purist can be very useful data in an
awkward problem area. We have found that the errors which accrue from using seed particles which are
theoretically much too large are not so serious as to cause concern. Although errors in absolute values
of velocity or turbulence (albeit quite small) may occur, in many situations a comparative measurement says
all that needs to be decided about a rig configur ation. Engineering and design decisions are often taken
in the absence of measurements — for the measurements to be a few percent in error need not invalidate
their relevance and usefulness.

Moat flows may be adequately sampled up to 10kHz or so by particles around or below 2~ m to 3~im diameter
although the accepted figure in the literature is nearer 1Mm , presupposing a density of about lO3Kgm 3

for the particles in air. Viscosity and density effects nay be allowed for by simple linear scaling.
In the case of photon correlation measurements, particles may be much smaller to give adequa te signal and
often there are sufficient naturally occurring particles. As an aside, the particle biassing proble ma
are quite different for the use of photon correlation since the velocity dependence of sampling rate is
suppressed — there are more high velocity particles but each scatters less photons . The wide range or
size of naturally occurring particles doe s not ne cessarily lead to serious error with photon correlation
as large particles operate to lock out the oorrelator by excessive photon rate saturating the shift
register, and very smal l particles give on average less than one photon and contribute only to the uniform
background.

4 . INFORMATION RMS~RIEVAL FROM L(W SIGNAL

In most engineering applications there is less signal than would be ideal. This arises from various
constraints but may be divide d into two groups (a) ade quate size of particles to give a good velocity
es timate from each but possibly long intervals between them, and. (b) particles which mey be rare or
frequent but give rise to only a few photons each. We have restricted this part of the discussion to
real fringe systems, optimal whe n the mean number of scattering centres in the sampling volume is less
than one. The case where many particles at a time favours the reference beam approach is rarely ret

in our experience , except in over—rich combustion where large numbers of small particles may be created
in the zone of inte rest — even then the natural particle s are often large enough to be discerned above
the baokground light. This case has been recently met again near the dew point line of a supe rsonic
tunnel.

In case (a~ above -the retrievable information is determined by the frequency and statistical dis tribution
of particle arrivals which we touch upon in the next section. The estimate of velocity from any one
particle presents no significant problems when the signal is sufficiently great , as we have postulated.
Ca se (b) is not only more difficult to handle , it is much more common. Fig. 3 show s the photomultiplier

ou tput from particle s scattering progressively less power. The effect of quantum limitations is clearly

illus trated in going from a — d. Low signal from each particle ray arise in a number of ways  such as:—

(a)  Small particles — desirable because they follow the fluid flow field better than large and ray be

presen t in large r numbers for a given mass fraction of contaminant.

(b ) Smal l laser — large lasers are expensive, f ragile , require more extensive services such mm three

phase mains supply end water cooling, are di f f icul t  to hold in a single mode in a bad environment

and ray possess hazard levels uneer-eptable to the personnel who staff test rigs.

(o) Sn~ ll viewing cone — high pressure or hot rigs oniy allow small windows which may severely limit

the detected signal on direct georrwtr cal grounds.

~~~~~~~~~~ ~~~~~~~~ -.. ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ -
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(d) Backsoatter — highly desirable for traversing, retention of alignment and ease of rigging, but

ruinous on signal level for ’ the most appropriate particle sizes.

and in many others there are factors which make it

desirable to use a small signal we must use

methods of info rmation retrieval as efficie nt ly as

Given that in some cases a low signal is inevitable

possible. For many signal processing methods

e.g. frequency analysis, tracking, counting,

parallel filter bank etc. the signal is taken to

be the idealised case with some inevitable noise
looking like case a in Fig. 3. In the absence of

flare the dominant source of ‘noise ’ for a well
contrived set up is of course shot noise, which

can be considered more closely. Firstly we must

temporarily discard the notion of ‘signal to

noise ratio’.

In an ideal classical world where the scattered

b 

optical fields were representable by electrodynamic

continua we may define the fields unequivocally.

This is still a useful idea when the energies

involved are large compared with quanta. In

—lany real cases of laser ~nemonetry (and more

especially so when attempting to apply Raman

Spectroscopy to gaseous systems) this assumption

dces not hold and the classical parameters are only

identifiable as expectation values whose immediate

realisation is through the detection of single

quantum events — photon arrivals.

Looking again at the signal from a quasi—classical

scattering theory the optical intensit~; wi1’~ be

C total number of photons for particle transit becomes

detected as a smooth analogue signal with some

‘noise ’, which is no more than a statistical

fluctuation of the photon arrival rate. As the

less so the classical envelope is less well

identified until all that remains is a few quantuc

events which appear, on the classical model , to be

entirely noise. This is not true, as the time

distribution of the photons depends firstly on the

statistics of the optical field, a consequence of
- source and scat terer, and secondly on the

probability distribution relatable t~ the

classical field estimator in the sampling region

sampled by particle velocity.
d

Fig. 3 Photomultiplier Output with Reducing
Signal. Quantum Effects become more So the time of arrival of photons is closely
Apparent from a — d. related to the classical signal and a measurement

of the probability distribution of intervals between

photons may be used to make estinw tes of mean velocity and turbulence (9). So far the most satisfactory

way of deriving the require d interval probabili ty is to use a fast digital correlator and that produced

by Malvern Instruments is at present the most satisfactory commercial machine. It has a 5Ons
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acquisition time and using the esoteric mathematics of Pike and others (1), (10) may be used
successfully without total comprehension of all of the subtleties. Pig. 4 shows a schematic layout
of the clipping correlator, adequately described elaewhere (1).

( CLOCK

SHI FT R E G I S T E R
INPUT 

. [ i  a a I 0 1

:LIP 

GATES 

_

STORES

Pig. 4 Block Giagram of Correlator

It nay be useful to go into some detail about how the oorrelator performs. We write the expression

for equivalent field intensity in the sampling volume, bearing in mind that this is a gross conceptual
oversimplification (11) but is sufficient description for our purposes. In the notation of Ref. 14,

,2 2 2~ r—,x +y + z  \ I 2lTx
I ~~ exp —

~~~ 2 1 + r cos — (1)
2t~ / L

where x, y, z are Cartesian co—ordinates of the space of the spherical volume, 
~~ 

is the distance to

e~~ intensity of the illuminated region, t is the fringe spacing in the sensitive direction x and r
is the ‘fringe ’ contrast. An ideal particle which scatters this field gives rise to the appropriate
detected analytic signal which may be auto—correlated to yield

w exp — ( ( u
2 

4.t 2 
w2) r2

)  [1 + ~oa (2)

where u, v, w are resolved velocities in X , y, z and r ia correlation time. We have reverted to

using G2(r) for the second order optical field correlation as it is more accepted. In general it is
not possible with present correlators to extract the complete value of G2(r) al though there nay be
quite enough signal to produce it in the time before the velocity changes because the internal
organisation of the store makas data readout take a relatively long time compared with the desirable
time between estimates. The most common use to date has been to accumulate estimates of Q2( r )  from
a statistically representative number of particles and note that the function will, for Gaussian
Turbulence only , look like
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where o-~ is the r.m.s. spread on u and K1 = 1 + ~~~~ etc.

By way of illustration we have plotted thia in Fig. 5 for two conditions which show typical properties.
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Fig. 5 Calculated Correlogram for 0 and l~~ Gaussian Turbulence for 10 Fringes to -
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Diameter.

For not atypical conditions we assume that r -~ 1 and that = 2. 5 ~ • We further use the

reduced parameter s = and assume that the mean velocity is normal to the fringes i.e. = = 0.

For purely laminar flow the above expression redu ces to

2
G2(r) exp — ~~~. (1 + cos 211s) ( L f)

which is plotted on Fig. 5 as the solid curve.

For l($ isotropic Gaussian turbulence — an idealised concept -

2 2 \
G2(r) K exp - ~~~~~. (l+~~~exp (~~~~(~~~) ,

)cos 
(~~~~~~~~

)) (5)

plotted as the dotted curve on Fig. 5.

Many interesting features may be noted but are outside our scope here. For those who wish to pursue the

subject further there are many challenging areas.
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Thes.- - quations show how the measured function derives from various turbulent conditions. The

inversion of the relationship leads to an estimate of velocity probability. For the more useful

methods of inversion it is not necessary to make any assumptions about the nature of the turbu lence (9).

Al thoug h the above calculations have been performed using a continuous model it has been shown that the
clipping correlator may realise a very close approximation to this in many situations. For further

technical details of the limits of accuracy and the mathematical and ph~ysical appro ximations the reade r
is referred to the Capri Notes (Refs . 1 & 11).

It has been noted (11) that 60 to 100 photons must be used to obtain a reasonable corre ogram from

a velocity accurate to a percent or two may be extracted. It is more satisfactory to obtain

all these from one particle but a few from each of several particles in the same fluid environment, with

respect to velocity field, will suffice. Of course there is now a great range of ‘real tine ’

possibilities, but sore changes in hardware design are necessary to realise the potentially high rate of

velocity estimates. A correlator which allows parallel extraction of each correlogram, obtained over

as little as )4Ls, with sore hard wired method of reducing the correlogram to magnitude of the speed

in the resolved direction, would be capable of operating as a real time velocity tracker with several
orders more sensitivity than the conventional analogue device for the equivalent purpose. The nature
of this efficiency improvement is also likely to reduce the problems of biassing and samping errors, so

much a problem in the more classical situations. The reasons for this are immediately obvious on
exai-ination of the mechanisms involved.

With due reference to section 3 we mqy consider that each particle gives an estimate of velocity in

cases such as counting and tracking. This will be a certain introduction of ‘bias ’ but has only been

incompletely considered in the literature. Part of the problem is propounded in Ref. 7 and a good

analysis is given by George (6) with other useful papers in the same volume. For photon correlation

the consequences are somewhat different as the weighting depends on the number of photons collected

from each particle. As faster particles, of which there are more, scatter’ fewer photons each (the

intensity is the same but the tine is sho rter) a correction in incompressible flow is automatically

applied to first order. Hence the simple linear dependence of sampling rate on velocity is cancelled.

Other biassing still exists and compressibility now makes the correction worse rather than better as in

tie case of individual particle velocity realisations.

Photon correlation will not help directly in the case of dependence of particle concentration on

acceleration history, the tendency for particles to clump and attenuate in turbu]ent flows because of

local centrifugation due to vorticity. This problem can be very serious and I b~iow of no satisfactory

treatment of the prob lem as yet. In ordered flows such as a von Karman street we have looke d at
velocity probability histograms to find that the re is a very sharp decline in particle numbers near the
centre of a vortex which has existed for some time . This is a much more restrictive specification on

maximum permitted particle size than the conventional particle slip leading to a velocity error. Both
are controlled by Stokes drag but affect the observed data very differently. There is sore small
crumb of comfort to be obtained by the use of photon correlation, capable as it is of retrieving
good measurements from particles much smaller than are usually used , an d hence less prone to ‘turbulent
vorticity sorting’ .

The advantages of photon correlation may then be summarised. Good velocity estimates may be obtained

from about three to four orders of magnitude less optical signal than is Usual for other processors.
A statistically stationary estimate of turbulence is possible in a t ime controlled only by the
turbulence phenomena, because small particles nay be available at greatly increased frequencies.
Biassing is correlated for incompressib le flow at low tu rbulence and reduced from other causes,
primar i ly due to the use of smaller particles. Another advantage , a t lcast as important is the
ext reme conceptual simplicity of digital correlation from the user~ point of view . The intellectual

hurdle between correlogram and velocity is the only area which ey det-’r peop le , bu t is easily crossed
by a little thought. The extra step of having to process data with a computer is now becoming more
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ac~epted and the failure to have a machine with a dial on the front calibrated in metres per aeoond
is no hardship for the engineers who are really forced to use these methods because no others will
suffice. The necessity of slight extra processing also perfor na the essential function of inducing the
ts~r to think about the information, what it means and the constraints on its accuracy.

5. REAL TI~~ MEASUREMENTS

Many parameters may be extracted from optical measurements of the laser anemometer type , and which
presentation format is desirable depends on the purposes for which the measurement is needed. In
tile earlier section we have illustrated how time averaged data may be obtained from very low signal
cases via photon correlation. If we invoke the ergodi c hypothesis in the case of turbulence and assume

— that there exists a characteristic period during which statistics remain constant to a given accuracy
from one sample to the next we may derive a ‘statj onary ’ estimate of the turbulence statistics. If
we observe over one or more such periods with a pboton correlation experiment it is possible to extract
mean velocity immediately and, by one of various methods, a probability of velocity v.a. velocity
histogram from which the rum ( ‘tu rbulence’) values, skewness and perhaps kurtosis, depending on data

F quality, are obtainable.

The re are many situations where real tire, or continuous velocity histories are required and since this
is not yet available from correlation and existing hardware the price of greatly increased signal rest
be paid. E~ién then all is not well as arguments about the accuracy of real tine measurements,
particularly with regard to results of later processing and the validity of inferences are still raging.
In general each particle, tested for suitability yields a measurement of velocity. Fro m a counting
system, of which several excellent machines are produced commercially this yields a train of data which
suffers all the problems of biassing. In principle this can be ‘smoothed’ (a general term meaning
that some of the data is altered in the belief that this will somehow improve understanding) and assumed
to indicate velocity fluctuation, or , more precisely, fairly random samples of it. By extracting two
pieces of data from each particle , the ve locity and the tine at which the sample took place it is possible
with adequate computing facilities to construct not very biassed probability plots and spectra (1k) but
the real time or cont inuous natures are lost. Depending upon the requirement this may not matter.
With frequency tracking systems it is conventional to hold the last velocity value until the next
opportunity to update. We rest mention as an aside that counting and tracking are merely different
me thods of achieving any or all of the reduced parameters we are discussing , but sore measurements
favour one method, some another.

Ar. unfortunate artefact of tracking is phase noise , which again is discussed by George (5) and is a
consequence of randomly distributed sampling (J÷) . For derivation of speotra fro m the tracker output
thIn oust be corrected. Phase noise arises when more than one particle contributes significan t
power to the si~ ial. Eve n though the two particles may have the same velocity, because th%’ are
embedded in the same slug of fluid, and hence emit the same fre quency there will be an arbitrary phase
change between them. The equivalent output exoursion which ia caused by tracking this phase change

has no relation to velocity, but depends rather on the particle arrival statistica. The spectral

distribution of those spurious excursions is fiat  to the upper bandwidth of the tracker for Poisson
distributed particles; the level depends on the particle rate via the probability of seeing two
particles at once.

Spurioua excursions such as phase noise will not lead to serious errors if the retrieved sigeal is to
be correlated with sore other parameter since they will be uncorrelated wi th most phenomena and hence

merely enlarge the background and reduce the leve l of correlation. Slight errors ray be manifest if
the phenomenon with which velocity is being correlated contains a dependence on vo rticity since this
nay also correlate weakly with fluctuations in local particle concentrations and hence phase noise magnitude.
In any real experiment the possible significance of these effects will have been considered and if
necessary the conclusions verified by pilot experiment — on a well understood system fb r example.

A.. .-~.-. -a-- 
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As a somewhat rough working guide some figures are suggested. If using a frequency tracker in the

sample and bold mode, that which for subsequent correlation or apectral analysis is most appropriate ,
it is necessary to restrict the slew rate of the tracker. A working figure is something of the order
of fi ve changes in output level for each oycle of the highest turbulence freqtency present. The

signals shown in Pig. 6 are typical Cambridge Physical Sciences tracker output from a very turbulent
jet at 7 diameters downstream. The fringe anemometer used a HeCd laser with 25i~m fringes with about

20 fringes in the diameter. The qualitative appearance of the signal is clearly seen as different
in the ..ifferent conditions. This also dictates an optimum dopant concentration with the possibility of
errors if this is not chosen correctly . The re are two criteria, ne ither exact. (a) The particles - -

should be at the right concentration and (b) the slew rate should be limited to the right value. Fig.

7 shows a schematic diagram of what can happen if the conditions are not net and corresponds to the same
layout as Fig. 6. It is seen that the best estimate is still not perfect as it could be if the
particles were uniformly spaced giving an associated Nyqvist freque ncy. The Poisson nature of particle
dis tribution serves to smear the frequency about which aliassing nay occur into an infinitely wide zone
of possible frequency folding limits yielding a flat background over the lower frequency region.
Deviation from Poisson statistics tends to narrow this zone but it may still be sore orders wide in
frequency space , complicating rather obscurely the interpretation of turbulence spectra. An obvious
consequence of sampling at too slow a rate (to o few particles) is the inclusion of turbulence ener~~
from high frequencies in the spectrum indicated to obtain at low frequencies (see Fig. 7). There is
much more to be said on these topics as experience becomes wider , but it is not appropriate to go into
greater depth here .

For many engineering purposes the above discussion is to be considered and should be include d in
the intellectual background of the informed user.

6. TRANSIT ANEMOMETRY

Using the now conventional system of fringe anemormetry a large number of interesting cases may be , and

some have been , investigated. It may be used in forward scatte r , which makes traversing cumbersome

or impossible ; it may be used at more or less ri ght angles where soattering efficiency may be very low
and access not always possible , or backscatter where signal is usually lower still and spatial
sensitivity, including the rejection of flare can be very poor. Fig. 8 shows a sche matic and very
qualitative look at the figures of merit for selecting collection angle for a typical anemometer
appllce—tion. The factors importan t for obtaining results useful in engine ering are (a) signal
level, (b) flare rejection linked to (c) longitudinal spatial resolution (d)  ease of trave rsing end
(e)  single sided access. It is clear from Fig. 8 that di fferent situations will favour different
angles of scattered light collect ion according to the relat ive significance of the above properties.

W e look at the most favourable criterion for making measure ment s ii. a rotating machine and find that
near backscatter is the only direction in which we stand any chance of making a measure ment . Even
at the optimum a fringe system is likely to pose many problems although these have been overcome with
great success in one application (17).

A way of improving flare rejection was suggested by Thompson (16), extended by Tanne r (15) developed
to engineering use by SchodJ. (12) and employed with impressive success by Eckardt (3). This system

exists under various names, 2 spot syste m, L2F, dual focus , transit anemometer and consists of
directing the laser power into two smal l Gaussian spots separated by a fixed distan ce, instead of
forming a larger Gaussian region containing s inusoidal fringes. The power density at the spot nay
be sore 300 times higher for the same laser power and the flare rej ection stop reduced by an equivalent

factor on area. The improvement in fl are light suppression is very ncnsiderable but the price to pay
is that fewer particle s oross the illuminated region, In practice smaller particles are now discemnable

events, but the statistical accuracy depends on total number and uniformity of events.

- ~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~ -—~~ ~~~ ~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ —~~~~ - —~~ - - -
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We will include a brief discussion of the data

LOG 10 TYPICAL available from a transit ~~~mometer . It ~~~ be
m shown that using two illuminated regions of space
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efficient for low turbulence and low data rate,

‘efficiency’. We require the time of transitSPATIAL

RESOLUTION 

: 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ depending somewhat on the metho ds of specifying

of a particle go ing through the first spot (A)
C and subsequently the second spot (s). Those

which go through ei ther A or B contribu te nothing
but background.

EASE OF

TRAVERSING 
d triggered by an event on A and events on B during

If multichannel analysis is used a sweep is

the subsequent sweep time are recorde d in the
appropriate tire domain store . For high

SINGLE SIDED turbulence most particles which go through A do

ACCESS not go through B but distract the analyser from

triggering again until one full sweep time later,00 90 180
FOREWARD BACK missing some of the ‘useful ’ even ts on A and B.

OBSERVATION ANGLE A second method of operation is to re—enable A
as soon as the next event occurs on B. This misses

Fig. 8 Schematic Depen dence of Collection Angle less events but the background is no longer
on Various Parameters. flat ar.d hence more difficult to correct for by

subtraction. If correlation is used the
distribution of probable event times of ALL particles which cross A and ALL particles which cross B
is recorded.

The usual ways of opera~ -‘g transit anemometers are to measure the correlogram or nultichanne l analysis
of detected events at different orientations of the two spots. Each corre logran must be transformed

from its function of probability of transit time versus time by some suitable non—linear process depending
on particle concentration biassing to yield a distribution of velocity probability against velocity.
A convenient trans form for incompressib le homogeneously seeded flow is point by point division by
velocity cubed and linearisation of the abscissa. The noise is then non—uniform but if sufficient
particle transits are observed this need not be serious . Consequences of biassing errors are almost

completely insignificant for all flow compressibilities if the turbulence is low , less than a few
percent (say). The way of identifying the flow direction from such measurements is to observe the

transformed oorrelogram at a number of spot orientation angles. A plo t of the veloci ty magnitude

at each angle is only weakly dependent on direction, as cos 9, where 9 is the angle of rotation; more
sensitive is to plot the number of correlated events normalised by the number which gave a signal from

the f i rs t  spot.

This amy be used to identify the swan direction to very high accuracy. For a few percent turbulence

and typically ~000 correlated events per correlogram at worst 0.50 arc accuracy is easily achieved.

Performance of this exercise yields redundant estimates of speed which may be combined to yield

typical accuracies of O.~~ or better. Plotted on Fig. 9 are the speed estimates from the same data

and the inferred cosine dependence from the mean of the speeds for the angle less than 1.50 arc. The

rime error is less than 0.2%. The scatter is great for longer distances fro m the me an angle because the

data are based on a much smaller number of correlated events.
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dimensional projection of velocity space becau se
the sampling spo ts are really cylinders. It these

mi ’ cylinders are long then we obtain a true collapsed

projection but if they are made short for reasons
0

112 of spatial resolution in thi s direction along the
laser beam then our projection tends towards a

_____________________ _____________________ sample slice. As the slice gets thinner so the
- C

0 information falls and sample time must be increased
- I but in practical terms the usual optical designs

preclude close approach to this limit.

0.8 Fig. 10 shows such a contour map taken just off
COR- the axis of a free jet — not a typical use butRE L AT ED

0.6
E V E N ~~ to assess a fi gore for tire averaged turbulence in

merely an illustration. The shape may be used

0.1. any direction, enabling assessments to be made of
iso tropic assumptions. Shear stresses in the

0.2 appropriate plane may be obtained from cross
moments of this contour but in principle higher

_________________________________________ moments are fully represented by the map. No0 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6
A N G L E  DEG I tine information is presented in this data fo rmat .

Fig. 9 Direction Ide ntification Using a A mode of machine operation which has been commonly
Trans it Anemometer. used, is to look at flows in rotating assemblies.

Although this will be discussed extensively elsewhere it is worthwhile to illustrate a trivial point.
For correlation analysis it is usual to enable the trans it anemometer system at a fixed point each cycle
of the rotating assembly . This has been done by gating the laser beam by eleotro— or acousto—optic
switches or by gating the correlator clock time. It is quite obviously more satisfactory to leave one
correlator channel fully operational all the tine and enable the other one at the required ti me and for
the required periods. This obviates any windowing convolut ion within the correlogram. It may be possible
in sore future application to gate the syste m with software thus enabling all points in rotor co—ordinates
to be obtained at the same time. But this requires time division multiplexing of cross correlated
reductions of the input signal.

7. FURT}~ R PRACTICAL CONS IDERATIONS

A few o ther problems which are often mentioned or actually occur may be shown to be irrelevant or
prevented by fore knowledge . Again these seem trivial when wri t ten out formally.

Vibration is often quoted as a source of error but is unlikely to be serious in rig s and engines.
Vibration velocities of metal components , computed as frequency times amplitude , tend not to exceed
about ins 1 as much more than this leads to physical damage . Aerodynamic velocities in rigs and

engines are greater than this by typically two orders of magnitude. If the vibration operates through

an ‘optical lever ’ problems could occu r but competent design eliminates this. Some uncertainty of

sampling position may occur in a vibrating assembly but this most be tolerated or the differential

vibration between rig and laser anemometer minimised in sore appropriate way; rigid coupling w i t h

flexible support for the whole experiment will suffice in some cases. Damage to the laser anemometer

may occur if the whole system vibrates. I have been rather careful with mounting s since I shook a

laser to pieces on a rough running engine with a nearly rigid cradle.
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Fig. 10 Contour Plot of Turbulence Probability Just Off Axis in a Free Jet.

In very high noise fields we have noticed that there is acoustic modulation of the laser output by
pressure changes in the laser resonator cavity. Acoustic lagging is a cumbersome but effective cure.
Other modulation problems have been noted , especially with photon correlation, which were first
attributed, to vibration but later found, to be due to photomultiplier gain modulation. Electron
trajectories in the tube were affected by cyclic magnetic fields from nearby electrical machines: the
cure was to improve the quality of i unetal magnetic screening of the detector. The re can be a
tendency to ascribe to vibration curious things wh ich are observed in association with rig work but
arise f rom othe r causes.

Vibration of windows can cause odd effects, especially if the surface is not perfectly flat nor free
from contamination. Beam walkoff at a few percent per reflection can give rise to scattered light
from surface dust. If this is inadvertently within the collection cone it may contribu te unpleasantly
large background even though it may be a long way from the focal region of the detector , or its image.

Windows thems~ Jves can cause a lot of problems, most often because those who design and build rigs
have lit i~ ør no experience of window design, properties and handling. Where different window s are to
be used for a~]put and output light they have different  criteria. The input iaist be of optical quality
— that is it r ust be free fro m inho mogeneities or surface defeots which might impo se wavefront aberrations
on the input laser beam. Quite small defects can cause a bad deterioration of fr inge pattern in bo th
spacing and contrast. In a two spot system any spreading of the spot or angular separation leads to
ambiguity and systematic error. Although the output window distortion amy change the spatial
resolution, the quality is not so importan t as the inf ormation is now encoded upon the light beam as a
frequency modulation. Even serious attenuation does not cau se erro rs but mere ly reduces the detectable
power.

Some general oomment s on window materials and design may help. For cold rigs we have found that
selected float glass is cheap and readily available , easy to work and clean. Always choose the
cheapest material and order lots of spare blanks — they will be neede d as some damage almoct always
occurs. Arrange that the window is mounted as a removable cell , both for cleaning and avoidan ce of
accide ntal damage as it can be placed in the completed rig j ust before the test. The physical
mounting of the transparent component should permi t good sealing if pressure differential s are to be

met and if thermal loading is to be expected a form of expansion compensation should be included. The

suCling is not merely important as a sophistry — it may be essential to prevent hot gases rro m leaking
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into the vicinity of the anemome ter optics. One unexpected disaster we once observed was that hot
rich combustion gases oozed past a quartz window in a stainless blank with face sealing ( inadequate ) on
both faces. Carbon was deposited around the edge of the blank and on cooling to sub zero night
temperatures afte r llOQ( running the window disintegrated with a mass of crazing. A second blank
crazed during cooling long before the rig was cool enough to remove the window for safe keepiflg.

The two most popular window materials are fused quartz (Spectrosil A)  and float glass. Many other and
more exotic materials may have to be used for unusual applications; fo r example a sapphire window was
necessary in a roller race for lubrication studies because of its mechanical properties, but the
essen ce should be on simplicity.

For oleaning window s we have used ‘Analar ’ Me thanol for general contaminat ion e.g. oil , dust , fingerprint s
and for more substantial dirt or stains , burnt on oil for example , prolonged soaking in one of the
proprietary decontaminating detergents is effective (e.g. DECON 90) . Any form of surface pitting will
need repolishing. We once sprayed a window , a large and expensive one as it happened, with molten
stainless steel and were pleased to be able to remove the streaks of me tal by acid etching, but it was
not a total recovery as the minute thermal craze pits at the points of metal impac t much reduced the
window quality.

One almost superfluous comment about windows is that they should be in the right place. Hot rigs often
expand many millimetres when operating and it is frustrating to set up a system and have the window
translate away from it as the measurements begin to get interesting. This is easily overcome by
constraining the rig near the plane of the window , transla ting the anemometer or enlarging the window .

There has been some pressure to keep to smal l lasers for rig anemornetry from the safety angle. Most
test crews unfamiliar with laser techniques are very interested in the laser and are uncertain what , if

any, hazard may be present. Even though every effort  is made to contain the beam at all times it is
always worth while taking so me tine and trouble to explain some of the details and potential dangers to
those who may work near the - nstallation.

8. INFORMATION PRESENTATION

Assuming that the foregoing has enabled us to obtain the measurements of fluid velocities and related
parameters the next problem is to transfer this as lucid concepts with ade quate quantification into the
headc of those who will use it. If the anemometer application is in response to a specific query then
this is made easier by the mutual co—operat ion of the parties concerned. If , as in many cases , the

application of laser anemometry yields information in a new and unfamiliar form there is a barrier of
conservatism to be crossed. It is difficult to offe r universal guidance but new forms of information
mu3t be considered in great depth. It is often in the interests of the experimenter to show

j u stification of the validity of his data and a well though t out approach to data reduction and
presentation format can help. Tables of numbers may be necessary but should not be the ‘first line ’ in
t ie  presentation of results, bu t a group of pic tures or even a physical model is better.

There has been a tendency to assume that fundamental properties with conventional names exist regardless
of the method of measurement but in extre me cases this is not entirely true . Let us consider ‘mean

velocity ’. The pitot probe is of course a non—linear device and if used to assess mean velocity has a

t rans fer function which has an effect  on the measurement depending on the waveform and other characteristics
of the velocity. The laser anell onater is a linear device and produces (with many reservations not
relevant to this point) a ‘mean velocity ’ which may or may not d i f fer  from that derived by other nethcxis.
Without wishing to enter the arguments of t ime series analysis and the theory of measurement of

fluctuating parameters we hope the trivial example shows that care must be exercised in statements of
the anemometer measurements.
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The availability of this linear technique, together with several others currently becoming popular, is

causing a closer look at information theory applied to real, measurements. Although it in no way
precludes the original use and presentation of data it offers a new tool to look in greater detail at
the fundamental processes upon which engineering realisations so firmly depend.

9. CONCLUSIONS

We have trie d to stress the practical aspects of appli~ations of laser anencretry and a number of
disparate topics have been discussed. Several ideas are discussed in t~.e light of our own experience
of the simpl e and usually unexpected things which may go wrong. As with the man who requested frie d
hippopotamus sandwiches and was told that there was no bread, the most elaborate and clever instru mentation

can fail entirely for reasons that , because each is trivial, do not get even the attention they deserve.
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