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À brief revíe{, is given of the basic 1as€r Doppler. syslems for floo velociÈy neesurèmenls.
DíÍferent optlcal arrangenents are discussed such as the refèrence beam node, the for$ard
scatter node hnd Èhe backscatter mode. A sillple lwo-componen! opÈical systen ic described
rhaÈ is capable ro measure tuo orahogonal velociÈy corDonents sidlultaneously. signal
pÍoc€ssing telirniques beinB considered are frequency tracking, digital counting and photon
count correlation. Ic is enphÀsized lhaÈ there is no universsl liser DopnLer instruncnc
thaÈ could belused for any flor, treasuremerÈ problen, Some sppljcation fi€Ids aÍe discussed,
for exanple flot, velocity treasuEemenÈs in hydrauLic engineering and flow field easutedeots
ir rhip resealrch.
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I. INTRODUCTION

rhe laser DoppIeà !echnique h3s becoEe an iÍnpor-
.ant tool for neasirrine local floÍ" veroeities in
dsny areas or sciefcc and Lechnolosy. Thc prin-
ciple of the Laser'Doppler velocimeter (LDv) is
based on the measufeoent of rhe frequency shifl
in tiqht scJtceredl by smaIl contaninint PàrÈicIes
diich are noving lriith th€ íld,r. The oost stÍiking
advantaSe of Èh€ lESe! Doppler melhod is that the
insÈlument does not disturb the tlot, field. Las€r
Í»ppler techniques'can be used for s r,lide
velocity Íantc froln Llre exEremely slou motion in
bioloBica) fluids lto hypersonic speeds in tind
Èunnels. Howévar, lit must bE eEphasized thac
there exisEs no u4iversal LDV s)'sE.Íí chal can be
used Íor any flow measurement problem. vany
different LDV cooíigurations eÍisÈ aDd Èhe flot,
probleltr Èo be att.aked should be considered v€ry
carefulLy befoÍe q choice is made foE a perticu-
lar LDv-set-up. lq maÍu cases it is even n€ces-
sary to cons!ruct,a sPeciaf LDV arrangenënc tor
a particula( flo lsituaEion. In literacure (l-3)
tulterous diíferen{ LDv syscems hav€ been des-
cribéd for variouJ apprications. The aiE of Èhis
papèr is t9 eive I Uriet revieu of Èhe basic
techniques Èoeechdr sith somc saoples of appli-
cations. I

2. 8ÀS1C LASER DOPPLER SYSTE!ÍS

In general, a tasër Döpp1er syscen consists of a

laser souÍce, an Qptical s:"sten, a photodetector
and a sisnal proc4ssor. MdiÈionsIIy, a frequen-
cy shiftcÍ is nee{ea is bidirecÈionrl velocity
sensing is requir+d. Many differen( coEponeÍÈs
can be used for elch of these basic elemènts.

Figure I Basic F.aser Dopplèr systeo elements

LASER

À brief revie,, is given in figure l. The nlost
IJidely used laser source is lhe He-Ne laser
having a fetj ltrilliwatts oí IiSht oulput poveÍ'
In situations where the intensiÈy of the scatter-
ed light is 10Í a nore pouerful Argon ]a§eÍ can

lbny dÍfferènt opÈical conÍigurations can be
used for laser Dopple ork. In noeÈ opÈical
sysÈems the heam fron the laser is §pliÈ into
tt,o psrallel b€ans which aÍe focused by a lens
inÈo the measurinS volune às i1lusÈraÈed in
figute 2. one can disringuish bet!,een fo ,ard
scatter nodes, iÍl which only scatte.od 1i8ht is
diÍected to the phocodelecÈoÍ, ard reí€reneè
beam oodes in shich scaÈtered li8ht is nixed
rqirh an undísturbed laser bea$. In the lsÈÈer
case the sensiÈive area of the photodiode detec-
tor is positioned at the refèlence beaÀ. Tlle
advantage of using Èhe rÈference beam trode is
Èhe eas€ of optical aliSnllenc and iÈ is found
that thi.s l[ode can be successfully appl.ied fot
liquid flow sysress ií 'rhích rlany scatlering
pa!ticles ate prèsent. For f1oi.' systeÍÍs wittl
a lou particle density, e.t. clean air f1ovs,
the reference bean modé is less suiÈed and the
forq,ard scattet Èechnique is then preferled'
The refalence bean node is also very convenient
to realize a tío_coÍnponenÈ LDv sysaefl that
Eeasures siEnrlcaneously two orthogonal velocity
cdnponenÈs in one point, Rather cooplicaÈed
optics are needed Èo do lhis for oÈher 6odes of
operat ion.
In situations ahere the flow car b€ ac€essed
only from one side the backscàtter ilode càn be
us€d, In Èhis node of operarion the tlansmiltin8
and receiving optics are situaled at one side of
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From Dracrical point oí vieu Èh. backscàtter Lcch-
nique seems to be the ideat neÈhod since then Lhe

complete optics' including thc PhoÈodetector' can

ue Luirt in a sinsle packase. Hotcver, ir §hou1d

be recopnized EhaÈ thr inÈens;tv ot backwrrds
scaÈrer;d lisht froE EdaIl Partic'les is abouE

100 to lo0o times soall€r coEPared ljíth the for-
eaÍd scaÈtered light. This Fean§ Èhat ÍDore lase!
ooser and nore coÍnplicatcd electronics "rit1 be

n""""t"ty ,o detect DoPPler siSnals uiÈh back-
scatter techniques For this reason the back-
scatÈer node is not alrays the &ost ideal solu-
tion lor every flos Éasuremen! Problem'

If the sian ot che vetocity coEponënt
sured has to b€ recovered the optical
msr be Drovided ,rirh a frequencv shi
order to give a pre_Ehift ií tiSht fr
for at :.eàst of one of the focused la
Frequency shiftinB is accomPl ished bv
Braie cetl or a rolatins radjal diÍf!
!in8. ]n syste$s having a frequency s
biai frequency shift is introdoc€d iÍ
Írequ€ncy signal.

being I0ea-

fter in

usine a

action gra-
hifrer s

rhé Dopplèr

FÍequenc)
Dopple! !
prr!ic1e
th€ digil

In certai

it impos!
íoÍ real
In such (

interest.

This bias frequeÍtcy corr€sPonds to zcro vèlo. ir.
and thefl positj.ve or n€gative vëlocities cín hr
recognized as frcquencies abóve or belov this
bias frequency.

Two pracrical optical arrangements ére s(h(...{t r-
cally shown in Íigures 3 and 4. Fi8ure 3 Bhd!'s r
tgo-co,trponent r€ference bealt sy§leD and fiSurr :
shoÍs e coa*ia1 b3ckscattel sysÈcm. Both sysle,
use a roÈaÈinB diffracrion Srating vhich fu r-
tioís as a beaÍn splitter and as a frequeDcy sl,il-
Eer. The use of rotatin8 gratin8s in laset lrop;-
l€r vetociEetty is described in more d€tail in
Íefelences (a) and (5).

Phorodetectors suited for laser DopPlet t.,ork r!.
the Eho LorDu I t i D I i e r cube oÍ the phoÈodiod(.
Atthouah che pÍrotodioae is less sensitive thin
Èhe ph;tomultiplier it i5 vely conveDient in
coniunction witl Èhe reÍarence bean mode herr,.'
Èhe optical siSn3I is alreadv amPtified b) tr,,
heterodyning elfecl in the refëtencé beab'
The funcLion of the phoÈodetector i§ to conv.Íi
Èhe optical signal iíto an electronic siAnal.

fti s sigÍ
thc forn

of siSnal

bur§ts. l
frèquencl
and the I
i s Lased
denodulal
vol tate i
!h€ iÍrs t;

a

o

MEASURING VOLUI.IE

HEASURING VOLUME

F

REFERENCE BEAM MODE

Figure ? Basic conÍigurations for lase! DoPpler sy§teos
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lhe v€ loci ly inforsation in
of Doppler frequency bursts.
s to the passage of a parÈi-

uring vol'rme. Different type
are available that extracl

rion froE Èhese frequ€ncy
ely used processors are the
h€ digital counling processor
lator. The frequency tracker
iple of wide-banC frequency

The principle of this insÈrunenÈ is based on the
digital countinS of individusl phótons. velociÈy
information ls then extracaed from the tine ave-
r€8ed auÈo correlaEion function of the photon
counÈs, The photon coËrelatoÍ provides only tinre
averaged infornation about the flo!, velocity
such as rhe rean veLociry and, uiEh some conpu-
Eations, also th€ turbulence intensity.

3. EXA}IPLES OE APPLICATIONS

The TPD (the authors institute) has been invol-
ved in the field of laser Doppter velocinetr],
sincè 1968. Most of the uork has been done on a
contÍact basis for indusrrial àod sciertifi.c
laboratories, Many LDv systens have been built
which are nos in use at several laboratories.
oÈher ihportant acÈivities of the TPD r'ere the
development of special LDV systèms fot unusual
flou situati.oos and the execution of heàsuremenÈ
programs. Be1otr', a brief Íevie$ t,ill be given of
Èhe .nost iÍoporÈant application fields.

nstrunena produces an analog
t lrhich is proportional Èo
ov vetocity.
equire a quasi-cont inuous
his is oot case, because the
the fluid flo(I is too Iow,
processor can be used. This

the digital measuremenÈ of

flces the intensity of the
be such lot, that only a fe!,
are derected, uhich oakes

Doppler freque cy bursEs.

e a frequercy burst suited

ton correlator sill be of

u
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scen lhat n€asures Èlro orthogonal velocity components siftultaneousLy
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In hvdÍaulic research th€re are manv flou' measLrre-

;;";'-;;;;r;'" that c.n be artacked eiÈh thc laser
DooDter Èechnique.
i,'iirir."i"' non-steldv flows ar€ of interest
iï.í-1. 

-".i"*,""'"r 
' thà orbitat moveaent in

;;;;';.;;; àna tte'vprocitv neàsurèhent in over-
toDoiíc waves at a brÈak'ater'
;';;;Ï ;;"." one reqrrires th€ instantaneous frot'

""r""i." to be recordPd' The use of a fEequencv

.ir"t"t', tt conjunction Írith a lou Poíer laser.
lnal à reference beaD optical systafl rs very sur_

;; ;.;-;hi" tvpe of ltràrt' Houever, ir should be

.""ri'"a ir,". iirn"p&.nt u311s aÍe needed for
ii.'i"ài,'rl" model; 'in 

order ro accPss Ehe flov
Ï;" ;;-i;l;;";;: rhe apPrication oÍ LDv techni-

"""" 
i. r'rà'r.rt" enginàering is discussed in

iove detail bY Godernoy (6)'

446

3.1 Hydraulic 1nE

3.3 Flow raté ts in pipe f 1oí5

rn this §ay velocil) profiles cnn b€ ploÈted

ouickty on 3 pàper striP chsrt recorder' In ca'.''

"tr"ru 
-tt" 

fro" profile is expectcd to be asltht-
t"i", ,f,i.tt occuts tor exaÍÍple near bends' it is
i."."*..a"a to neasure aÈ least tr'ro vclocitv Ir'-
Íiles in cuo orthoSonal direcLions'

lÈ lhe Tl

h:1vinB a

l,aser Dopple! t€chniques can be used to mea§ure

""i""i.il! 
in nío-Ph;se Í1oi's rhe 

'nain Problem
toi ir'i" tvp" of aPplication is the interpre-
i"i;"" .t 'tit" n€asur.ment lesults' Manv dlbp-outs
.""".-f"-.r,. Doppler signal and thè essenrial
;;;;;";i.; i. rà'a;stins"ish between the sisnars
;"""i;;-i'.' each phasà separaLerv' An exaEpLe

ài-, t""-pt'""" fIo$ aPPlicrtion is the trork bv

;.;";;; irt in vhich entraiment and mixing
pi"""rl".'li bubble col'rrnns ar€ beina studied'

Durins the last Íes years the TPD has pul a lot
it .rio.t in the aPplication oí Iaser D'PPl€r
i."tniqu." for r1ó!, measuremcnts in ship ensin-

".ii".l rr,i" work is do'e in close cooPeration

-iir, ir'" rl"tt".r^nds ship Hodel Basin (NSllB) ír
rl'";.i"e"'' on€ of the majot objectives 

"ra§ 
to

;;;;I.;"" LDv svsL€m for ÍÍeasurements in the

wake fie)d of shiP models' ExPeÍiEents have sh'''-
rh,t rhe rhree dimensionar w3ke field can bè

measured by using à forlrard scatter r'fere:1ce

i.. "y".", 
(8). l'Iork is in PÍosr€ss Èo mak€ §u'l

à sv"to, op"t"t;onal' Other exPerinents' 3lsu

.".ii.a ."i at the lisll8' '€re directed Èo thc u '"
öf backscaller techniques for Èhose §ltuatrons
uhëre it í5 inDo§Eible to apPlv the forltard
..,ii.i ,.a". lesults have beèn obtained uith a

,f,..ot "o.t"fuaot 
ií conjuÍcÈion uith a He_N€

iaser ano wirl real time digital Processrng usrtrt

a rOO Íou Argoí ion laser'
t"."ncry, Uà"t".rtter LDV oeasureFPnts have bètn

;;d. ..'; full scale ship durins its vovase at
sea. rtis vesser $as ProvidPd eiÈh uifldovs and

vefocity neasurements uere made near Èhe propel_

i;;;;;i"r. rt !ías round' hoseveÍ' that Provi-
.i""" í"., be maile to ProtecE the frag'ile Iascr

;;;-";;i;"4 the excessive wibra!ions that exisr

ar ful1 scale shiPs.

1.5 Thin filo Í rous
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:1.7 vibr:

o

The laser
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frces is
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shifted r

ties es a

d€rived I

be us€d ,
thc vibrÉ

3. 8 §-E!g

The laser DopPLer velocihet€r flÈasures the flotl
.erocitv at à sineLe poinc. To be ablè !o cmpute
.i.-""ií,"*i" Íliu rate the complcte velociLv

"l"tii". .. aÈ lèast seve!a1 poinLs' have to be

i."*reà' s".^." sinBIe Point measuYements can-

t" "..y tir" consuming we have.developëd an oPrr-

"àr "yi.À 
in vhich the measuring vórume i5 È!a-

".is"à ttro"gr, Èhe t€st section aulonaticallv bv

noving the fàcusing Iens bv means of a constant

speed electronic ítrotor'

photodetector
M

veloc i ty
This tect

less metl

3.9 Some

o

loser L, meosuring
volume

tigure 5
rlou in
ride) as

about 50
l-DV syst
i I I ustra

rototlng
groting L2 L3

figure 4 optical flrt". ono"tine in the backscatter oode

I

3.2 Two-Phas€ f I o\'rs

In chemicàl engineering consideràble aEtention
i; ;;i; ;; tte"phvsi"s-ot phase boundari€s in
."'Ii."lr. eirh ràspect to the mass Eransfcr ir
i;i;;;;;;; in thin iiro Írovs' rhe rascr DoPprFr

iË.t,"i"r. i" an idea'l merhod to §Ludv ÍIo\"' PIrx'-
."", iri *.r, rinv filn flous since anv other
probe vould alrasÈicallv disEurb Lhe flo"r Pl1tt'í:'
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.1.8 Speed neasuremenr of industrial products

1.9 Some ëxperimenral resu lts

1È thé TPD velociÈy lvariations have been measured
rn rhe exhausr of a ldiesefen8inc by using a frè-
qu€ncy tracker and 4 simpte Íeference beam opri-
cal s.)-sÈem. Ir oppe+ed rhar sufficienL scatrér-
ing particles uere rtescnr ir tt.e exhaust Bas Èo
follow f1oq, fluctuaÈlions properly. The experi-
nents were done in +nnection i,,irh a noise
abatenent study for la shiF engine.

finite size of rhe m€asuriíg volu.le. As soon as
rhe neasuring volun€ reaches ahe l,.lalt rhe LDV
system tends to E€asur€ zero velocity sirce the
light scarrering from Èhe uàll of the flo§
systeÍn is starring Èo dominate.
Figure 6 shors À velociry profile Eeasuremenr in
a pipe of 15 cn diamete.. This rèsulr was ob-
tained durirB flow rate neasuremenrs tor a
cooling eysrcm in shich a cercain ryp€ of oiI
Das th€ floiring medium. Àr the È€sr locations
the pipe was provided wírh Dindo!,s ir order !o
he able to access Èo f1ow. The velociÈy prolile
shons a dip because of the coDvectional fórces
in this typë of flor systen, rhe "noise" in the
curve ahoÍrn in figure 6 is caused bv rhe inrensë
turbulena tlucruàLions superimDoscd on Èhe tr.ean
llou velocity, Eorh results nrenrioned above h,v.
beeu obtaiD€d wiÈh a TpD Type 4OO Oprical System
operatinS in rhe referenc€ bem modi uhire trsing
a 5 mU He-Nè lascr. Tn boÈh cases frequercy§hiftiug by means of a roretiog graring \ras
applied Èo detecr rhe zero velociry of che flor.,
boundary. Frequency Èo voltaBe coDversÍon lras
achi€ved by using a TpD Type IO77 Frequency
Tracker.

l&ny LDV confi8urations are comerciatly availa-
ble but ir shoulC be enphasize.l aBain thar rh€re
ig no universal LDv insrrumenr.
For sone application fields lrork is scitl in pro-
8ress. For exan!1e, at different Dlaces research
is rDade to apply lasér Doppter tecilniques for

t. the TPD special (prics
Éeesure vèlocity prcif i tes
bavinq a rhickness df 0.t
volumes lJiÈh d imensilons or
hrve been real ized (9).

hav€ been used to
in chin film floers
[In ro I rm Measuring
about l0 un x l0 !n

(NS)ÍB) ir

rP engrn-

t3

€ propel-
prov i-

íLe las.r

He-Nc

3gé aÈ

The laser Doppler teEhnique cafl also be applied
aor Èhe re,note and conEactless measurenent of
oechanicar vibrarions. Lo§ po,er lasers can be
used because the light 6cattering by solid sur-
faces is much 60rè inr.nse conpared sirh tighr
scatrerín8 in fluid fIoes. Eor vibra( ion ncasure-
ents ao optical ser-up is used in rhich rhe rar-

ser is illuninated rith one laser besn while the
backscarrered light is nixed !ith a frequency
shifÈcd referenc€ bean. tn principl€, rhe signal
d€tected by th€ photoderecror cotrtains inforDa-
rion about the rarger velociry, but other quanai-
!ies as displacenent and acceleratior can be
derived fro.o the basÍc signal. The laser Doppter
vibration Eeter is in irarticular suited for rhose
sLluatrons where convenL ional transducers cannot
be leed fo! exanple because thëy ,outd disrurb
lhe vibrational srare or because rhe transducer
cannot be attàcheu to the objecr of lnrerest.

/r. CoNCLUDINC REIIARi(S

The examples of applications Siven abov€ shov rhar
the lascr Doppler rechriique ha§ becone a widely
accepted aool for flov velócity and speed lleasure-
oents, In principle rhis rechniqu€ can bc uscd
for .àny vélocity rncasurèmenr problem, provided
that Èhe nedium or objecr to b€ inve§ÈigaÈèd
scatter sufficieir laser lighr to derecr Doppl.er
si8nals and char Èhe area of inreresr can be
accessed opÈically.

flow phenr-

Ihe backscatter node is also very suired for Èhe
velocity oeasurenenr oÍ noving sotid surfaces.
This t€chnique can bÈ applied for many industriat
processes !,rhere Èhe 6peed of produced marerial
has to be nea§ured, in parricular if a conract-
less dethod is requited. A recenr exanple is rhe
sperd measurenenr of copper rube duriDg it6 pro-
duction by hydlaustaÈic exrrusion, rn this case
informaÈioa about velociÈy Èine hisrory ,as needed
for a betÈer concroi of rhe producLioo process,
other €xamples for !'hich the LDv can be used are
spÈed measurenenrs at rolling EiIIs in rhè sreel
aod paper indusÈry.

the ÍemoEe sensing in rhe atDospheÍe.

0,r o.2 0.3.....-xtmml
profile neisuremenÈ in
ride channel

sone resulÈs havc bcen ohcained
LDV systeos are srill in rhe laboratory stage.

t0

velociti
lcm/sl

suring
tume

Fiture 5 shovs a velocity profile of n laninar
tloÍ., in an excreDe sral t channet (only 0.4 ruDt{ide) as measured ,iÈh an LDv s},sten. In this
càse the lengch of rhe oeasurinq volum€ uas
Àbou.50 !m uhich is rarher smait conpared virh
LDv systems in nornal operarion. The resuLc
rllusÈrates rhàc no reliabte velociry dara can
be obtained in ahe lral1 reBion because of rhe

8

6

I

2

v
a 0.4

1
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