- OPTICAL VELOCIMETERS



OPTICAL VELOCIMETERS

by

.
JOHN HOU-CHEONG CHAN, B.Sc., M.Sc.

A Thesis, |
Submitted to the Faculty of Graduate Studies

fn Partial Fulfiiment of the Requirements
for the Degree /
Doctor of Philosophy ,/

McMaster University
February 1976

—_——

H
H

©  JOHN HOU-CHEONG CHAN 1977 3
» L et

L.

P R I P A i




DOCTOR OF PHIOLOSPHY (1976)° : .McMASTER UﬁiVERSTTY

" Department of Physfcs : ‘HamiTton, Ontario
TITLE: OPTICAL VELOCIMETERS
AUTHOR: JOHN HOU-CHEONG CHAN B Sc National Yaiwan University
o _ ' University of Saskatchewan
SUPERVISOR: Professor E A Ballik
_ NUMBER OF
PAGES: xvi, 242

i1



~ ABSTRACT
S ~ :

Three types of optical velocimeters are investigated in this
thesis. The first, which employs a laser source, is.the different{al
heterodyne laser Doppler velocimeter (DLDV). The ﬁecond, which employs f M"
a conventional Tight source, 1s'whqﬁ we refer to as the white 11ght ‘
fringe image velocimeter (WFIV). The third, which employs a Iager source, |
we refer to as Fourfer image ve1pc1meter (FIV). The Jatter two techniques ' !
are new and were developed during the course of this work. | f  f

The system paréméters-for all three velocimeters are inves {gated .f |
both theoretically and expériment§11y. The ma{n objective was to/'eter- |
mine optimum operating conditions for acﬁieving a high sighal-to;ﬁoise
ratio (SNR) and good spectral quality. |

In the cases of the DLDY- and HFIV the research 1nc7udgd extens-
ive investigations of the effects of recefver aperture size, particle
number density {(n)}, and detection angle; on the SNR. Theoretical deriva- !
tions of th# SNﬁ. based on optical heterodyning“and Mie scattering theory
for the DLDV and on fringe crossing and.Mie scattering theqny for the - |
WFIV, are found to have good agreement with carefully Eonduéted experi- i
ments. - - : - ) - \

In partfcular it was ‘observed that with the WFIV the SNR is
éroportional to n for n values correspon&ing to less than one particie
in the;probe vglume. The-SNR remains constant fof large n values. In

p T Tre—
the case of the bLDV, the SNR was always found to be proportional to n
rat T

when the coherént condition was satisfied. Consequently, 1t {s concluded

i



o . parable measurements were carried out empieying a DLDV It 1s found that

that the DLDV signal results aimost entire]y from coherent scattering, : ‘
/ *tven when the number of particles in the probe volume 1s as Tow as |
0.02 (the iower 1imit of the measurements) i o

\The FIV 1s designed to provide a large probe depth;, A deriva-
tion of t\ seif—imaging pnoperty of Fourier images {s presented in .
Chapter 8. Fourier images are ahresult of Fresnel diffraction\from a
periodic object, and have the properties of reproducing the 1ntensity
.distributio of the object. There is excellent agreement between theory
-and experiment on the functional form of the diffraetion patterns at and
near the Foyrfer image. The phenomenon at'repair of errors in the object
.is also observed

Pri iiminary applications of the two new techniques (WFIV -and

FIV) to the measurement of particie veiocities have been carried out ‘ - |

using a range of particle sizes, both on rotating disks and in fluid

'
flow. Ina ition, velocity profile measurements of water flow in a .

————

square duct{were carried out employing the WFIV. In all cases, com-

under certain conditions the techniques are comparable both 1n accuracy

—

_and sensitivity. ‘ ‘ .
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\ ' NOMENCLATURE
Only the more commonly used symbols are given below (Greek
¢ Tetters are gt#en'last).' Several of these symbols also may be used for
other Tess important quantities in the thesis, and this is indicated by

1

t. In all such cases the meaning should be clear from the context.

.

a . cross-sectfbn area of the incident beam at Tocation X.
¥ photocathode area rad{ated. |
B electronic noise bandwidth,
d perfodicity o%-a'grating, fringe spacing.
e charge of an electron. ,
E amp11fude of electric field (also ET,EZQ etc.).
f optical frequency (also f_.f_, etc.).
fD Doppler shift frequency.
sy bandwidth of Doppler shift frequency.
h Plank's constant. _
. -1T(e,§.h)scatter1ng function per particle for 1ight polarized

perpendicular to the plane of scqtte}ing (defined by
the direction of observation and the direction of the

.

1ncj&ent beam}. ‘ \
12(a,a.m)scatter1ng function per pgrtit]e for light paraTiei to

| the plane of scattering. | |

1(6,0,m) equal o [1(6,0,m) + 1,(6,a,m)]/2.

I,  ac current of a single scatterer."

Inc  total ac current.

ix



dc
0C

. H{x)

3(0)

32

‘=

=3
-+

15

AX,4AY,42

~

dc current of a single scatterer.
total dc current.

intensity of light source. - - 0._ .
1ight intensity at location x. - .
radiqﬁce (w-sr") 1q the oBserva@ion angle o.

pipe width.

index of refraction of the particle re1at1ve-t0‘the

surrounding medium.

R shape and visibi11ty parameter of the fringe pattern.

particle number density.

p&rt1c}e number'dgnsity having radi{ between a énd
a + da. |

tota1 number of particles in the probe volume.

power of }1ght source (P = [,a).

power of scattered 11ght (a1so'P(ei; P1(e1), Pz(ez). etc. ).

-efficiency factor for scattering.

radius of a particle. %,
transmission factor of a twojd1mensionaf object.
Fourier transform of t(xl,y]i.

field d15tr1bu$1on of a two—dimensiona] object.
f1eld distribution of a diffracted field.
velocity (magnitude v). '

volume of probe volume

dimension of probe volume 1n the x,y,z direction,

respectively.




7qptica1 waveTength'(aIso Agr Ags etc.).

- total scattering cross-section (¢ = wrz.Qs) )

e

¢

> -

" distance between two planes. T

siie ﬁarameteri;a = 2wr/r, where r is’theaﬁartiélef'

radius and A is the wavelength in the medium.

anguTar.vqume-scatteﬂ1ng functi_on'(cm"'1 sr'I).

quantum efficiéncy. e

=

phase factor (a]so_¢j).
anguiar fréquency (also mj).
solid angle seen by the detector (recetver).

-

xi
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CHAPTER 1
INTRODUCTION

In 1964, Yeh and Cummins [1] reported the first application of
a laser Doppler velocimeter (LDV) to the measurement of fuIiy developed
laminar water flow. Since then, progress has been made on mahy aspects
of the subject. This includes the analysis and design of new and |
improved optical geoméi;?EE“fgr one cohponent and ﬁﬂlti—component
velocity mgasufemeht, and the ;Esign of signa]—processing~equipmgnt
Specificaiiy suited to handiing laser DoppIeE signals. Application of
the LDV has been extended to measurement of turbulent water flow [2,3],
and turbu]ent air flow [4,5]. More fecently, the LDV has been applied
‘toa wider range of flow configurationé. - These 1ﬁc1qde-the measuremeh%
of_g§§111atofy water flow [Gj, the detéction of aircraft trailing vor-
tices 'I%];ifﬁp study of shock waves thrgugh water [8], remote wind
sensing.[g,fo}, the measurement of combustion flames [11], the meashre-
ment af electrohydrodynamic motion [12]. the investigation of super-
sonic flow [13,14], and particle sizing [15,16]. | |
The primary purpose of this research program was to seek a
better understandfng of the operating principles of optical velocimeters.
As part of'thélprogram-two new optical velocimeter techniques have been
developed. These techniques have assisted in the understanding of the
LDV and in addition should broaden the area of application of optical
velocimeters. The basic principles of the LDV, and related topics such.

»
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as optical heterodyning and coherent conditions, are'presented in Chab-
ter 2. - L, ‘

One of the commonly used configuration for the LDV is the differ- .

ential laser Dopp]em velocimeter. (DLDV) Ideal]y, this system employs
two intersecting beans of equa1 1nten51ty The two beams are derived
from: the same Taser source. A photodetg;tor. which collects the 11ght

scattered from particles travefsing through- the intersecting region,

. Produces an output signal whose frequency can be related to the particle
velocities. Two interpretations of the system prevail. One is the
Doppler-shift 1nterﬁretation. In this case, the scattered radiation is

regarded as being composed of two Doppler-shifted components, each
cofresponding to one of the incident beams. Optical heterodyning of
the scattered radia?ion résu]ts in a difference frequency which is
proportional to the vé]ocity. The other is the fringe~crossing inter-
p}etation. Here a real fringe system is present at the beam crossover
region. As particles cross the fringes, the intensity of“?the scattered -
11§ht is modulated at a rate directly proportional to the velocity. It
should be noted that both interpretations give the saﬁe détector output
[171. |

Drain []8] in his theoretical investigations of the DLDV
showed that there are two different contributions to the mean-square
signal. He referrgd to these as the coherent and incoherent contri-

butions. This termino]ogy 1s now used for classifying optical veloci-

meters. The Doppler-shift andifrfnge—crossing interpretations are thus

classified (in thfs thesis) as coherent and 1ncoherent modes respectively.

M111er [19] suggested that the caherent and incoherent contributions are -

N
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inseparabie and occur simultaneously. He showed qua11tat1v?ly that

the incoherent contributiop dominates at a low partigle concentration
of large particles (=5 uma; while the coherent confribution dominates
. at a high particle concentration of smail particles (.= 0.4 pm). Severé]
workers have treated the DLDV exc1ﬂ51Ve1y as efther a fringe-crossing
phenomenoﬁ [20,21] or as a Doppler-shift phenomenon [22,23].

The problem as to whether a‘DLDV 1s.best rebresented by the
fringe-crossing interpretation or‘by the Doppler-shift interpretation
is one of the subjects investigated in th1s thesis. Previous to our
Qork; no carefully controllied quantitative experimental results have
ever been reported. This resulted, to a iarge extent, from the diffi-
culty of performing re]iab]etexperiments. MoreoVef, the interpreta-
tion of experimental regu]ts depends on many intérrelated parameters.
These include the receiver aperture size, the particle number density,
the detection aﬁg]e and the particle size distribution. This thesis
presents the resuits of a wide range of careful fxperimenta] méasurements
" which indicate that the DLDV operates primar11y'in'the coherent'mode;
even at Tow pargic]e concentrations. This is confrary to the conclus-
ion reached by eariier worker; that the incoherent mo&e is dominant at
very low particle concentrations [1§,]9,20,21]. ‘

Much effort was devoted to the design and.optimization of the
DLDV system prior to performing the expefiments;' An important objective
{which was achieved) w§s to obtain consistent and reliable measurements

of the signal-to-noise ratio(SNR), and of the spectral characteristics



of tﬁe‘signal.' All the measurements are strongly affected by the '
optical arrangement as well as by the flow conditions. Chapter 3

- describes 1n de;ai] the expeﬁimenta] arrangement used together with
a critical eya1uatidn of its operating characteristics.

The frfﬁﬁééerossing interpretation of the DLDV led us to
develop a new technique based on projected real fringes in the flow
region. Since it can employ a conventional incandescent 1ight source,
we call this system the white 1ight fringe image velocimeter (HFIV)

__Brief]y, the fringe pattern is an optfcally produced image of a Ronch1
'_ grating. Particles traversing the fringe image produce a modulation
of the scattered radiation, whose frequency is proportional to the
vé1oc1ty. Note that the WFIV makes it possible to investigate un-
ambiguously the 1ncoherent mode, which is not possible with the DLDV.
A theoretical ana]ys1s of the fringe image system, together with the
result of investigations employing a rotating disk scatterer, 1s
presented in Chapter 4. The experimental results are compared with

similar data obtained from a DLDV.

Since the WFIV possesses a highly localized probe volume it
can be used to measure laminar water flow. Experimental results for a
1 cm2 square duct are presented in Chapter 5 and compared with similar
data for' the DLDV. It is found that under certain conditions the ulti-
mate senéitivity and accuracy of the two techniques are comparable over
a wide range‘qf particle sizes and velocities. Chapter. 5 also describes
the flow system and the properties of the particle seedjngé.

The development of optical velocimeters resulfed_brimar11y from



thegreat interest in finding ‘useful applications for lasers. How-
ever, the WFIV does 111ustrate that -a suitable system can be deVeIoped
without the use of coherent sources. However, further research is
required to establish practical applications for which the WFIV 1is
clearly sdperior to the DLDV. |

.

It should be noted that, in the same year that Yeh and
Cummins produced the LDV, a fringe-crossing technique was reported by
Gaster'[24] which;makes use of é transmission grating placed in front
‘of a photodetector. The image (at the grating) ofian iTTuminated moving
particle producgs a detector output frequency which is proportional to
the particle velocity. THis technique, although optically reciprocal
to the WFIV, is probably more difficult to apply. One disadvantage is
the relativé difficulty of locating the probe volume. A carefully
calibrated optical system_is required. In the case of the WFIV, a "
fringe pattern is actually projected into the fiow region. Thus only
particles'bassing'thfough the fringe patfern produce modulated signal;
other particles, even if detected, can'only produce a dc signal. One
reason why Gaster's technique was not further devé]oped may be that the
study of 1aser$ and their application were (and still are)popular topics.
Consequently, less attention was given fo conventional 1ight source
techniques. |

SNR is one of the most important aspects to be sfggied in
optical veiofimeters. Many parameters, such as the particle number
density, thé receiver aperture size, the detection angle, the source

power, and the particie size distribution, all affect the SNR. In



Chapferls, eﬁuations derived on the basis of optical heterodyning

and Mie scattering theory, are compared with experimental SNR data

from a DLDV. Apart from the effect of detection angle, which requires
further consideration, all other parametefs show .excellent agree-

ment with theory. In Chapter 7, simi]af compariéons betweén theory

and experiment are made for the HFfV. In this case, the theory is based
on fringe crossing and ﬂ1e scattering theory. Whether a DLDV is QOVEPHEd‘
by fringe-érossing phenomenon, or hx}DoppIer-shift phenomeﬁon is dis-
cussed in Chapters 6 and 7. )

Both the DLOV and the WFIV possess a highly Tocalized probe
ro]ﬁme (<1 x ]0'3cm3). ‘These techniques hgve been proven to be use-
ful for measuring particle velocities either on a plane rotating disk
or in fluid flow But for other applications, such as determining
the velocity of a 5011d body with a rough surface these techniques |
are not very suitable. h\standard optical system only focuses to a
small regifon in space. Very rough Surfaceé, however, will not always }
paés through this reginﬁ, and consequently, a very erratic signal
will result. An ideal technique would have a fringe pattanucqntihu-.
ously distributed along its projected optical path. Thus”ﬁodulated
signals will be emitted from all régions of the'roughvsur}ape which
intercept the fringe pattefn. Fourier images prqvide a réggonable
Vapproximation to the ideal.. Their application to ve]oéjti,measure-
ments, first developed by us [25], is called the Fourigr(image

Food

velocimeter (FIV)' ' B

'

Fourier 1mages result from Fresne1 diffraction d? a periodic

object [26]. Briefly, a series of images is fprmed when the periodic



-

object (e.g., a Ronch{ grating) 1s illuminated by a collimated mono~
chromatic source. Each image has the same perfodicity as the object.
The Fourier image reappears at 1nterva1shof 2 2/1, where d 1s the

periodical spacing of the objegt.and s wavelength. Between

Fourier images the diffraction patterﬁ reflects the periodic nature
of the object but has a func al form that depends on fhe distance

ffém the object [26]. The usable image depth for ve]oc%ty measure-

_ment depénds on the fringe spacing and the diameter of the c011ima?ed
beami“‘NonmaIIy; the depth is about 20% of the basic distance, ZdZ/A.

This depth 1s much larger than that for a DLDV or a WFIV. The theoretical

and-experimental investigations of the FIV are presehted in Chapter 8.



CHAPTER 2

£ -

PRINCIPLES OF THE. LASER DOPPLER VELOCIMETER

" This chapter describes the basic principles of the Doppler
shift of opt{ﬁa1 frequencies, and of optical heterodyning. Both
topics are essential for the deve1opmgnt of the LDV. Other‘concepts
often used in this field are also explained. These 1nc1udg the basic
operating principles of a gas laser, the problems of optical path
length equa]ization the chromatic coherence requirement and the
SKR of a LDV system The distinction between coherent and incoher-
ent detection is also discussed. a

~ A LDV system can always be classified into one of three
basjc systems., These basic systems are described in order of theif
devélopment. In addftion, briefhassessments ofﬁ?he SNR and the

operat{ng ease of each of the three systems are provided.

2.1 Optical Doppler Shift

~

The principle of the Doppler heterodyne technique is based
- on the frequency shift that a laser beam undergoes when it is
scattered from a moving pa;t{c1e. The basic equations for the
frequency difference between an incident 1ight beam and the 1ight
scattered by a moving barticIe, as measured by a stationary observer,

has been presented in detail by Goldstein and Kreid [29]. They

H
i
:
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4

e . A . - oL e
" wWith belocjties much Tess' than c, the following derivations are

“based: on elassic non-relatjvistic cohsiderations.

> o -0
-

state that a non-relat1v1st1c der1vat1on of DOppler Sh]ft leads to-
e o ;
the same expr;\§ﬁons as those derived from a relativistic p01nt of 3

{iew. For this reason, and also because we are mainly concerﬂed

2

Consider that a stationary monochromatic light sodrce, of

“ frequency_f0 and wave]ength A, illuminates a particle moving at a "

veTocity-? in a vacuum. THe relative speed between the particle
f\

and an incident wavefront haV1ng propagatIOn dlrect1on e (un1t vector)

[}

s ¢ - x.ei, where ¢ = f 2 1s the speed of Tight in the vacuum. The

rate at which wavefrdnts are intercepted and scattered by the moving

particle is [30];

fl

(c - 3.51)/30
= f - V.en, - o | (2.1&)
The wa§e1ength corrésponding to:tht gcatteredsfrequency is
T L : | (2.2)

.
1

Assume now that a stationary observer views only these secondary wave-

‘fronts scattered in a direction e,. - The relative motion between t St

observer and the particle is not changed if the particle is assumed
stationary and the observer is assumed to,be_ﬁoving at a velocity - V.
Thus, in a manner anaTogous to Eq. (2.1), it can be seen that the

observer intercepts scattered wavefronts at a rate

e er e Stk caa o



—h
1

. -
(c + v.es)/ls

t *> 7
+ V.
'f v eS/As

=f o+ V.le/n - ei/"o) . . (2.3)
When the velocity of the particle is much less than ¢, a_ = AO,.anq
“Eq. (2.3) dan be expressed as
- 3 - . '
fo = f, +_v.(e5/;/§§)[10 ; (2.4)
Conséquent]y the Doppler shift is
fD s fo-f, = v.(eS - ei)/k0 . B | (2.5)

When the particle is in an environment of refractive index n, an
Tdentfca] resuit is obtained provided Ehat the wa@e]ength A is
replaced by, A /n. In such cases, és and éi are aliso defined in the
refractive medi They can be determined by the in. vacuo values By
use of Sneli's lTaw. Thus, '

nv (A e
v.(e, - e

£ = i) : (2.6)
D Ao‘ . :

Although light scattered from a moving particle has been
assumed, the equations areua1so app]icab]e to Tight reflected from

a moving surface. The basic requirement is that the moving object

must re—émit.(scatter or refiect) wavefronts instantaneously.
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In an actual lasér velocimeter, the frequency shiftlis measured
by optical heterodynind of the scattered 1aser'radiation with a ref-
.erence beam derived from the same laser. Depending on the ve]ocimeter / '
configuration emp]oyed the reference can be either scattered or un-
scattered The component of veIOC1ty in the direction (e - e ) can |
be determined from the measured difference frequency and system geo-
metry by appropriate formulae. These are pravided for the ba51c LDV

systems in Figures 2-2, 2-3, 2-4, and 2-5.

2.2 Optical Heterodyning and SNR

‘Here we present the basic concepts of optical heterodyning.
Detailed tnformation_on~the subject can be found elsewhere [31].

Photomixing (heterodyning) ot optical frequencies is connnn]&
achieved by means of a photomultiplier. To s1mp11fy the derivation
consider that the scattered and reference beams are made co1nc1dent
on the photocathode, and that the1r wavefronts are paral]e] In
- addition, assume that both electric er]dS have the same po]ar1zat1on. e ‘
Then the total electric field 1slgiven by

E, = E, cos2ef,t + E, cosdnfot , | / (2.7) ?

I Bt 2 2 '

.where‘E1 and E2 are the amp]itudes of the individual waves. The‘pheto—

cathode current is directly proportional to the incident power and there-

fore ‘the photocathode current is

Il =A< Etz >, ‘ (2.8)

AR e L Al 4 Rt dmin e
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where A is the photocathode area radiated. The proportionality constant,

a, is giQen by

@ = PF | - (2.9)

where'p is the quantum efficiency, e is the charée of a single electron,
. T : e
h is Plank's constant and f is the average ‘frequency of the incident

1ight. After substitution of Eq. (2.7) into Eq. (2.8),’one obtains

I, =adAc< E12c0522nf]t + E22C0522nf2t + E]E2 coszw(fT + fz)t

t
+j;%§2 COSZw(f] - fz)t >
g S | p
=a A[§-+ 5=+ EE, cos2n(f1 - fz)t] . : (2.10)

B .

In Eq. {2.10) it is assumed that thé time avefage is over periods much
shorter than the difference freqﬁency period. Thus, the current can
be split into two parts, a dc current carrying no information (but
generating shot noise}, : r | /

2)

CL'eh o 2 : . =
Lic =7 (R +E7) | (2.)

and a signal term carrying information,

Ig =-a A EJE, cos2n(f) - f,ylt - < (2.12)

e e -
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The mean-square value of the shot noise, measured at the anode

of the photomultiplier, is given by [31]

1 2 _ 2Ge I

n de B

e

_ 22

, (2.13)

where B is' the noise bandwidth of the signal processing electronics, and

G is the cathode-anode power gain given by [32]

6= s | | (2.14)

- where & is the mean-secondary-emission coefficient of the n dynodes. The

mean-square value of the signal current is therefore

2
Is

2 2. 2

1 2 _2 :
Other sources of photomultipiier noise iﬁb]udgs backgroundé]ight

noise (amplitude EB), dark current 7hot noise, and the thermal noise in

. the output resistance (R). With adequate signal the dark current shot

noise can be made much smaller than‘the signal shot noise. In most
cases it can be neglected, and is done so here. The thermal noise,
however, is different. The value of the thermal noise power is given
[31] by (4KkTB), which is independent of R. But any reduction in the.
output resistance will reduce the output signal power. On the other
hand, due to the gain of a photomultiplier tube (PMT), only the shot
noise is ampiified; the thermal noise is not affected. Therefore, the

SNR (signal powef{noise power) at the output of a PMT is
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1 %R
SR = S |
I R + 4KTB

n /.

Cor |
Ga2A2E12E22R .
. SNR = (2.16)

_ s
ZEaGRB(E] + 2 + EB JA + BkTB

where In2 now includes the background 1ight noise and where Eqs. (2.13)

and (2.15) have been substituted.'.lt can be shown that if.

2 2 2 4kThf ‘
(E; + E,S + Ey DA >> 5 , : (2.17)
then Eq. (2.16) reduces to
©SNR = A E]zEZZ (2.18)
2hfB - E 2, £ 2, £ 2 : .
1 TRt h
For a typical value of G = 10]2 (6 =4, n=10), T = 300°K, R = 50 q,

and n = 0.05 (for A = 6328 A), the right-hand side of Eq. (2.17) is

approximately equal to 8 x 10713 watts. It is therefore very easy to

establish experimental conditions such that Eq. (2.18) is valid. Obvi-

~

.7.ously an increase in'n and/or a decrease in B will increase the SNR.

Equation (2.18) can be further simplified if it is assumed that
‘E] + E2 >> EB‘ This is always true if referencé—beam configurations are
employed. It is also true for other systems (e.g., DLDV) if adequate
precautions are taken to reduce the amount of background radiation

~ reaching the PMT. One technique for this is the use of a lens-spatial

filter combination to collect only the radiation scattered from the
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fbeam-crOSsovgr region. Consequently, the basic SNR equation can be
reduced to .
2. 2° - .
SNR = A ,E;_ .EZ . P'P‘EZP , (2.19)
E,“+ E, 172 .

where PI and P2 are the powers of the two el tric fields, respectively.

2.3 Light Sources and Coherence Requirements

In;fhis section we discuss the properties of light sources for
use in Doppler velacimeters. In an important paper Rudd [17] investi-
gated the possibility of emp]oyiag conveﬁtionalrincandescent light sources:
for Doppler Gelocimetgrs. Hishanalysis wa§ Sed on considerétion of
}he coherence requirements. Rudd conctuded that while the use of incan-
descent sources was theoretically feasible, it was very difficult to
apply in practice. The main reason is that Tittle power is Iefi after
~ the coherence requiremen;s are fﬁ]fi11ed. Since lasers can‘provide
both power and coherence, therefore they remain the only 1light sources
of practical importance for Doppler velocimeters. In barticular, CW

\ .
gas lasers are the most suitable at present; only they will be considered

in the following. e

2.3.1 lasers and Temporal Coherence

Temporal coherence can be related to the optical path 1ehgth

difference between two hetérodynjng beams from the same source. Fore-

P .
man [33] observed that the heterodyne signa[ﬁETglitude depends on the
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optital path length difference as well as on the number of axial modes
in the Jlaser. Howéver, for most applications, detailed know]edge of
the physics of laser action is not necessary to fully assess the required
broperties of laser sources. -
Basica]]y; a'cw gas laser consists of an amplifier within a

. 'resonant~cavity. Usually a dischafge tube containing atomic or molecu-

" lar gés at low pressure is employed as the amplifying medium. An elec-
tric dischafge'is employed, either at radip frequencies, or dc, to excite -
the gas. The amplifier is normally situated between fwo_high reflectance
‘hirrofs which form the resonant,cavi;yQ In many lasers, the gain band-
widgh is sufficiently large that several cavity resonanf frequencies can
be made to oscillate.

"The number of excited axial modes can be measured by emp}oying
a high resolution scanning Fabry-Perot interferometer or can be estimated

from the following considerations.

The axial mode frequency spacing is given by

8y =3 - | 3 (2.20)

SinceAmOSt lasers operate well above threshold for high iight,power out-
put, the gain bandwidth can abproach the line width, AfD, of the laser
transition. For example, the Tull width at half maximum (FWHM) of the

" o
neon transition at 6328 A is [34]

AfD = 1700 MHz . (2.21)
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Thus the number of excited axial modes can be calculated from

o

N:E&J. )
afy ‘ R
or
.ZAfDL
N = C . : (2.22)

The total electric field from a laser can be represented by -

E(z,t) = jg][Eo(t)]j exp{- i[ka - mjt + ¢j(t)]} - ; (2.23)
where j denotes- the mode number and N is the total number of excited
axial modes. The time dependence of the phase, ¢j(t), is caused by
small thermal and mechanical variations in the cavity length. Discharge
fluqtuation, mode competition, etc., can prdduce time variatioﬁ in )
[Eo(t)]j. A scattéring particle generalTy'spends a re]ativé]} small
time. interval Qithin the probe volume.: fherefore for most Doppler
ve]ocimeter%, the time vériations of both ¢j(t) and [Eo(t)]j can be
neglected. 0On -this basis, Foreman [33] calchiated the behaviour of
heterodyne5signa1 amp]itUde as a function of path length difference
and ﬁUmbef of excited axial modes. 'Some of his results are reprodﬁced
in Fig. 2.1. Note that the functional form of I(s) in Fig. 2.1 is
symmetric about & = L, and has a™periodicity of 2L.

Equation (2.22) shows that an ‘increase in L, which usually
results in higher power output with the same lasing medium, will increase

the number of axial modes. It can be seen from Fig. 2.1 that this




18°

————

Fig. 2.1: Behaviour of t;é heterodyne signal amplitude, I(4}, as a
- function of the optical path length difference, &, where
© N

§ is in units of the laser cavity length L. The parameter

N is the number of excited ax1a1 modes.

L)
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iﬁcreased laser power can be fully utilized only for zero path length
differences. For finite path length differences, the effective temporal
coherence of the laser light is aecrgased as the number of axial modes
is increased. Fortunately, optica]-ﬁgth length equalization can be
easily achieved in most of the LDV systems; examples will be discussed

in the next section. For other systgms, path 1ength differences of

integer multiplies of 2L will provide comparable performance.

2.3.2 Chromatic Coherence-

Chromatic coherence is concerned with the finite spectral width
of 5 tight source. It has been stated [29] that the spect?al width of
the Tight sburce for a LDV must be considerably less than the Doppler
shift to be measured. However this i§ not necésséry, although it 1is
desirable. According to Rudd [17], the-chrdmatic coherencé >equirement
is . ‘ .

- Af _ '
AN D -
IR | (2.24)

where A\ is the spectral width of the radiation employed and Afb is the
bandwidth of‘the\Dopplef shift. Thus, a highly coherent laser is not

essential for a Doppler velocimeter. Although rather surprising, this

conclusion is easy to deduce. From Eq. (2.5). the Doppler shift is

v:(é -e )
f = —=—1 . . © (2.25)

(=1

By differentiation,
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P
. .

. .a
D A

(2.26) -

If we employ the criterion that AfD 2 5fD. and let the source spectral
width ax = &x, then Eq. (2.24) follows. The negative sign in Eq. (2.26)
is omitted because we have converted from frequency change to spectral

widthn

2.3.3 Coherent and Incoherent Detection

" There are generally two extfemes representing the response of
a photodetector to a superposition of electric fields. One extreme is
coherent‘detection (heterodyne detection) where Fﬁe photocurrent is”
proportional: to |xE1|2. The other extreme is incoherent detection
(direct detection}, where the photocurrent is proportional to z|Ei|2.
In thg fifst case, the summation of the fields is perfofmed before
squarihg, while in the second case, after squaring. Review articles on
this subfeﬁt can be found elsewhere [31,35]; Here only detection
properties with significant ihportance to optical velocimeters are
discussed. |
‘ Consider that a group of particles is illuminated in a LDV,
and let theée partic1es be thg sources of Eils' Lading [36] has pointed
6ut that there will be either coherent or incoherent detection depending
on the configuration of the fight collecting system. This conclusion
can.be reached either from the van Citteri-Zernike theorem [37] or from
'thé antenna theorem [38] for optical heterodyning. According to the

antenna theorem, one can calculate an area in the "transmitter" plane
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-
-

‘ - ' i
(in the probe volume) from which scattered light will contribute to
the heterodyne signal. The heterodyne constraint (or coherent criterion)

is generally given by

) . . .
AR”R <A<, , o (2.27)

aJ

where AR is the receiver (detec%ér) area and fp is the solid angle seen °

by the detector. The latter can be expressed as

Ay
n - —— s . (2-28)
R T 2 _ SR

‘where A is the transmitter area and 7 is the distange between the trans-

.

mitter and receiver planes. Hence, Eq. (2.27) can be rewritten as”

AA | , .
RLal . ‘ (2.29)
z ; .

o

If Ap is given, then A can be determined from Eq. (2.29). If A s

larger than the area of the illuminating beams at the particles, then

one would call the detection system "coherent"; if much smaller, then X

"incoherent". - " \

A coherent arrangement can provide information about the absolute

i
|
1
¢
i
H
]
:
3
i
1
B3
:

motion of individual particles together with information about the rela-
tive motion between the particles. An incoherent arrangement can only
give information about the absolute motion of the individual partic]es.

As was mentioned in Chapter 1, the terminology of “coherent”

and "incoherent" is also used for our classification of optical velocimeters.
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This is based on tAe fo]iowing definitions: An optical velocimeter
which is governed by Ooppler-shift phenomenon is classified as being
in the coherent mode because 1ts rece1v1ng gperture must sat1sfy the ‘
antenna theorem for cases when there are more than one part1c1e in the
probe volume. On the other hand, an optical velocimeter which is gov-
erned by fringe-crossing phenomenon is c]assified as beinq in the in-
coherent mode because its rece1v1ng aper%ure does not haVe to satisfy
the antenna theorem. - Whether or not its rece1v1ng aperture meets the
antenna theorem (e.g., in the form given by Eq. (2.27)) is immaterial.
It should be nqted fhat Eq. (2.27) ﬁ§“app1icab]e°to monochromatic {or
quasi—moﬁochromatic) sources only. - Thus, to achieve meaningfu]ecoherent

detection employing conventional light sources, the temporal and chro-

matic coherence requirements must be also be obeyed, as discussed in

Sectigns 2.3.1 and 2.3.2:

2.4 Basic Systems for Laser Doppler Velocimeters

In this section, a briefndescription,of the LDV systems is
. éiven. Detail analyses of the-systems which have been used for our
experiments are described in'ghapfer 5. ‘The various optical arrange-
ments for the LDV can be classified into fhree general categories, as

fol]qws:

(1) Reference Beam Heterodyne System

This basic category can be subd1v1ded into two systems -
that of Yeh and Cummins, [1] (Fig. 2.2) and that of Goldstein and Kreid
. [29] (Fig. 2.3). The former was the first LDV technique to be developed.

The biggest difference between these twg systems concerns their beam

oo -

o e i ot

. ot PP L Niia
Mh rs b ek M d inh b e m e serinr i F L cm



Fig 2-2

MIR

T N

Fig'. 2.2:

MIRROR M,
| sw-umpmense |
| )
- |
ROR M, 1 BEAMSPUTTER
/; ————————————— o T R, PMT
\ !
\\\ E
\'}‘ l .
N —1, NEUTRAL_DENSITY
N , FILTER .
N |
LENS . '
L2 \ <LENS L3
\ E | ‘
) : ~_

LY L

. ' _l
b [Gin8 e]
Vv T [sm2 sin( ?)

Yeh and Cummins reference heterodyne System.
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other system does Yeh and Cummiks).
In the Yeh and Cummins arrangement, the optical system demands
very precise alNgrmment, requir€s extreme mechanical stability, and is

_—

somewhat difficy1t to opetate. Furthermore, it requfres path 1ength-7é
equalization for multimode be m"oﬁeration. |

The Go]dsteinland Kretd system:-offers considerable improvement
éver the former arrangement. In this~System the alignment of the ref-
erence and scatter wavefronts is accomp]ished simply by causing two
beams of coherent radiation to be brought to a common focal point in
the probe volume. With this technique, the reference and scatter beams
are in “"perfect" alignment as both radiations:are spﬁerica] waves con-
centric about a common focal point, and path 1ength_differencés are
easily minimized.

The receiver configurations of both systems are required to
‘satisfy tﬁe antenna theorem. In addition, both systems show an inherent
broadening of the frequincy specprum due to tge finite aperturés“of the
detection optics. This follows because for prsctigal apertufe sizes,

a range of velocity components are being observed. '

(2) Differentia]'Heterqune-Systan“

The optical arrangement is similar to that of Fig. 2.3
except that no feference beam is allowed to énter the photocathode (Fig.
2.4). A beat signal can be detected by heterodyning the scattered Fadia-
tion from a common scatter center, which is illuminated Simultaneous]y
by two ihtersecting beams. These beéms usually have approximately the

same intensity. Since both scattered radiations originated from a
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common scatter center,_they are preciserlgligned. Because of the
qifferential'heterodyne characteristic, the DOpplgr_fﬁequency iS indepen-
dent of the detection angle. Consequently, a large solid angle of ‘mixed
scattered radiations caﬁ be collected without intr&ducing signal fre-
‘Guency brggdening. This provides an enhanced SNR compared to the previous
system [22,23,39]. |

(3) Symmetric Heterodyne System

This system is characterized by a single incident light
beam at the measuring point (Fig. 2.5). The light scattered from the
same scattering region, but collected in two diffenent directions, is
combined through a beam splitter before entering the photocathode [39,
40]. This one-beam, dual scatter system performs simi]ar]y‘tolthe
difference heterodyne §ystem, and can be regarded as an iﬁverse to it.
However, it can nbt_uti]ize a large receiver collection angle, which
may result in lower SNR compared to the differential heterodyne system.

For most applications the differential Doppler configuration
is the most satisfactory form of laser velocimeter. For this r:ason
our research on LDV's has been primarily on the DLDV, and only that

LDV work is reported in this thesis.
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CHAPTER 3

DESIGN ‘OF A DIFFERENTIAL LASER DOPPLER VELOCIMETER

This chapter describes in detail the design and operation of
a differential laser Doppler velocimeter (DLDV). Considerable effort
was devoted to the analysis of the system with the objective of obtain-
ing optimum DLDV performance; The analysis covers differential hetero-
dyning, the intensity distribution of‘the fringe system, the character-
istics of-tﬁe probe volume and its effect on frequency broadening, and
the basic siéna] conditioning‘and instrumentation techniques employed.

The optical and geometrical requirement for optimum detection:
are analysed on the basis of the heterodyning processes. Experimenté]
observations of the Doppler signal, its SNR, and its spectral proper-
ties are also qualitatively analysed. Iﬁaaddition, experimental results
are prééénted to illustrate the importance of p]acin§ a ﬁinho1e in
front oFEa detector.

Many of the techniqﬁes described here can also be applied tﬁ
" other types of optical velocimeters. This chapter, therefore, should
dssist in the understénding of optical velocimeter techniques in general.

%

3.1 The Doppler-Shift and Fringe-Crossing Phenomena of a DLDV

This section is mainly in two parts. The first describes differ-

ential heterodyning of a DLDV and its relative merits over conventional
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refereBEe—beam techniques. Opticallheterodyning is considered as a
Doppler-shift phenomenon. The secohd part of this section gives a
derivation of the f;inge pattern formed by two intersecting beams. A
particle crossing the fringes produces modulation of the scattered
radiation. This we call the fringe-crossing phenomenon; The two

phenomena are described independently in this section. Further studies

and comparisons of their role in optical ve]ocimeters and their effect ‘

on SNR, are discussed in Chapters 6 and 7.

Figure 3.1 illustrates the Basic sysfem for our DLDV. ' A colli-
mated beam from a He-Ne laser is split into two parallel beams of equal
intensity (to w1th1n 0.5%). They are then made to intersect at an
angle 28 by means of a focusing lens. The unit vectors é] and éz des-~
ignate the direction of beam 1 and beam 2 respectively. Consider that
a particle, of velocity V, trevels across the beam-crossover region
{probe volume). The light scattered by the particle generally contains
components that have experienced two different Doppler shifts as a result
of the different angles of scatter from beams 1 and 2. Because of
the overlap, wavefronts of scattered Tight at the two different freq-
uencies emanate from a common soerce point. Consequently, they are
' aligned sufficiently weﬂl'to yield a useful heterodyne signal. Thus

the precise alignment requirement often encountered in optical hetero-
A dyning [38] is relaxed to the easily ach1eved overlap requirement.
From Eq. (2.5) the Dopp]er shift of the radiation scattered

into any particular direction es from beam 1 is given by

(af)y = (/2 ) (6, - &).0 . | SENCRY

e i L e e a——— e e e m
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Fié. 3.1

Basic system for the DLDV. Typical values for the pabameters
are listed in Tables 3.1 and 3.2. Both transmitter and
receiver lenses are Standard 35 mm Miranda lens (f = 50 mm).
The pinhole is placed at the image plane of the receiver

lens.
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Similarly, the Doppler Shift of the radiation scattered from beam 2

into the direction é; is given by
' ~ ~ +
_(Af)Z = (n/Ao)(es - ez).v . (3.2)

The heférodyne process thaf/occurs during detection provides a signal
that oscillates at a frequency fD equal to the difference between these

_two Doppler shifts, i.e.,
fy = (aF), - (aF) = (/2 ) (e - &) . @)

This fréquency is independent of scattering direction. Consequentf},
1ight scattered over a wide range of directions can be collected without
broadening Ehe*spectra] distribution of the heterodyne signal, and there-
fore the qetector position and aperture size can be chosen for a particular™-.
app]icatién;‘ For example, an increase in aperture size increases the
amount of scattered tight collected which results in an improved SNR.

Equation (3.3) shows that the signal frequency is proportional
“ to. the velocity component in the directioniof the vector (é] - éz). This
direction is perpen&%cu]ar'to thé‘biéector,of the two }nterseéting beams,
and 1ies in the plane defined by the beams.” For a particle moving in

the direction of (é] - éz), the signal frequency is given by

2nvsi ) _
fD=__.__n;21nB i y o (3.4)‘

~where & is defined in the medium of refractive index n.

]

Doppler shifts were used to derive Eq. (3.4). However, Eq. (3.4)
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can also be obtained on the basis of fringe grbssings. Each laser beam
form; é narrow beam in the focal region. For the ideal case, they will
have a diffraction 1imited diameter together with a Gaussian intensity
distribution. In addition, the phase fronts are essentially plane [41],
as shown in Fig. 3.2. For most applications, the two radiationg;;ré//‘
- mutually coherent and simultaneously polarized (or can be made so).

They will interfere constructively and destructively té establish a

set of closely spaced, interference planes (fringes) in the beam-cross-
over region. Acéording to Huygen's principle, the distance between the

interference fringes is given by

_ _A
4°mm o o o (3.5)

B

A particle moving with a velocity v perpendicular to the fringes will

scatter radiation modulated at a frequency

f=¥
or
§ = 2nvsine i ' . (3.6)
10 _

This is identical to Eq. (3.4).
' A first~pfincib]e derivation of tHe intensity distribution of
the interference pattern can be obtained in the following manner. Assume
that the two illuminating beams havé i&entica] intensity and intersect
in ;heir planar phase fronts, and that the relative phase difference at

the probe volume is zero. The electric field amplitudes of the.Gaussian
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beams™are then given by [41]

2 , ,
: N . .
Ey = Eoexp(- ;;?-5 1?].r) - ,
o v ' o .
. '!"22 .. - )
E, = Eoexpﬂ—‘—fg-— 1?2.r), .
- %o

S
-

whére W, is the beam radius at lje? intensity, E],.EZ are the wave
vectors, and F], ?2 are the radial vectors shown in Fig. 3.2. Note

that

kxcose + kysing , - ‘

K
54
1

34
T

kxcos® -~ kysine 7

-3
—
n

e 2= ¥ - (R 2 = v - @)

x2 + y2 +2° - (xcose + ysine')2

]

x%siny + yzéosze + 2 - xysin2e
éimi]ar]y,

2 xzsinze + yzcosaa + 22 + xysinZe'-,

T2

where E] and Eé are ghe unit vectors of the wave vectors E] and’k,,
respectively. Thé intensity of the total field (E] + E2) is given
by . . |

35

(3.7)

| (3.8)

k]

(3.9)

(3.10)

(3.11)

' (3.12)
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I = E.E*
. ‘ r]2 N | ' r.22 . o
= [Eexp(- — - if].r) + Egexp(- 5 - i?z.r)] X _ :
" . Wy
r22 N r22 .
[E exp(- ——E_+_1Ef.r) + Egexp(- S5+ iFZ.r)]
Yo Yo
? 2r]2 2r22
= E,"{exp(- ———1?) + exp(- -;rjg) o .
' //‘ wo ~ ) 0 I3 ) \.
2 2 ' . - -
(r "+ 1) | .
+ exp[- —rl—-—z—gL—J[Zcos(F].F - Eé.?)]} , . (3.134)
0 . N

after substitution of Eq. (3.11) and Eq. (3.12)

v

[ = Eozexp[- ;gz(xzsinze +‘y2cosze + zzfj[exp(gﬁiﬁ%ngg)
o : .. @

+ exp(- gﬁié%ngg) + 2cos{2kysine)]
W
0 .

o

= 2l exp[- -gg{xzsinze + y2cos®e +‘22)][cosh(2 Siﬂ?ﬂ)
W ! | -ii—g———
_ ' ] |

| + ‘cos(2kysine)] (3.13)

Note that I {s the maximum intensity of one Gaussian beam at the focal
““plane. l |

The cross-section in the center of the probe volume (x=0, z=0)

has an intensity distribution along the y-axis'which is given by
Ta

P S Y JE .

Nt b v

- 1~§ o £ 2 bbb i ? For etk

| 2
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< - (3.14)

Tﬁus thé.interference pattern, with periodicify A/2sing, is clearly
governed b} a Gaussiaﬁ intensity profile. Further consideration of
Eq.-(j.33)_wi1? show that the first factor in_sqﬁare brackéfs corres-
ponds -to suffacea of constant intensity which are in the form of ellip-
soids. Inlthe next seﬁtion,'the effective probe volume will be defined

ih terms of one of these ellipsoids. The second factor in quare

“brackets in Eq. (3.13) corresponds to the formation of fringes.

3.2 Characteristics of-the Probe Volume

The probe volume of a DLDV can be approximately defined as the

volume in which signals of significgﬁt'amp11tude can be generated by
1

scatter centers located anywhere within the volume [43]. As stated in

the 1ast‘sect10n,'the constant intensity surface is in the form of an
ellipsoid. For convenience, the probe volume can be defined by either
the 1/e or 1/e2 constant intensity surface re]ange to the geometric
center. Either of these two volumes will prbvide Qirtua]ly all of the
available signal. Note that the contribution from a volume element to
a photomu}tip]ier outﬁut is direc;]y proportional to the corresponding

elemental intensity.

From Eq. (3.13) the 1/e intensity ellipsoid (probe volume) is
given by |

 x%sinde + yzcosze + 22_- wozlz , A (3.15)

-

A 4 e e S e ¢ 7w ==
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where W, is the beam radius at I/e2 intensity. Here -
W, = 2AF/» _ . (3.16)

where F is the “f-number" of the beam {focal length/beam diameter).

From Eq. (3.15), the dimensions of the probe volume are
ax(1/e) = /2 Wy/sins

ay(1/e) = /§'w0/c056 , -‘ B - - (3.17)

az(1/e) = /2 Wy s o -

and the volume is

V(1/e) = 2 I >/ (3sin2e) . - (3.18)
The geometry of the above probe volume {s shown in Fig. 3.3. Similtarly,
the e]]ipsoid‘ ' T

x%sins + yecose + z° = woa , 3 (3.19)

represents the_]/e2 intensity surface. The d%mens{ons of this ellipsoid

are

-

Ax(]/ez) = 2wo/sine .
Ay(1/ez) = 2w /cose ; : - (3.20)

Az(l/ea) = 2w° R
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Fig. 3.3:

S
Ideal probe volume.l Signals of significant amplitud

. are generated by scatter centers located within the volume.

Two ellipsoids are defined. The 1/e2 ellipsoid passes through
the intersection of the 'I/e2 intensity profiles jf the two
beams, while the 1/e ellipsoid is tangent to the 1/g2 inten-

sity profiles.
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aﬁd the volume is
2, _ 3 _
v(1/e%) = 8w, /(3sin2e8) . _ o : (3.21)

This volume is about-three times as large as the one h?ev1ous1y defined
by Eq. (3.18). Its geometry is shown in Fig. 3.3.

Note that the probe volumes desctibed above are for the ideal case
of planar phase fronts. However, the probe volume is not governed solely
by planar phase fronts. Kogelnik [41] has shown that when a Gaussian
beam passes through a 1eﬁs, it will be transformed into another Gaussian
" beam whose minimum beam waist is not generally located at the focal

plane of the lens. The position and the radius of the new beam waist

are given by [41]

»

2, = f + (z1 - f)fZ/{(z] -—_f)2 +-hw]2/x)2} (3.22)

and

1/w22 = (1/w1?)(1 - 21/f)2 + (I/fz)(uwllx)z". (3.23)

where zy and wy are the input parameters as defihed in Fig. 3.4(a), and
f {s the focal length of the lens. The beam radii Wi and wzf'in the

two focal planes of the lens are given by

Wpe = AF/(nwy) . (3.24)

Wpe = AF/(mey) . (3.25)
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i MINIMUM

l... » .L ' ,.l BEAM WAIST

" Fig. 3.4:

(b)

Properties of Gaussian beam. (a) Gaussian beam transformed

by;a lens; (b) Fringe pattern formed by two intersecting Gaussian
beams. Generally, the two beams do not intersect at their m{nic
mum beam waists. Note that the fringe spacing at pla?e A 1§

smaller than that at plane B. !

/



S | . .'42

"As before, all beam radii are defined at the l/e2 intensity circumfer-‘
ence of tHe Gaussian beam. Consideration of '‘Eq. (3. 22) shows that
when. two para1le1 beams are brougﬁt to focus by a lens, the two beams
do not necessar11y cross at the1r minimum beam waists. The wave fronts
are only planar at the minimum beam waist. Consequeqtly, a particle
traversing the pkohe volume at plane A in Fig. 3.4(b) will radiate with
a higher'frequency than a particle traversing at plane B. This results
in frequency bfoadening of the Doppler spectrum. !

For a given system it is bbssible to calculate the frequency shifts
due1to the fringe spacing gradients [42]. In practical app]icaéions.
however, they can be minimized by adjusting some of the geometrical para-
meters. One method is to deviate the collimated beams from parallelism
. until the two beams cross at their'minimumabeam waists. In some applica-
tions, this can be done with the aid of a microscopé. Another method
is to make the 1aser-t9-1ens distance, 20 equal to the focal length, f,
of the lens. This is readily seensfrom examination.of Eq. (3.22).

Although -the - frequency broadening due to the gradients of the
interference patfern can be.virtually eliminated, that due to the finite
time of the scattering particles can not. According to Rudd [17] fhe

inherent Doppler width is approximately given by

where N i{s the number of fringes crossed by the particles. (In the

terminology of the Doppler-shift phenomenon, the equivalent equation 1is

e

_f_ngr . | ' N (3.26)
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given by A?D = 1/t, where t is the transit tfme of the particle}. This
frequency broadening is inherent to all-optical velocimeters. Its
effect on the resolution of optical velocimeters is discussed in

Chapter 5.

.3.3 Analysis of the Heterodyning Processes in & Dual-Beam System

The various heterodyping processes must be first uﬁderstood
before optimum conditions ¢$h be found for a dua]-beastystem. Figure
3.5 is included to assist in explaining these processes. For conven-
iénce, the probe volume is placed in the center axis of a flow tube
(the friﬁge.pattern is not shown); The velocity profile is assume& to
be symmetrical about the axis. Thus, all paréicles traversiné at an
equal distance from the axis possess identical velocities. The hetero-
dyning prodesses are classified into four categories Sccording to the

‘source of scattered radiation,-as follows.

(A) Radiation is scattered from an individual particle which is
simultaneously 111um1nat§d by the two 1aser‘beams. A particle moving
through the probe volume, such as/A1 in Fig. 3.5, be]ongs/;o this Eate-
gory. This process, often rgferred to as homodyning, is the fdeal pro-
qess'fdr a differential heterodyne system. Here no size limitation is
imposed on the receiver. The detector_output‘signal frequency peaks
at, and spreads about, the frequency fD = n?b.(é] - éz)lao. where é].
52 are the unit vectors as defined in Eq. (3.3). Note that there is

generally more than one ﬁartic]e in the probe volume. The electric

fields may add randomly or coherently depending on how well the coherent
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Fig. 3.5;:

Héterodyning processes in a DLDV. Four “heterodyning
processes are classified in the text. The processes can be
simultaneously detected unless a proper field aperfure is
placed in front of the detector. In ﬁractice the optimum
pinhole will only pass ‘radiation scattered from the probe

volume,
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: . h
" condition is fullfilled. Heterodyning of signals scattered from two

different particles in the probe volume is treated in category (D)
~ (B) Radiation is scattered from equal-ve]ocity particles (i.e.,
symmetr1ca]1y located about the axis) In this case..eaqh particle is

illuminated by a different beam, e.g., particles B] and B2 in Fig. 3.5.

Note that although both particles are separated by a significant distance,

they are still capable of being efficiently heterodyned because the
coherent condition is fullfilled. Since particles can be observed

w%th velocities from 0 to Voo tﬁe signal frequency ranges from f = 0 to
f= n? (e; - éa)/A . Particle pairs such as B, -and b, are less likely
to fullfill the coherent condition.

(C) Radiation is scattered from partic]es of different velocity

"which are 111um1nated by a single beam. Particles;c1 and,C2 in Fig. 3.5
are qﬁ example. The coherence requiréménts are the same as those for
category (B). In this case, the signal frequency peaks at, and épreads
about, f = Q.

(D) Radiatiﬁn is scattered from bartic]es pf different velocity
which are 11luminated by two different beams. Particles Dy and D, in
Fig..3.5 belong to this category. The coherence requirements are the
same as those for category (B). The signal frequency can range from
f =‘0 to f = fD' The highest frequencies correspond to particles inside
the probe volume, such as particles A1 and Az. For the special case
where the veloci;ies of-a pair of particles are identical (e.g., Ay and
Az). the process falls into category (B).

The above are the four heterodyning processes which can gehera]ly

b
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 take place in a DLDV. However, observed signals are'more compficated.
A1l the above processes, cao‘occur simu]taneoUSly and, in addition, the
scattered radiation is influenced by random particle motion and mu1t1p1e '
scattering. Theoretical and experimental invest1gations of categories.'
(R).and (D) are presented in Chapters 6 and 7.

It shou]d'be noted that only category (A) prodUces a homodyne
signal frequency. The other categories exhibit broad range of signal
frequencies from f = 0 to f = e Consequent]y, to obtain a well-
defined frequencyﬁppectrum requires that any processes other than (A)
must be rejected. This can be-achieved by inserting a f1e1d aperture
or pinhole in the image plane of the receiver system as shown in Fig.
3.5. "The pinhole shoyld be~chosen so that on]y radiation scattered
from the probe volume is collected. Theoretically, the diameter of

the pinhole is

dph = MAy(chz) . - : (3.27)

where M is the magnification (or reduction) factor of the reoeiver
system and Ay(l/ez) {s the diameter of the probe volume as given by

' . (3.20). It is sHoWn experimenta11y in section 3.6 that the optimUm

pinhole diameter is usually larger than that given by Eq (3 27) because

~

of 1ens aberrations

3.4 Signal Conditioning and Instrumentation : /

Since the main purpose of this research was to study the basic

t

property of the optica] heterodyning and of the fringe—crossing phenomena,
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T

relatively sophiSticgted signai condiéioning techniques were neither
employed or required. The frequehéy spectrum of interest ranges from
dc to above the Doppler shift Frequency. ;n-the range of 1nterest.
signal conditioning which could ‘in any way alter the power spectrum
was cafefuly avoided, - "
Basically, ébr the measﬁrements. one requires a PMT, a, broadband

voltage follower (or preamplifier) and a spectrum analyser, as 111ustrated
schematically in Fig. . 3.1. The functions and characteristics of these'

components are briefly described in the following.

3.4.1 Photomultiplier Tube (PMT)

-4

" The conventional PMT generally consists of thrae main sections-'

afphotoemissive cathode. a photoe1ectron focusing assembly, and a .
series of dynodes as shown schematical]y in Fig. 3.6. The u]timate _
frequency response of a PMT is 11m1ted by transit time spread [31]. This

Timit is well above any frequencies used in our experiments. However. |
the practical limit is governed by the .time constant of the load resistor,
Ry + and. ca\ingtance Cp. associated with the anode lead. The 3-d8 atten-
vation frequency is given by

B fc?mnl . _. 3 (3.28)

Note for our work, f was always less than 200 kHz. an RL of 50 kn was

‘found to be satisfactory.

It was shown in section 2.2 that the output of a PMT consisted of

a dc component proportional to (E]2 + 522)/2. and a costnusoidally
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)

vabying current proportional to E]E2c052n(fl - fo)t. The latter is
associated with the Doppler §h1ft frequency. Gain saturatidn of the
PMT.can be avoided if the dc component is checked during measurements.

If a large number of scattering particles aré_always present
1nAthe probe volume, then a continuous wave (cw) signal will be pro-
duced at tﬁe PMT output, as shown in Fig. 3.7(a). - When the scattering
'pafticle density is very sm;11. the DLDV signal is characterized by
bursts of Doppler frequency information superimposed upon a pédesta]
voltage, a§ ghown in Fig. 3.7(b). The Gaussian shaﬁe of the signal
follows the Gaussian intensity variation across the incident laser
beam,  The pedestal voltage arises from the dc component of the PMT
- current and represents a severe signal-conditioning prob1em The
] ratio of DOppler signal (volts peak to-peak) to pedestal voltage level
(volts) approaches unity for scatter particles passing through ;he
center of the probe volume, but rapidly decreases for scattering
particles near the'edgﬁs of-the probe volume. This is explained by
the fact that the two illuminating beam intensities are equal at the
- geometric center of the probe volumae, but are quite disproportionate
at the edges of the probe volume. . - v

Two PMT's were employed; an EMI $2565 and a RCA 6199. Both
héiznapproximately equal quéntun efficiencies at 6328 R (« 0.5%). The

former, however, has much h{gher gain and muéh lower dark current.

3.4.2 Impedance Matchi ing Amplifier

Since the frequency bandwidth required 1s not too great, a
gain in PMT output signal amplitude can be obtained by the use of a
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Fig. -3.7:
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DLDV CW SIGNAL

(a)-

PEAK TO PEAK /
SIGNAL AMPLITUDE 4

DLDV BURST SIGNAL

(b)

DLOV signals as observed on an oscilloscope. (a) CW signal
foralarge number of particles passing through the probe

volume; (b) Burst signal for a single particle passing through
the center of the probe volume.

-~
v



relatively high 1oad resitance. However, the spectrum analyser employed
has an input impedance of 50 ohms. Therefore a voltage follower (Fair- |
child IC 310) having approximately a 3 MHz bandwidth was_used for impe-
dance matching. With reference to Fig.'3.8. the voltage fq]]ower has

an input. impedance which 1s essentially resistive, and close to Ry»

and an output impedance which is essentially zero.

3.4.3 Spectrum Analyser -

Two Spectrum analysers were used; a Hewlett-Packard 85538/85528
and a Hewlett-Packard 3580 A. The formér has a frequency range of 1 kHz
to 110 MHz, and a resolution of 20 Hz. The latter has a frequency range

of 50 Hz to 50 kHz, and a resolution of 1 Hz.

3.4.4 Notse Sources

For our studies, noise can be classified into three basic types:
1-shot néise. 2-thermal noise, and 3-any other unwanted noise levels
which are significant compared to the desired's1gn¢1; Type 3 nﬁise
includes laser intermode beat signals and extraneous radiation sources.
Type 3 noise, however, will not be treated here. ‘

1(a) = PNT dark current shot noise establishes the lower limit
for detection. Thermionic electron emission from the photocathode is
the principal source of the dark current. This current {per unit area .-

of the photocathode) 15 given by the Richardson equation [44] "

e}
1y = ATexp(- —3) . (3.29)
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G
INPUT 0| (-
Re |
: ' Ci =001 pF
¥ Cg-Z.O PF
R =R 100 kQ
Ry» 50 N
—~

Fig. 3.8: Basic circuit for impedance matching amplifier. The input
{mpedance is = 100 kn while output impedance is « 50 Q.
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where T {s the absolute temperature in °K and ¢, 1is the thermionic
“work function of the photocathode material. The rms anode current due

to dark current shot noise 1s given by [45j
1 = al2ety(1 + =282, (3.30)

where y s the PMT amplification factor, g is an empirical statistical
factor (= 1.5), ¢ is the dynode secondary emission ratio, and B is
the measurement bandwidth. . o

1(b) - Signal shbt noise is caused by the random nature of the
photoemission and ;econdary emission processes. These produce a rms

noise current at the PMT anode of

Ig = ul2et () +6—j_L|-)B]V2 : (3.31)

+ X

where 1 s the rms signal current. -
2 - Thermal noise {Johnson noise) occufs in the PMT load
resistor, R . The rms valtagé_produced across R by the Johnson noise

1s given by the Nyquist formula
vy = [akTR B)V/2 : (3.32)

Note that the thermal noise power is independent of RL.

- Under normal operating conditions the stgnal shot noise is
significahtly greatar thap the other sources of noise. Howevar, the
latter determines the minimum useful scattering power for velocity -

measurements. A general discussion of SNR {s provided in section 2.2.

-
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3.5 Experimental Configuration for the DLDV

The basic parameters of the DLDV have been described in the
last few sections. These parameters fnclude the characteristics of
the probe volume, the classification of the heterodyning processes.

and the techniques of signa! conditioning and 1nstrumentat10n In

| this section we consider the complete experimental configuration of
the system. Its performance.is assesse& in the.nexf section.

The major commercial instruments emp]oyed‘for the DLDV are
Tisted in Table 3.1. Most of the equipment 1s also. used fer the
other types of optical velocimeters discussed in later chapters of this
thesis. Details of the optical alignment and determination of.some of
the beam parameters for a DLDV afe.presented 1n three parts. These
are (e) the trensmitting system, (b} the flow system, and (c) the -
receiving system. Unless otherwise stated, the following discussion
refars to the arrangement in Fig. 3.1.

(a) The transmitting system consists of a lasar source, a
beam divider, and a focusing lens. The He-Ne laser, providing 2. 5/
'at 6328 A. was operated in the TEM mode. The beam was non-polarized
and {ts intensity had a Gaussian cross-section. In addition, 1t was
determined by means of a Fabry-Perat interferometer that four axial
modes were oparating. Becaese of this small number, end‘because the G
optical path length difference (« 2 cm) 1s small compared to the length
of the optical cavity (u 40 cm), the Toss in the heterodyning is smlt
(as evaluated from Fig, 2,1). Consequently, no further effort was made

to equalize the two path lengths.
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Some Commercial Instﬁumfnts Used for the Optical Velocimeters.

Instrument

Manufacturer

Optical table (4' x 10')

He=Ne Laser (2.5 mW)
3~dimensional. translaters
Beamsplitter (A/20, R=T)

'Mirror (2720}

Pinholes . o
Interference filter (A=6328A+5A)
35 mm camera lenses

Photomultiplier Tubes (S-11 response)
Photomulitiplier H.T. Supplies

Voltage Follower '

Oscilloschpe

Electronic Counter

Signal Generator (0-600 kHz)
Oscilloscope Camera

Spectrum Analyser (1 kHz - 110 MHz)

Spactrum Anaxyser (5 Hz - 60 kHz)

Newport Research Corp., Model
RS-410 :

“Metrologic Model 920
Metrologic

Ortel

Oriel

Oriel

Oriel

Miranda, f = 50 mm
Soligor, f = 135 m

EMI 6256S, RCA 6199

Fluke 4158

Fairchild IC 310

Tektronix Type 547

Hewlett Packard Model 5245
Hewlett Packard Model 200 cd
Hewlett Packard Model 197A

(1) Hewlett Packard 141T Display

section
85538 RF section
85528 IF section

(11) Hewlett Packard 3580A
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. L/.
An important parameter of a DLDV is the laser beam diameter.
Approximate values only are found in the laser specification; accurate
values can only be obtained from measurements. For prictical reasons,
the diameter was measured indirectly employing the following techn{que.
Neglecting the time variation, the intensity of a Gaussian
beam at a radius r is
_ 2r2 _
I=1ge Ty _ | (3.33)
. where w is the beam radius at 1/e2 intensity. The total power of the
beam, . integrated over the infinite radius, is
rw
’ PO = | 2rnlrdr
‘0
- 2r2 ‘
rﬂ
= ZnIOe ¥ rdr
‘0
2 . .
= oI/ o | (3.34)

If now the beam is passed conhBhtrical\y through a circular aperture

of radius R, then the transmitted power 1is

= Pl -e LA S ©(3.35)

o
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Experimental measurement of P, and P(R) allows determination of w by
use of the equation |
we——YR__ (3.36)

n—%

-

where t = P(R)/P . Thus the problem of measuring the beam radius
"becomes that of measuring the power ratio t. and -the radius R. For
. our measurement a 1 mm diameter pinhole was emp1oyed The pinhole was
aligned concentrically with the laser beam by displacing it to give
:maximum detector output Subséquently. the piﬁho1e was removed, and
the beam power maasured From the, ratfo t and Eq. (3.36) fielded an
average beam radius w = 0.06 & 0.005 cm. ' | |

~ The baam divider consists of a high quality baamsp11tter and
front surface mirror (both 50.8 mm diameter and better than 2/20),
Measurements indicated that the two resultant beams were of equal
intensity to within 0.5%. In other measurements, the short term and
16ng term intensity variations of the laser source were about 1% and
5%, fespectiveTy.ﬁ The measurements were made after th8\1asar had been
operated for a minimum of two hours. ‘

The two beams were first made paratlel with the aid of a screen
Yocated sevaral maters from the beam divider. -A ;tandard'BS mn camera
lens (Miranda, £ = 50 mm} was employed for focusing into the probe
vo1ume. Such a lens provides relatively high optica1 quality at a
reasonable cost, Considerable care was taken to ensure that the two

beams crossed at their minimum'beam waists. Ejrstly. the laser-to-lens



distance (s]'+ S5 = 18 ¢m, Fig. 3.1) was kept as small as possible as
discﬁssed in section 3.2. Secondly, the fringe pattern was projected
_on a scfeen by means of a %40 microscope objective lens. In most casés.
the two beams were observed to {ntersect at approximately their minfmum’
beam waists, and no further adjustment was required. Any final adjust-
ment, when necessary, was carried out by means of fine pftch screws

“on the beam divider.

A more accurate method to observe beam 1ntersection is by
scanning the pattern with a pinhole. The scanned output should exhjb1t
a Gaussian intensity distributfon envelope. A typical scan of a
fringe image {s shown in Fig. 3.9. Note that the fntenéity distribution-
{s tlose to GausSian. as expected, BecauSe of the manqal scannjng

‘procedure used, the fringe spacings are somewhat distorted. ‘However,
the figure does‘111ustrate'that the two beams are indeed intersecting.

(b)‘ A full .description of the flow system is presented in
Chapter 5. For the present, we need only note that the test section
s a 30 cm length of straight, precision-bore square glass tubing, of
fnternal dimension 6f'1 cm. bepending on the experiment, either a
contant-head flow system or a gravitational-feed flow system was ‘

‘employed. The flow fluid consisted of de-fonized water seeded with a
controlled quantity of polystyrene particles. Unless otherwise stated,
all measurements refer to the center of the flow tube.

{(c) The réceiving system consists of two Tight cups, a collec-
tion lens, a pinhole (field aperture), and an interference f11ter The

PMT and tts auxi]l{hry equipment can be regarded as part of the receiving
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Fig. 3.9:

Photomultiplier output of a scanned DLOV fringe pattern.

The image of the beam-crossover region was projected into

. the image plane by means of a X40 microscope objective. The

photocathode 11lumination was limited by a 50 um pinhole
located on the PMY assembly. The whole assembly was mounted

on a x-y-z translation stage. The assembly was scanned

.manually to move the pinhole along the fringe axis in the

image plane. The recorder trace 1s linear with time. Con-
sequently, any variations in fringe spacing observed in the

figure are not present in the crossover region.
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'of s 1440, 7 o |

-

system. - These were discussed in section 3.4,

‘The purpose of the light cﬂps 1s to block the direct beams

~ from entering the detector at all detection angles; This helps prevent

.'photocathode damaga.

x .
A second Mirandn lens (f = 50 mm) was employad for the collec-

" -wion lens. Its effectiva fenumbar (lens-to-tmage) could be adjusted
An the ange 2 6 to 22, These values were obtained from mu1t1p1y1ng

" “the engraved f-number with a close-up correction factor [46]. For an

obdact which 1s at a distance of § times the focal Iength the correc-‘

~ tion n factor is given by $ t (8- 1) which An our case was usvally 1,37,

- The lens-to-object (probe volume) distnnce was primarly established by

the antanna theorem. The criterion used was that thé\f/22 col1ect10n :

~ aperture should satisfy the coherent condition. Other parameters )

_ ralated to the coherent area and the coliacting lens are given 1n

Table 3.2, R - S N

: *A pinho]e. approximate!y 38 um 1n diameter. was placed at the h
1mage point of theﬁreceivar lens. " This diamotor was found experimanta11y*
to give the best performancc in terms of the ob:erved Doppler spectrum

and the power S\, fdiation passing through the pinhole was filtered

‘by 2,10 A full-width at half-intensity bandwidth interference filter.

[t was then made 1nd§%ent on the cathode of the PMT (EMD 6266S).
~ The colledé;n lens and qpe PMT are both mounted on a bar which

- 14
can be rotated £ 65° abput a vertica\ ax&s Passing through the probo ’

vo1ume. The ere degrac reference corrosponds to the E*igctor of the
two 1nteraect1ng bqams. " The angles cou1d bc determined with an accuracy



Table 3.2: The Optical and Geometrical Paramptars for the DLOV
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onlis £0 Wl & mnn

(A) Transmitting System .
(1) TEMoo4 laser beam radius:

{2) Laser-to-transmitter lens
distance:

(3) Transmttter lens focal
length: . .

(4) Flow tube diameter:

(5) Beam crossing halt angle:

. {6) Minimum beam waist (radius):

(7) Probe vqumq parametars:

R

(a) Fringe spacing-
(9) Fringc numbcrs

. — .
!

(8) Recetving System

'TH(IO) Recetver lens focal
1ongth

(11) Objcct-to-Iens distance:

L h"' lens-to-image distance:

Wy = 0,06 £ 0.005 cm

S, = 6cm S, = 2 cmy Sy = 12 cm

f1 = 5 ¢m

w=1¢em

o 11°20" ¢ 15"

'- 16.8 um

(1) &(1/e) = 120.9 um. | T

- ay{1/e) =
©az{l/e) = 23.7 um |
V(1/e) = 3.644 x 10°%n’

() x(17e?) « 11 i
a(1762) = 343w
Az(I/ea) w 33,6 um

v(1/6%) = 1,081 x 107en®

d * 1,61 um

(1) Calculated: N(T/Qzl = 21,342

- 1) Mcasd}nd: :

: fé . 5 cm

px 18 ¢m

.oqe 7 ém

=)

24,2 um -

N(1/e%) =22 & 2

'a\.

2

:(contihucd) - .
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Table 3.2: The Optical and Geometrical Parameters for the DLDV (continued)
.

Magnificai}on factor; . M 0.5

(12) Pinhole diameter: “Agum—
(13) Receiver apertures: as balow

' ,ff} Engraved f-number - Effective f-number Aperture Diameter
16 22 ' 0.31cm -
1.9 - 2.6 2.6 ¢m

.

"Note:_[THe f/22 Aparture satisfles the Coharant condition An ¢ A%,
N Heré q is calcuihtad from o « n(Ay)2/4p2. whare Ay and p are
dafined above by (7) and (11), respactively, and A {s the
recdivor'apcrtura aroa.

b
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Tab]e 3 2 {s a sunnury of the optical and geometrtce1 parameters,
together with: typical velues. Figure 3.1 or F1g. 3. 3 may assist in
defining some of the peremeters. 8oth the 1eser beem radtus end the
beam crossing engle (20) are measured quantities. Most other para-.
meters are celcuIeted from these two. maasured values. The genaral
agreement between.theory and experiment on the fringe number indtcates
that the celeuIeted Parameters are reiiable te within the experimantal
error (x 10%“of the beam radius).

~ F
3.6 Optimum Detection Conditions for DLDV

In section 3.3 we discussed the use of -a pinhole to selact a
desired heterodyning pracess) Here we will describe in detail how ‘
the pinhole size was chosen and e1igned; and then describe 1ts-effeet
on SNR, on spectral quality, and on spectre1 broadening, The opti-
mum detection criterta are dascribed and analysed on the basis of
axperimental resulte. o

The selection of a pinhele 1s beetz&ehieved aexperimentally by :
using a range of pinhole diameter. Becauss of sphericel aberration,

- for example, the tdeal pinhole diameter clculated from Eq. (3.27) can
"only be regarded as a limitting velue,ln' st cases, the probe volume /
l_imege ts enlarged from the {deal size. fh e PNT, together with a pin-
hole, was mounted on an x-y-z translation stage so as to e\low align-
( ment of the pinhe1e with the tmage ef't e probe volume. The photo-
mu1t1p11er output was fed through a Vo tege follower into a spectrum

analyser. Alignment was achieved by 7 tatning the max tmum available
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SNR through adjustment of the translation stage. The'maximum SKR wild
always be achjaveq when the fmage of the proba\§01u§; s located at the
binhole. o | - .
_ . The maximEE\SNR corrasbonding to oaqh pinhﬁiéﬂéhployed was
obsarved anq recorded. Table 3.3 lists the pgwor SNR for different
reciever apertures and particle concentrations. A gravitational-

foed f]ow‘systam was amp]oyed for the measuremants. Each SNR was takan
from the ratio of the peak signn] to the mean value of the base11na.
The latter 1s obtained when the_f]ow rate {s reduced to zero, all other

detection parameters remaining constani. For mast measurements unless

otherwise stated, the “log display" of the spactrum analyser was emp]oyed. ,

Therafore. the SNR can be readily obtatned from the vertical sca1a of
the display, which 1s calibrated for 10 dB/cm. Note that the SNR of 3
woll-a119nad DLDV is 1ndopondant of the tota1 dc current provided the-
signal shot noise is largor than that of the electronics. This 1is
usually achieved by having sufficlent PMT gain. In most of our measure-
ments, the signal shot noise (tha.base Yine) was about 35 dB above that
of the §1octron1cs.

~ Genarally speakind. the SNR 1mpr§ves by about 6 dB in go{hg
from a 1nr§o pinho]e to one having a diameter of about 100’ﬁm (Table
3.3).  Thare is no improvement in SNR when the pinhole {s made smaller.
Howavar, a good SNR 1: not the- on1y raquirament for ve1oc1ty measura«
ments. Spectral quality‘a1so has to be cons1ﬂoreq. AThc effect of tha
pinhole on'thc ipnctral'quality 13 quite rcﬁﬁrkab1o. cOmparision of
the spectra takon with different pinholes are shown in Ftg. 3.10. 1In
all cases, tho PMT voltage was adjusted to. give simtlar dc anode curreant,
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Table 3.3: The Effects of Pinhole Diameter and Receiver Aperture on
the Pawer SNR of a DLDV.

e SO R mmYE
LY | (um) o)’ )"
25 5000 28 25
25 000 5 26
N T A 28
25 w3 o~
2§ 35 3 ‘ 3
T A - a
25 ow 29 2
0.2 - 5000 12 7
0.2 100 Bt N I
0.2 . ‘3\5 | 19 12

e '
: i Vd .
*The accuracy of the SNR is £ 1 dB at a particle concentration of 25

wepm (Weight part per millfon) and + 2 dB at 0.2 wppm.

- . .
Tl Sl et i et i ki e i s ¢ [

¢
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Figuresa.lo(a)'gnd 3.10(b) employad a $000 um pinhole, and receiver
apertures of f/2.6Aand f/22, rospec£1v61y. Figures3.10{¢) and 3.10{d) -
employed a 35 um piﬁhola. and receiver apertures of f/2.6 and /22, |
raspactively. Note that in either (a) or (b), the detected signal
ranges from dc up to a paak at tha maximum Doppler frequency In (c)
or (d), however, the signal is Timited to the Doppler peak, in sharp
contrast to (a) and (b). The difference results from the number of
heterodyning processes contributing to the signal (see sect1on 3.3).
Careful study of the spectra shows two other affects which are
diroctly or indirectly causod by the size of the raceiver aperture.

The first concerns tho roTativa:poker distribution of the fraquency

- spectrum. Except for the Doppler peak, the other s1gna1 ampfitudesuin
Fig. 3.10(a) are lower than those of Fig. 3.10(b}. Nota that the

receiver apertura (£/22) of (b) satisties tha coherent condition, whiéh
results in ﬁn over=all higher haterodyne éignal. On the other hand,

the receiver aperture (f/2.6) of (a) does not satisfy the coherent con=
dition. Therefore only. the 119ht'scutterad’from the beam crossdver“
ragion 1s efficiantly heterodyned’ (hetorodyning process category (A),
soction 3.3). Also.note that nIthough tho relative power distributions

" are diffarent, the ShR's at tho Doppler peak are upproximately aqual (at

this particular particie concentratfon). . It shou1d be clear ‘that SNR
atone doey no detarmine optimum condition for vnlocity mcasurumonts.
Spactral distrt ution. as discusaed hera. should als0 be considered,
The sucohd effdéct concerns the residual frequency components presented
tn a Dopp\o peak. Comparison botweon Fig. 3.10(c) and Ftg.™.10(d)
shows that although both spectra are similar, they have diffcrent

"
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Fig. 3.10: Dopd€er.spectra from a DLOV. (a) and (b) employed a 5000
um d{ameter pinhole. {c) and (d) employed a 35 um diameter
pinhole. The recaiver uparturé tor (a) and (c) was /2.6
while that for (b) and (d) was £/22. The IF bandwidth of
the spectrum analyser (Hewlett-Packard 85533/85528) was
0.3 kHz, the scan time was 2 s/cm, the centre fraquency
was 10 kHz {corresponding Eo v\; 1.6 cm/s), and the scan
width was 2 kHz/cm. The de-tontzed water was seeded with

. 0.62 um diameter po1y§tyrenu_part1c1os at a particle con-

cantration of 26 wppn.
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frequency distribution, particularly away from the peak. Attempts to
‘dccrease tho “sidebands" components by employing a smal]er pinhole
for Fig. 3 10(:) ware not successful, ~ Howaver, the effect was later

found to be dependent on particle concentration (n). The "s{dabands"

. diminished at lower n, and completely disappeared for n g ! wppm. They =

are believed to be due to multiple scattering wh{ch‘is a function of ‘
particle concentration. Light from regions that should have teon blocked

by the pinhglo are now detected by multiple scattering. However, if the
'-siza of tho'rqcaiver aperture is raduced. as {n Fig. 3.11{d}, the light
collacted from the random processes is also reduced. Note that the SNR
~of the Doppler peak rematns constnnt.at high particle concenttat{on.
irrespactive of the receivet tpbrtutt., The signal level, however, s °
clearly a function Qf the receiver upartura.

' We how consider the affect of pinhole diameter on spectral
broadentng. Figures 3.11{a) and (b) and Figuras 3. 11(c) and {d) rapre-
sont the’ spectra obtatned from a 25 um and & 36 um pinhotle, rospoctive]y

A £/2.6 receiver aperture was used for (a) and {c) and a f/22 aparture
for (b) and (d). Careful study of the figures show that although the
SNR's are equal,. thetr bandwidths are not, This can be seen by com-
parison of (a) with (c), and (b) with (d).. For a given receivar aper-
ture.-the spactral width obtained using a 25'um pinhole 1s about 5%

larger than that using a 35 um pinhole (measured tt 1/2 1nttn§1ty points).
The bandwidth obtained employing a lﬂwum pinhtle was even larger., A
smaller pinho\a in%effect reduces the measured prode volume. Consequantly
particlo transtt time is raductd. whtch results 1n a larger spectral

o

‘ A
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, &
Fig. 3.7 Effact of pinhole diameter on spéctral broadening. (a)
~ and. (b) were obf‘a_ined with a 25 ‘ul\i\pinhofe; (¢) and (d)
with a 35 um p1nho1d. Tha reééi‘ver aperture for {a) énd
(c) was £/2.6; that for (b) and (d) was £/22. The scan
width was 0.5 kHz/cm. All other caption data in Fig. 3.10.
apply.
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width. Pinholes larger than 35 um tntroduced additional haterodyning

processes and consequently spectral asymmetries and broudening of the -

signa? _
On the basis of the above consideration. it was founn tnut a

35 um-dfameter pinhole providddﬂoptimum performance in our DLbV con
figuration. This diameter is about thres times larger than calcyfated.
As mentioned before, lans defacts sdéh‘as'sphoricn1 aberrations tan
cause enlargement of “the image size when observing an object which is
wn approximation”no a-point source, as in our case. Furtharmora. tha
raso1ut10n of standard camera lens fis gonenn11y poorer thnn expacted
from diffraction considerations. Note ‘that an appropriate pfnhole can

st perform fts function even though the image is enlarged due to .

. lons abenrat1ons. As long as satisfactqry results can be obtainad an

. oxpnnsivo. high resolution receiver Tans 1s not" necessary. ‘ ‘
. Tha various catagories of hotdrodyning processes (aection 3.3)

- can be 111ustratad axpcrimanta?ly by placing a pinhole at different
horizontal positions in.the 1magu plana. Figune 3.12 shows the results
of such measuremants employing a 35 um pinhole. Figure 3. 12{a) was
obtatned using a £/2.6 receiver aparture. while Fig. 3.12(b) .
omployed a f/22 roceivan aperture. Note that the probe volume was

" loca ted 1n the center of the flow tuba. Consaqunntiy. each probe corres-

ponds to thu diffarontial hotarodyning of two symmetrical points whfch

possess identical velocity (see Fig. 3.5). Furthermore, the intenaity
of each peak 1s governed by tha‘nmplftude anveIone'of the spectrum
obsorvod'niing a large pinhole. -tnig can be seen by compar{ng thg"
relative amplitudes of Figures 3.12(a) and 3.12(b) with those of
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Fig. 3,127 Moos'urem'ents of the V;Mous hotur'odyn'lng'procossos. The ..>
' pinhole location on the image plana dat;orminos t':horpt:smon
~of the region in tha flow voluma. Each'poak corrasponds
to a particular flow velocity in tim flow tube: The lowor
 thé froqugndy. 'tho»closor the maasuring po1nt‘ approachas
the wall. (a) was tukon'with,a- raceiver aparture of £/2.6;
(b) with a receiver aperture of £/22, Both sots of neaskro-

inents employed.a 36 um.‘pin‘holﬂ.f A1l other caption data in
Flg., 3N0 apply. w a
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N
Figures 3.10(a) and 3.16\;), respectively. The function of the pinhole
is thus twofold. It detebmines both the observation region and the SNR.

T e e et ‘;.‘.\

Note that 1n'thé\bart1éu1ar case of the dat§ 1ﬁJF1g. 3.12, the highest ; i
SNR occurs at the_highgst frequency. This results from the probe

voiume being at the makimum veTocity‘regibn of the fliow tube. Note ) ' o
also that'fn geheral, the highest SNR corresponds to scattering from

the crossover regign: This properfy can be uséﬁ either to locate the

pinhole positﬁon corresponding to the'probé'volume, or taken toéether.

with frequency measurement, the position of probe volume at a particular o

velocity. | | o
3.7 Summary

We have an#1ysed the {mportant probert1es of a DLDV and have
shown éxperimenta11yﬁhow optimum performance can be obtafned. In parti-
cular, spatial filtering, by means'df a suitable pinhole on the 1mége
plane of the receiver lens, 1s necessary. Firstly, 1t.determ1nes the
measuring region in the flow-tube. Secondly, 1t is required for opti-
mur SNR. Finally, 1t provides an improved spectral quality and spectral

width. These parémeters should be carefully investigated before a

DLDV system is used for accurate ﬁ%asurements. Othér'important para-
meters which affect the SNR include the recéiyer aperture, and the
‘particle concentration. Further theoretical and experimental studies °

of .these parameters are described in Chapter 6.
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4.1 Experimental Arrangement of a WFIV

n

CHAPTER 4
k

- -
-
p

DESIGN OF A WHITE LIGHT FRINGE IMAGE VELOCIMETER

This chapter introduces the experimental .arrangement of the
white 1ight fringe image velocimeter (WFIV) and the optical and geo-
metrical properties of the fringe image. A§ mentioned in the intro-

duct{on,_one interpretation of the DLDY is thag,real fr1ﬁges are

formed in the flow region. Particles crossing alternate bright‘and

-~

dark interference fringes produce a modulation of the scaﬁtered rad-

hat 1t uses localized

~{fatfon whose fﬁequency 1s proportfonal to the floiDVelocity. The

new WFIV technjqug 1s similar in principle except
fringes formed by the optical image of a grating /{e.g., a Ronchi grat-
ing) 11luminated with an incandescent sourcg.'

A simple techn1que is also presented to asjsess fringe visibil-
ity and image depth-of-field. o i |

Finally, comparisons are made between DLDV and WFIV measure-

ments employing a rotating disk.

Figure 4.1 11lustrates the experimental arrangement for velocity
measurements using an image of a Ronch{ grating. This type 6¥ grating
has alternate opaque and clear sections each of uniform wid{h. The
image of the grating is formed in the flzz\?égTah\by means of the

imaging Tens. Best results are obtained when the chromatic aberratfons

73
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, Fig. 4.1:

Experimental arrangement for the WFIV. The imaging lens

.(1en5'1) %drms an image of the Ronchi grating in the Flow

region. .An image of the -lamp filament is formed in the
region of lens 1 by the condenser lens (Iéns 3). A s1mp11-

e
fied fringe image pattern is shownfinbthe inset. In this
I

~ figure, the'photomu]tiplier is shown in the backward

scattering position.

h
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and image distortion of the Tens are small. Standard lenses for use
with a 35 mm camera were generally found to give satisfactory‘perfof—‘

mance, pﬁovided that ;hé‘ffinge spacing is not too small. A standard

condenser arrahgement 1s uéed to give a fairly uniform image intensity -.

i.e., the condensing Tens forms an image of the source (incadescent
1amp) 1n the region of the {maging lens, ﬁote that in Fig. 4.1, the
detector {s shown in a backward scattering position. Forward scatter-
ing, however, may be more suitable for many applications.

In th1§ section we consider only a brief aralysis of the method;
further.deta1]s are broVided 1n‘the‘?o]10w1ng Sedtions._

_Let,b be the spac1ng‘of the rulings on the gratfng, p, the grat-
ing;to-lens'distance, and q, the ]ens%&o-image distancé. Both.p and g
are referred to the-pfincipaT 6noda1) planes of the Tens. The distances

p and g are related to the imaging lens focal length F by

\

%-{- :.]F . . . ' (4'])

) —

The image formed in the flow région is a three-dimensional

fringe pattern, with fringe spacing

d=9p .2
5 (4.2)
Note that d in Eq. (3.5) is proportional to A but that d in Eq. (4.2)
s independent of A. In the 1atter_case, however, d will be constant
only in a small regfon of the image volume.  The main effect of a non-

constant d is to increase the spectral width of f; it has neg]igig}e X

-
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effeqt on the ¥alue of f. This {s discussed in more deta11'1ﬁ section

¢

N § = ¥COSO

/
" all the system parameters can be easily measured. These parameters

4.3. The mean value of d-1n the fringe volume (§.e., the value of d
at the {mage plane of the imaging 1eﬁs) can be used for most calcula-
tions. ' ~ .

1f a particle of velocity v traverses the fringes at an angle

4 to the direction perpendicu1ar'to the fringe planes, then the

/

scattered T1ght will be modulated at the same frequency that was

stated for the differential Doppler technique, 1.e.,

4.3)

”

where d is given by Eg..(4.2). v
The velocity can be readily evaluated from Eq. (4.3) because

are the focal length of the lens, the lens-to-object distance, and
the fringe spacing of the grating. Moreover the system is independent

of the coherence properties of the 1ight. This makes the system

‘ optically and physically easy to use. The measurements are less

affected by mechan¥ﬁé1i?1brations. and by optical path inhomogeneities,

than the various laser velocity measuremeht techniques.

4.2 simple Technique for' Visibi1ity Measurement -

The performance of a WFIV is determined primarily by the lens
résolution. A.high resolution imaging lens systelr;is not only essential
for measuring extremely low velocities, but is diéb“neceﬁsary to ﬁchieve

A

sensftivity (1.e;, high SNR) and accuracy. o
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Resolution 1s usually related to the modulation transfer

function [47]. Bas{ca11y, this {5 a measurement of the'fringe image
visibility, V, given by

I

R

HOE

RS
e nE e

y = hax ~ Inin ' ' L

i T S . (4.4) ‘
Lnax * Imin o . - . |

where Imax and Im1n are the maximum and minimum intensitfes of thef

ff1nge 1magéﬁhattern, respectively.
‘A simple'But reliable technique }or measufing visibility 1s
- shown in Fig. 4.2. A one micron diameter pinhole was mounted on a
~metal plate, This plate was mounted on an x—y-z‘translaﬁion stage by
means of a flexible strip composed of magnetic.matefial. An eiectro-
mégnet was used to provide a scan of the fringe image pattern. Both
an-osc111oscope and an x-y recorder (not shown in the figure) were
used to observe the RHI_oQtput. Optimum signal visibility was obtained
by adjusting the translation stage.
A typical fringé image pattern observed with an x-y recorder
B £ shbwn in Fig. 4.3(a). Note that all of the fringes have appr6x1-
matg]y equal intensities. Th1s-shou1d be compared with the DLDV, .
where the 1ﬁtgns?ties follow a Gaussian distribution (Fig. 3.10).
Note aTsd thaf a rounding off of the fringes in F1g. 4.3(a) is caused
by diffraction and lens aberrations.
The visibilith of the 1magé formed by a lens emp1oyed for WFIV
measurements is presented in Fig. 4.3(b). This data covers ‘a range ?
of f-num@ersrand image fringe spacings. it can be seen that the visi-

bility 1s strongly dependent on the f-number. Consequently, visibility

{
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Fig. 4.3:

Fringe image pattern and visibility of a lens systém.

(a) represents the scanned fringe.1mage pattern of a 35 mm
camera lens (So11gor,.f = 135 mm) at f/B. The object was
é 200 Tp1 Ronchi grating, which resulted in a fringe image
of spacing d = 0.004 cm (25 1/mm). The fringe visibility
1slabout 0.8., MNote thaf_the-variatidn of théffr1nge
spacing is due to non11nearit1es in the scan.

(b) presents the visibility of the above lens at different
f-numbers and fringg.spacings. The 1m§ge fr1n§e spacing
was established by adjustment of the grating-to-lens dis-
tance. Note that the f-numbers are corrected‘for lens-to-
image distance. It {s expected:that-changing gratings to

vary fr1nge spacings would give somewhat different results,
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measurements are necessary to achiéve optimum perfo;mahcc of a WFIV,
Unless otherﬁise stated, our WF TV measurements employed ‘an image fringe
spacing of 25 1/mm (d = 0.004 cm) and an effective aperture of /8.
This provides a visibility of about 0.8. |

for

4.3 Longitudinal Extenﬁ of the Ffinge Image

| A very simpTe model w{11 be u;ed to represent the fr1nge {mage
Esystem., This model can provide good quan;1tat1ve*1nformat10n on the
performsnce of a systém using fringe images for the measurement of part-
icle velocity, At the present fime 1t 1s felt that a more exact solu-
tion would not éign1ffcant1y improve the analys1shqccuracy bgcause

there exist several parameters in any bract1ca1 system which are not
accurately known. These parameters include the size and shape of.fhe
flow particles andtimage aberrations 1n the flow region.

- Cons1der fhe image of a Ronchi grating formed at a distance q
from the imaging lens, as shown in Fig. 4.4. With an ideal optical
system, éhe 1nten51ty‘of.the image at q can be 7épresented by a square
wave of v151b11ity V=1, Here it 1s assumed that diffraction éfchts
can be neé]ected, that a very largé number of frfnges are.used, and
that the ruling Jength {s much greater than the ruling spacihg.‘ Thg
fringe image 1s taken to be an even function which is sywnetrfca1 asput

‘ \
the optical axis of the lens. Furthermore it 1s assumed that the fringe

spacing d << q.
Let R be the radius of the act17e portion of the lens, and y

the distance from 0 on the optical axis to a point P1—on a reference

/
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hlane (=Y, Y). 'This'referénce piane‘is‘io;ated a distancé aq frpm‘the-'
image p1ane (-Y Y ) ﬁis;ances from—o“a1ong fhe (—Y', YI) :;gs are
given by y . The reference plane (-Y, Y) can be 1ocated on either side
of the’ 1mage p1ane it 15 shown at a distance ~Aq in the f}gyre The
.-1ntepsfty at any -point- P] can be ca1cu1ated from integration of the

incremental 1ntens1t1es'at P1 due to the radiation which-produces thes‘
image betweeh P; and P; Note that the distance between P2 and . P],

glven by (y2 - y]),corresppnds to the maximum d1ameter of the beam

~ converging to a pointon (=Y, Y ). This diameter is related to the

distance between P2 and P], given by (y y1). For d << q the distances
- are reTated by o~ x

\/ O
v .

e v

(y, - ¥p) = (" + 20y, —y;i : ) @.5) -

Resu]ts of intensity. calcu]ations ‘are presented in Fig. 4 5
where the re]at1ve intensity 1s plotted against the relatlve distance

[a| where a is defined by

=X ‘ ' -

d - _. . -' , o . (4-6) o

n \
Each “curve“ correspbnds toas 5uch-that B =z represents the value
“of £ 4q which gives the max imum amp]itude tr1angu1ar 1ntens1ty distri-

" bution. It is also the maximum value of ‘the magn1tude of 8 for which
a the visibility V.E 1. With the aid of Fig. 4.4 it can be shown thaP,

for d small, this maximum occurs when
AR, - o _ (4.7)

e
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%

Relative intensity at |8 as a function of the relative
distancs |ul. . The parameter |a| is defined by o = 4y/d

and the parameter {g| by &8 = 4Rag/qd, where y, d, R, 4q,.

and q,-areJ _given in Fig-. 4.4,
Ve
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Therefore .
4R
B = aa'bq (4.8)
Note ;hat_the'intéﬁsfty distribution is symmetrical about y = 0, and
therefore about « = 0. Similarly, when d << q, the intensity distf“?:

bution- through the planes 8 and -8 are identical.

Consider now that a particle, of dimensions much smaller than

d, traverses the fringe at a ve1oEity v. From Eq. (4.3), and assuming

¢ = 0, the fundamentg] frequency component in the scattered intensity
is given by , h

\

-

o f=wvd . “ (4.9)

The complete frequency spectrum at a plane through aqg, and therefore
through g, in Fig. 4.4 is giben in general by the Fourier series for

‘a trapezoidal wave, of the type shown in Fig. 4.6. This series can

be represented by \

[(t) = /2 + E

, ‘ 7 (4.10)
n=1

AY

Cnc052nnft

whgre f 1s given by Eq. (4.9), énd where

sin(mnd,/d) . .
_ /e sinmn/2
Ch = 1y and, /d ry (4.11)

Here we are ﬁrimari]y interested in the fundamental frequency component,

for which n = 1. Therefore the coefficient of the fundamental. frequency

e . A 3 L b e e = S
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component is given by ¢ d
. 21 . sinnd,/d '
- m ] ' ‘
G “31’3 T , AN . (4-12)

When d]= 0, the séries given by (4.10) rgpresents_arsquare wave and
therefore C.I = (Z/v)Im = 0.637 Im' When d1 = d/2 theiseries represents
a triangular wave for which C; = (2/1r)21m = 0.406 ImL‘.Thus Cy is
always in the range 0.406 Im to 0.637 Im‘

-

The total écattered signal at frequency f can pe found by inte-
gration of all the Fourier series for the intensity which correspond

to all values of B. Here it is assumed that a sufficieﬁt]y large number
of scattering particles are involved so that fhe integfation is valid.
As an apbroximation we can consider that.the multiplicative factor for .
Irn in C, remains constant” at some average value. For convenience this
average is taken as 0.5. With the aid of Fig. 4.5, it can be seen

that Im is always proportional to the visibility. Thus the total

scattered intensity Is(t) at frequency f, is related, to a good approxi-
mation by

B B :
Is(t) « [ dg + cos2nft J V(g)ds | , . (4.13)
-8 -B

where for convenience the integral is taken from -g to 8. The first
integral in (4.13) corresponds to the dc term in the scattered intensity.
Note that the incremental contribution to this integral is a constant

for all values of y and g which fall within the range of the approxima-

tion, as can bé seen with the aid of Fig. 4.5.
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/ )
Figure 4.7 shows the visibility as a function of |8| for the
iﬁtensity distributions shown} in part, in Fig. 4.5. $ubstitution of
- this data in Eq. (4.13), and carrying out a numerical integrétion,
results in values for the dc signal amplitude and fundémenta] freq-
uency amplitude shown in Fig. 4.8. Note that the dc amplitude in- }
creases linearly with |gf. The amp1ftude of the fundamental frequency
increases linearly at first, and then levels off with a slow rate of
increase at large values of |B8]. “A change in |8| from 20 to 40, for
example, increases the amp]itﬁde from 2.54 to 2.88. A further increase
of |[8] tb 100 will increase the amplitude to 3.34. It should be clear
that the ratio of fundamental frequency amplitude to dc,amp]itude"“‘“~\\\&
remains relatively constant for |g| in the range of O to 1.5 and N
decreases rapidly for |8| above 1.5. Tﬁe_range of |8], and therefore
the flow volume, obsefved experimentally depends on the detection
optics. Too large a |g| will give a deterioratidn.in detection signa1-
.to-noise rafTo, because the_amplifude‘of the fundamental frequency
component will be smé1} compared to the dc signa];x |
.

For larger values of |g] (i.e., |8| > 1.5) the ac_signal ampli-
tude remains relatively constant; the dc amplftude 1ncreasés\1inear1y
with |8]. The noise amplitude, however, is proportional to the square
root of the dc amplitude. Therefore the maximum obtainable signal-to-
noise ratio is approximately proport{onal to the square root of the
signal to dc amplitude ratio. Consequent]y fairly large values of |g|

can be employed in a practical experimental situation. Note that the

field aperture (pinhole) eventually determines the depth of field of -
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Fig. 4.8:

Scattered signal amplitude as a function of the parameter
l8]. This is the same g used for Fig. 4.5. The dc ampli-
tude and the fundamental frequency amplitude both have the

same scale factor.
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1

the measured probe volume. This is described in detail in Chapter 5
when the subject of fluid flow measurement is presented.

Experimenta1 measurements of the visibility a]onﬁ the Tong-
itudinal extent of the fringe image have been carried out. The measure-
ments techniques are similar to those employed for Fig. 4.3. The
same lens wa§ used. Results for f/8 and f/4 are shown in Figures 4.9
and 4.10, respectively; Each point_on the curves represents the visi-
bility of a given g p]éne._ These planes were located at intervals of
100 pym. Additional 6bservét1oﬁs indicated that no anomalies existed
between adjacent measurement ~ planes.

_ Note that the above experimental results are qualitatively in
reasonable agreement thh theoretical results shown in Fig. 4.7, How—ﬂ
ever, the firsp minima occur apprﬁximateiy at g = :‘4, compared to
the theoretical g = = 2, The difference probably results from Tens
aberrations because the resolution is sign%ficant]y Tower than the
difffaction Timit. Note that the overall visibility for the f/8

aperture is much better than that for £/4.

4.4 Variation of d with aq

In the aEPve section the assumption has been made that d is a
constant for all values of 8 and consequently for all values of aq.
There is, however, a variation which can be ca]cuTatedbwith the aid
of Eq. (4.5). If we Tet (y, - y7) = d', then the d at the plane (Y, V)

is given by

d=(1+ ég-)d' . | ‘- (4.14)
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Fig. 4.9: Visibility measurements along the longitudinal extent
of the fringe image for an f/8 aperﬁure. The Tens employed .
‘was identical to that used for Fig. 4.3 (f = 135 mm). Note
that 8 was calculated from Eq. (4.8), psfhg d = 0.004 cm
(25 1/mm), q = 18 cm, and R = 142 cm. This gives agq =
0.0158 cm. The pinhole diameter was S um.

-
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Fig. 4.10: Visibility measurements along the Tongitudinal extent
of the fringe image for an f/4 aperture. Here ag = 0,00758
cm and the pinhole diameter was 10 ym. A1l other caption .

- data in Fig. 4.9 apply.
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for which Aq 0 and that the frequency f «1/d. The net effect is

«

that contr1but10ns to the cosinusoidal term in Eq. f{4 13), at Jarger

Note that thé changeﬁin d is‘swmnetricaj about the plane (-Y

values of B, Will result in a broaden1ng of the spectrum ‘about the
, frequency f. Thus the center frequency of the scattered signal is.not
changed.' In a practical experiménthT system the detection optiés can

be arranged so that aq/q << 1.

4.5 Lateral Exfent of Fringe Image

In general the image at q will have a finite number of fringes.

If N is the total number of fringes, then the Tateral extent of the

d

L]

image at\q is given by
= (N-T1/2d , e o _(8.15)

as shown in F1g 4 11, For a particle moving with velocity v in the
direction of y s the time t is related by
* . N N .
=L o (4.16)
v _ .
\
and the period is given by

-

(4.17).

The Fourier transform of the amplitude intehsity function in Fig. 4.11 is

given, for N odd, by
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{(£') = 21 Sin2ef 1/4 sin(N + 1/2)2xf T (4:18)
L sin(@rf T/2)

, . \
the Fourier transform of a square wave. Of primary interest here is

. the funHémenta] freQuéhcy component at f = 1/T. The frequency axis

"can be shifted anﬁ Eq. (4.18) put in the form

: .

I(f) = o __ sin[{oN + 1)a(f - )T] (4.19)
(N + 1 [sina(f - £)T]

L ' 1 v
where I is the peak value of I(f ) which occurs when (f - f)=0. !
For N large (4.19) can be expressed in the form

I(z) _ sinz | (4.20)
[o z _
where
z= (2N + Dalf - )T . ' (4.21)

The absolute value of (sinz)/z is given in Fig. 4.12 for z in the range

-10 to 10. The first zeros about z = O are separated by

af = (f' - f) = -(Wf]ﬁ)- - (4.22)

which ﬁay be expressed by
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(4 23).

It should be clear that the signal arising from the 1ntensity'distribu—

tion represented by Eq. (4.20) consists of side-bands located

symmetrically about the fundamental frequency.

Note that (1.20)-w11f also apply to any symmetrical trapezoidal .

intensity distribution of the form shown in Fig. 4.6. Therefore the

analysis carried out in section 4.3 is valid for N rulings if a signal

amplitude with the frequency distribution given by Eq. (4.20) is

substituted for the single frequency f.

4.6 Comparison between WFIV and DLDV Méasurements Employing a
Rotating Disk

_ Measurements have been carried out to provide direct compar-
isons between the fringe image and differential Doppler techniques.
No attempt'was made to find the optimum operating region for either
of the techniques. However, care was taken .to énsure that all com=-

~

parisons were made using similar parameters.

As a means of obtaining accurate known velocities the initial

investigations employed backward scattering from particles situated

on

a rotating disk. These particles were the abrasive surface of- silicon-

-
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carbide grit paper. An adhesive was used.to apply the paper to a flat
disk and this provided a reasonably plane particle surface. The grit

surface was aluminized to provide "particles" which would give a large
scattered signal intensity. This allowed thefﬁse'of'a relatively Tow

power light source. . ‘

A rotation of the disk, of angu]qf velocity w, results in a

particle velocity

<
1!

re , o (4.24)

where r is the distance of the particle from the axis of rotation.

| Obsgrved spectra from #180 grit (80 u diameter) silicon-carbide
paper are shown in Fig. 4.13. All spectra were taken with a Hewlett-
Packard 8553B/8552B spectrum analyser. The baﬁe]ine in the photographs
corresponds to zero incident radiation on the photoca%hodé when all
photomultipiier voltages are applied. Figure 4.13(a) represents a
ﬁeasuremgnt using the differerntial Doppler laser ‘technique similar to
that discussed in\Chapter 3, except that backward scattering was em-
‘pToyed{ Figure 4.13(b) representg a measurement using a fringe image
method similar to that shown iq Fig. 4.1.

Figures 4.13(9) and 4.13(b) give a direct comparison between

the iwo techniques under nearly identical experimental conditions. In

both cases, the fringes were approximately perpendicular to the

———
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4.13:
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Comparison between the differential Doppler laser and fringe
imége.techniques.using particles on a rotating disk. The
differential Doppler laser measurement 1s represented by
ka): the fringe }mage‘by (b). The center frequency of the
signa1s.is f = 250 kHz. The vertical scale is linear in

amplitude.
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direction of v, the fringe separation d = 0.004 cm, and fhe velocity

v = 1,000 cm/sec. This results in f = 250 kHz. The total number of
‘fringes (50) and the fringe area {2 mm wide by 1 mm high) were kept
constant. HNote, however, that all the fringeg-in the fringe image

system have approximately equal intensity; those.in the laser syséem

have approximately a Gaussian intensity distribution. The spectrum
analyser sensitivity, sweepwidth and bandwidth (3 kHz), and the‘photo- P
multiplier dc current were constant for the two sets of data. The
photqcathode currents were approximately constant. - In all cases, the
axis of the incident beam was approximately normal to the plane of the
disk. Furthermore the axis of the collected scattered radiation was
at an angle of 65° relative to the axis of the incident beam and per-
pendicular to the direction of the fringes. A detector collection-
lens aperture. (ratio of lens-image distance to lens diameter) of
approximately f/10 was employed.

[t should be clear from Fig. 4.13 that the fringe image system
gave both a Targer signal amplitude and a significantly better signal-
to-noise ratio than thE differentia] laser Doppler s;;tem. In addition,
the laser signal has a larger frequency width, as expected fro% the
Gaussian intensity distribution of the laser fringes. It shohld be
noted, however, that particles on a flat rotating disk will generally
proyide close to optimum conditions for the operation of a fringe
image system. The effective longitudinal extent of the fringé image,
as described in section 4.3, can be made substantia11y greater than

the particle depth. Therefore all the particles can pass through a
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high visib{iify;frjnge region with the result that the ratio of
fundamental-frequency signal to dc amplitude is close to the maximum.
possible. . This should give, as it does experimepta]?y, a signal-to-
noise ratio and accuracy wﬁich is at ]eést comparable to that from a
differential laser Doppler system,

In section 4.5, it is shown that sidebands should be present
in the signal represented by Fig. 4.13(b). Sidebands can be seen,
but their.ahp}jtudés are much Tessithan expected from-inspection of
Eq. (4.20). This results from several instrumentai problems, such as
a small non-uniformity in the illumination of the particular :%ght

source employed, and from frequency variations (e.g., resulting from

‘f1u;tuations in disk speed and flatness) which increase the spectral

width of the signal. Careful adjustment of the experimental para-
meters produced‘]arge amplitude Sidebands, as shown in Fig. 4.14. For )
purposes of comparison, Fig. 4.14(a) is a repeat of the measurement

shown in Fig. 4.13(b). Figure 4.14(b) is taken with identical experi-

mental parameters as Fig. 4.14(a) (including dc photomultiplier

current) except that the total number of fringes is decreased to 25

(1 mm wide by 1.mm high). In the latter case, the use of fewer fringes

achieved a more uniform illumination of the fringe pattern because ¢

‘ bn]y the central portion of the Ronchi grating was imaged. In section

4.5, it is shown that the spectral width of the signal and the separa-
tion of the sideband zeros both vary approximately as 1/N. A more
u&iform illumination, and an increased separation of the zeros, both
contribute;tﬁ the increase in the relative sideband amp]ittj:Ei Com-

parison between Fig. 4.14(a) and'4.]4(b) clearly illustrates~the change

e n e ma e e U P AT e TR e | b b e T A e o E o ahs R T L N SO I
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Fig. 4.14:

Observation of signal sidebands. The measurement represented
by (a) is a repeat of that shown in Fig.'4.]3(b). For (b)
the total number of fringes was reduced by a factor of two;
the fringe spacing was unchanged.. Bgth signal centér -
frequencies are at f = 250 kHz. The vertical scale is

Tinear in amplitude.
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in the signal spectral width resulting from a decrease in lhe number of
fringes.

Sidebands are not generally exp?cted when the dﬁfferehtia1 laser
system is employed because of the Gaugsian intensity distribution of
the laser output. In é'practica1 system, however, aberiations in the
optical components can cause deviations from the Gaussian intensity - v
distribution and result in the formation of sidebands. Such sidebands
have been observed, but these usually have cohsiderab]y lower amplitude
than those observed with a fringe image system having an identica]lfringe

a

separation and an identical number of fringes. K

4,7 Summary

- The results presented show that under certain circumstances, the
fringe image technique can provide data which 1srcompardb1e, in.sen-
sitivity and velocity measurement accuracy, to data obtained using the
differentia1 Doppler laser method. Comparison of the two optical
techniques in fluid flow measurements are ﬁresented in the next chapter.

For many applications, the NFIQ may have other advantages. These

advaniages include the fo]]owing;

1) The system is very easy to set up and use,land capable
of a high degree of mechanical stability. It can also
be made small by a proper choice of optical components.

2) Operation can be in the shorter wavelength regibn of the
spectrum where photomultipliers are the most sensitive.

In this region, suitable lasers can be relatively expensive.



3) It is easy to obtain localized fringes. The longitudinal
extent of'the fringe image which contributes to the signal
: at-frequency f is of the order of a few 83 thelcorrespond—
ing value of Aq is directly related to the iqns aperture,
and canAtﬁerefofe be controlled. The position of the
" localized fringes can be_readijy-changed by moving either

the lens, or the whole lens-grating system; this can be

TN

done Qery accurately. Consequent]y;the‘position of the
localized fringes can be accurately determined.
4} A iarge fringe spacing 1is easy to achieve. This s import-
| ané}if large flow pértic]es are involved.
5) A system can be designgd such that a fixed-frequency receiver
can Ee used instead of a Qpectrum analyzer. Measurements
are made by adjusting the fringe spacing toud=v/f0, where
fo is the receiver frequency. This adjustmeﬁt may be made,
for'example; by employing a vériab]e focal length lens or
b} vafying the graﬁingfto-lens distance. In the latter case,
* the lens position.wou1d also have to be changed in order thatf
the fringe region rémains in the ;ame location.
In addi;ion to the above advanfages.'the fringe image technique

" provides an excellent method of investibéting the properties of non-

coherent scattering. Such inVestiga{ions are presented in Chapter 7.

E
[
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CHAPTER 5

LAMINAR FLOW MEASUREMENTS

This chapter describes the two types of water flow systems
employed in our experiments and the application of a DLDV and a WFIV to
fTuid flow measurements. The properties of the flow particles are also
discussed. - ‘

A new and compact WFIV employing a microscope objective is |
describéd. The previous work on WFIV employed a rotating disk {Chapter
ﬁﬁ. Here the system is evaluated from the results of measurements on |
laminar water flow. The sensitivity and accuracy of the WFIV were found

I
to be comparable to those of a DLDV.,

|
i

Frequency broadening and velocity reso]ut1on are also evaluated

for both systems.

5.1 Constant-Head Flow System -

The éon§tant~head flow syétem, shown schématica]]y in Fig. 5.1,
was emp]oyed for laminar water f]o& measﬁrements.‘ Such a system prdvides.
Q very stable water fiow ve10c1ty It does have: the disadvantage how-
_ever, that the fluid can be contaminated'by materials- from read11y ava11ab1e
pumps. '

The two constant-head reservoirs were kept at a fixed heighti
From ‘the hpper head tank, the fluid passes through the flow tube to a

series of capillaries, which serve as flow resistances. The overall

. ; 105
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UPPER CONSTANT-HEAD
=" = TANK
—— _[_;_;_ _-_:L. E-.-f.l
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.Fig. 5.1: Schematic of constant-head flow systeﬁ. The arrows indicate

the direction.of fluid flow.
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flow rate can be changeé'by selecting the capillaries. Next the flow
proceeds from these capillaries to the lower constant-head tank. During
~velocity measurements, Valve 2 'is open and the flow proceeds to the
reservoir, Finally, a centrifugal pump retufﬁs the fluid to the upper
constant-head tank. For our measurements, the fluid was water with a

i

suspension of particles whosg properties are described in‘detail in
section 5.3.

‘It was arranged that the lower constant-head tank éould be
placed on a scale for measuring the volume flow rate. For this measure-
ment, Valve 2 was closed. This measurement, an& thg dimensiﬁn of the
‘flow tube, allow calculation qf the average flow velocity.

A Reynolds number as high as 10,000 can be achieved with our
system. The upper tank level was maintained to within 0.5 mm at a
height differential of about 2m. The pump flow rate was controlléd by
a combination of Valve 1 and an adjustable voltage input to the pump
motor. A minimum of 6 Titers of fluid could be employed. éxcessive
fluid is collected by the reservoir. |

The test section.of the flow tube is a straight, precision-

bore glass tube of square cross-section, 1 cm square ID and approximately
30 cm long. It was determined that the walls were of sufficiently high
optical quality to allow formation of a good fringe image. A cylindrical
glass tube (1.3 cm ID xES cm long) is joined to each end of the tube in
such a way as to provide a smooth transitionﬁfrom round to square cross-
section. Thé f]dw tube is mounted on an adjustable platform that can -

be moved in three orthogonal directions by means of micrometers. This

ekt eee
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is found to be more convenient than adjusting the optical paths.

5.2 GravitatidnéluFeed Flow System

The gravitational-feed f]og system is primarily employed for
measuring the effects of particle number density. ‘Here, system clean-
liness is more important than a very constanELf]ow velocity. This is
much eas{er to achievé_if mechanical pumps ar%{not employed.

The flow ;ystem consists of two tigﬁily closed 3 liter
cylindrical giass jars (each equipped with a filtered air vent), approxi-
mately 2 m of 6.5 mm ID Tygon -tubing, a 30 c¢m length of precision bore
square glass tubing for the test section (as described in the last
section), and a set of capillaries to control flow velocity. The rela-
tive height‘ of the jars was adjusted to provide a Reynolds number of
75 for most experiments. This corresponds to a velocity v = 1.6 cm/s
in the centre of a 1 cm square flow tube. Unless otherwise stated, all
particle number density investigations were carried out at the centre
6f the flow tube (i.e., v = 1.6 cm/s). Note that the water flow is
essentially constant during the period of detection because the upper
tank water level decreases very slowly. Diﬁti]1ed water, processed to
remove Eesidual particles, was used for the flow fluid. The processing
consisted of prefiltration of the distilled water, followed in order by
organic absorptibn, de-ionization, a;a final filtration. For the latter,

the pore size was 0.45 um.
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Artifical seedings are roc required in normal water Flow
measurements.  For some applications, however, such as investigations
af lhe affect of particle nuﬁber density.oﬁ éNR, particle seeding
becomes'negessary. |

Measurements have been made employing 0.481 um and 0.62 .m
(all dimensions refer to diameter) polystyrene spheres, 1 pm latex
spheres, 5.7 um styrene divinylbenzene spheres, and homogenized milk.

Tae standard deviatipn was 0.43, 1.5%, 50%, and 26i for the 0.481 um,
.62 vm, 1 um, and 5.7 um, respectively. Microscope examination con-
Flemed that the particles were spherical. No attempt was made to
accurately determine the size and shape distribution of the ﬁilk part-
icles. Preliminary measurements indicate that they are in the sub-
micrometer to mjcfometer range. All particles for seediné were carefully
weighed (+ 1%) and diluted with a suitable concentration of wetting agent
iphoto-flo) before being added to the flow system.

Initial experiments indicated that the processed water still
contained a minute number of particles. From light scgtteriné dafa, it
was estimated that the residual particle number density, n, was approxi-
mately equivalent to Q.0075 wppm of 0.62 um polystyrene particleﬁ? Note
that all n values are by weight when stated in wppm. Otherwise n corres-
pends to the numper of particles per unit volume.

AT fluid seeding commenced at 0.02 wppm, taking into accdunt
the presence of residual patticles. At somewhat higher concentrations

(e.g., » 0.1 wppm} the scattering contribution from residual particles
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can be neglected. | _

Table 5.1 Tists the total numﬂer (N) of 0.62 um and 5.7 um
partictes in the probe volume for two optical systems. N was deter-
mined employing ;he value of n, in wppm, and thg calculated weight of a
single particle. It will be shown in Chapters'é and 7 that the number

of particles in the probe volume plays an important role in the determina-

tion of the power SNR.

5.4 Design of a Compact WFIV

As in the case of the DLDV, the spatial resolution of the WFIV
depends on the optical quality of the focusing lens employed. Since
very high qualjfy camera or process lenses are expensive, we have used
a microscope 6bjective. Although microscope objectives Qenera]]y,have

a very high resolution, they have short working distances: The higher

————de =

the resolution is the shorter the working distance becomes (specially
designed objectives are available with a working distance of about 3 cm
at N.A. ='0.28). - | _ (
Figuré 5.2 illustrates the experimental arrangement for the

compact WFIV. A Cooke microscope objective (X10, N.A. = 0.28) is used

for the focusing lens. A Ronchi grating (1000 1pi} is placed in front
r.of a 35 m slide projector (500 watts) whose imaging lens has been
removed. The distance between the grating and the image plane is about
- 8 cm; the working distance is about 0.5 cm. The receiving system is

similar to the one previously described in section 3.5, except that a

it P PRI U,‘M‘ WASRIIT) 'iﬁ-'llﬁ ok e g £ At i 0)

HP10534A balanced mixer is added to upghift~the PMT output frequency.
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Fig. 5.2:.

T TL TN . s

Experimental arrangement of a compact WFIV. The focusing
lens (microscope objective) forms:an image of the Ronchi
grating in the fiow region. An imﬁge of the lamp filament
is formed in the region of the microscope objective by the
condenser lens. The detection angle 8 ranges from 15° to
65°. The light cup is used to block the direct 1ight béam
from entering the PMT. The collecting lens is a 35 mm

camera lens (f = 50 mm).
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The collecting lens is identical to -the one used fof the DLDV. It was
found gxperimentaT]y that the usable detection angle ranges from
6 = 15° to 8 = 65° (measured from the direct light beam).

As in the case of the DLDV, the field stop (Einhole)_a]so
plays a very important role in the WFIV, éspecia1]y in the meésurements
of fluid flow. .It rejects extraneous light and in addition, it selects
the location and size of the probe volume. This can be understood with
the aid.of Fig. 5.3. Thé proper size of the pinhole (to %u11y contain
the lateral extent of the fringe image) shou]d‘bg determined experiment-
ally and not theoretically since imperfection in the lens generally in-
creases the image size. This necessitates a larger pinhole than cal-
culated theoretically. - The position of the field stop is best estab-
Tished by optimizing the SNR, as described in section 3.6.

Several configurations for the compact WFIV have been studied.
Tab]é 5.2 presents some of their optical and geometrical parameters.

ATl parameters were measured except for the probe volume, which was
calculated. ,A 25% improvement in visibility was obtained by inserting

a filter‘(SdOO E + 100 R) in f}ont of the stide projector. Unfortunately
this results in a large decrease in available intensity, together with
a corresponding decrease in SNR.

For some.applications, filters (on source and/or detector) may
be required to minimize extraneous light. For the presenf studies,
however, all WFIV experiments were performed in a dimly 1it room. Note
that total darkness is not required because the field stop will attenuate

much of the extraneous radiation.

e A da A e . . . r -
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Fig. 5.3:

Selective effect of field stop énd lens aperture. The
field stop is usually centered and attached to the PMT
window. The whole éssemb]y (field stob and PMT) is mounted
on a x-y-z translation stage. Note that the Tight paths

indicated by the dashed" or "light" lines are blocked by

the field stop.
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(5]

For convenience, the longitudinal extent of the.probe volume
was taken as the distance between the f1rst planes of zero v1s1b111ty
located either side of the peak. Note that the probe volume was ca]culated

using the fo11owing parameters: a circular pipe conta1n1ng dpproximately

- 40 fringes with a pipe ]ength equal to half of the’ Iong1tud1na] extent
value listed in Tab]e 5.2.

5.5 SN | |

The influence of_visfbi]ity and partjt]e nﬁmber density on SNR
were studied for tﬁe various NFIVi A1l measurements employed the same )
grayitationa1;feed flow system whfch was-seede& with 50 wppm of 5.7 um
styrene divinylbenzene particles;--Experimenta1 and theoretical results
are listed in Table 5.3. The theoretical results were obtained ffom

. (7.15) and Eq. (7‘19) For the present, we need only note that the
SNR of a WFIV is proport1ona1 to the square of the fringe v1s1b111ty.
and is dlrectly proportional to the number of particles in the probg
volume, N, if N is less than one. The SNR is indeﬁendent of N if N is
larger than one.

It can be seen from Table 5.3, that the SNR's are nearly identical
for systems A and B; here, the N's are verj different but larger than one.
However, for systems C, D, and E, the.N‘s aré different and less than one
(resu]ting from changes in the probe volume). In these cases, it is
expected that the SNR should be proportional to the product of N and to
the square of the v1sibi]ity This i; confirmed by the excellent agree-
ment between theory and experiment presented in the table.’' In all cases,

.
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"‘\..l
’  Table 5.3: Power SNR's for Various WFIV. The Opticalja‘hd Geo-.
metrical Parameters are Listed in Table 5.2
System Fringe. Partic]es* Measured Measured Calculated®
Number  Visibility Number SNR SNR SNR
v N (Absolute) (Relative) (Relative)
- (dB) (db} (dB)
A 0.61 29 20 + 1 o T
B 0.55 1.6 . 1921 -1 - 0.9
c 0.47 0.4 15+ 2 -5 - 6.2
D 0.42 0.2 10: 2 -0 =104

E. 0.37 0.1 6+ 2 -14 -14.3

*N is the number of particles in the probe volume taken from a
particie concentration of 50 wppm of 5.7 um divinylbenzene part-
icles..

. *For A and 8, Eq. (7.14) was used. For C, D, and E, Eq. €7.18)

was used. The ca]culgted values are relative to that of A.
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tite fringe.inteﬁsities were identical, to within experimental eyror.
Further studiés 6% the influence of particie number nsity on
SNR are presented in Chapter 7. There it is concluded that the WFIV
performs begt'for N approximately equal tﬁ 1, and with a fringe pét;ern
. of high Qisibi]itJ. For thiﬁ reason, system confiéuratﬁon B waé chosen
for the fol]owing laminar water flow measuremehts. In addition, its

. ‘ e - .
longitudinal extent was comparable to that of the DLDV-used for similar

measurements,

5.6 Laminar Flow Measurements with a DLDV and a WFIV

The following measurements were not pérried‘out to obtain
results. of $ignifiéance to fluid mechanics, but fo evéluate the pefé
forméﬁce ofithe.ﬁptical velocimetefs. Our experimental fesu]ts, as
well as those of ofher'researchers [29, 48, 49, 50], contribute to
the‘gréwing evidence that optical velocimeters have considerable poten-
tia].. These results also demonstrafe some of the difficulties of
employing optical velocimeters, and of carrying out the signal ana]yéis.
The DLDV and the WFIV which were used for the ]amiﬁar water’
flow measurements are described in sgctions 3.5 and 5.4, respectively. !

The optical ardd geometrical parameters for the two systems are summarized

in Table 5.4.

The detected signal ranged from O Hz to 10 kHz for the DLDV ol
and 0 Hz to 2.5 kHz for the WFIV. Because of spectrum analyser limita-
tions at low frequencies {high noise, etc.), the PMT output was up-

shifted in frequency (600 kHz) by use of a balanced mixer. The shifted

PMT output frequency was measured from the spectrum analyser CRT display
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Table 5.4: The Optical and Geometrical Parameters for the DLDV and

the WFIV Employed in the Laminar Flow Measurements

* .
Parameters : . DLDV

WFIV

"Light source

Wavelength : 6328 A
Wavefront : Coherent
Fringe spacing 1.6 um
Fringe number ~ 23 =+ 2
Fringe visibility 0.93
Longitudinal extent of '

the probe volume 171 um
Lateral extent of the

probe volume 34.3 um
Probe volumet 1 x 107 em
Detection angle 0°
Flow seeding : 25 wppm

2.5 mW He-Ne Laser

3

500 W Tungsten filament

White Light

Non-Coherent
6.4 um
40 + 2

0.85

130 um

252 um
3.3 x 1078 en®
30°
50 wppm

(0.62 um Polystyrene) (5.7 um Divinylbenzene)

Number of particies
in the probe volume 2 19

Y

a 1.6

*The origins and definitions of the parameters can be found in Table

3.2 for the DLDV, and in Table 5.3 for the WFIV.

*Note that both probe volumes have circular cross-section. -

=
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unit wifh af accuracy of about + 3%.

Thé measurements were made at the fully developed region about
15 diameters downstream of the f-ﬁm square duct. The constapt-head
flow system was used to maintain a constant flow velocity of 1.6 cm/s
at the center of the tube. ‘This corresponds to a volumetric flow rate
of 0.75 cm3/s (Re = 75). The rgsu]té of measureménté for both veloci-
meters ére'shoﬁn in Fig. 5.4. Excellent agreement is found between the
experimental points and the theoretical curve, as calculated in the _
next section. The agreement between the two sets of experimenka] data
indicates that, for our flow systeﬁ and instrumentation, the N%IV and

the DLDV provided similar sensitivity and accuracy.

5.7 Analysis of Laminar Flow in a Square Duct

This sectian briefly dgscribes the origin of the theoreticé1
curve presented in Fig. 5.4, and discusses some of_the.measurement
resplts. |

The problem of detefmining the entrance length in a rectangular
channel was treated by the method of Tinearizing the Navier-Stokes
equation [51]. The resulting approximate equation was used to generate
a mathem&tica1 expre;sion for the éxial velocity in the entire region.
The approximate solution for the velocity profi]e at a given Cross-

section is given by [51].
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Fig. 5.4: . Fully-developed velocity profile of laminar water flow

through a square duct. x is the displacement from the

center axis. 2a is the width of the square tube (a=0.5 cm).

The solid line represents the theoretical velogity profile,

some points of which are given in Table 5.5.




121

o]

B/X

g0

LO

{

NOILISOd

90

SO

d4ZINVINGON

" $0 €0 co

o)

I

T

T T J

AYOIHL ——

AldM ©

AQ1g X

o

X

o

22938049 %y
PN/ ALIDOTEA  3ZITVINGON



122

," mn

mh _
- (__){ v (-1) 2 cos(mnx/Za)cos(mny/Zb)}/]
an m,n=1,3,5... mn[m2 + n2+2 + (2ga/w) ]
(1 1 SN (5.1)
. m,n:]A,3,5.. 2n [m + n2Y2 + (ZBa/TT) :]

-

where 2a is the width and 2b is the height of the duct, y is the aspect
ratio (a/b); X,¥,Z, are the Coordinate_axes centered at the centerline
of the duct,\and z is the direction of the flow. - is a parameter such
.that the equation assumes a uniform veldcity é}ofile atlB = = and b&Somes
a fully-developed velocity at 8 = 0. Any other value of g is a function
of z. For a square duct, the fu]ly-deveioped ve]oqity.profile op'the

central plane (y=0, 8=0, y=1) is thus given by

mn
v (EE){ v - (1) z cos(mnx/2a),
Yavg 4 mn=1,3,5... mn(m2 + nZ)
@ R .l . ' )
{ ) } . - (5.2)

m,n=1,3,5... man(ni2 + nz)
It should be noted that Eq. (5.2) gives results nearly identical to
those obtained from an .amalytic solution [52]. Numerical values of
Eq. (5.2) for.ten normalized positions are listed in Table 5.5. It
can be seen that the ratio of center line velocity to avérage velocity

in the fully-developed region is given by

———— g — s = - o L.
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Table 5.5:. Fully-Developed Velocity:-Profile, u/u

avg’

LI

x/a* u/uavg *
0.0 . ' 2.096
0.1 2.078 -
0.2 2.024
0.3 1.933
0.4 - 1.802
0.5 : 1.630 .
0.6 | 1.412
0.7 | 1.145
0.8 0.824
0.9 0.442
1.0 0.000

2
* .
Fractional position where x = 0 refers to the center line

. point, and a equals to the half-width of the square duct.

foﬁba Square Duct

T e ettt 3 et B ot Pl s 2 o o G o Ml Ve b Gl AT e o it i e w8



124

[ e
Q

= 2.096 . (5.3)

—

avg

This is in excellent agreement with our measured value

] <
o
H
%]
—

(5.4)
avg
obtained from both the DLDV and the WFIV.

LDV measurements on a square duct have also been conducted by
Goldstein and Kreid [29], and on a Fectangular duct by Shyder and
Goethert [49]. In general, there was excellent agreemeht.between experi:
ment and theory %n the fully-developed region, where an analytic solution
“is available (approximations have to be used ;n other regions). In the
developing region, the velocity distribution is considerably flatter
near the‘éxis of the duct than predicted by analysis. It is also
suggested in reference [29] that a somewhat greater than the minimum
entrance length is-requfred for development of the velocity profile.

For this reason, all of our measurements were ﬁade at/approximately

twice the minimum entrance length.

5.8 Investigations of Frequency Broadening

It has been mentioned earlier that the spectra of optical
velocimeters possess an inherent broadening wh1ch is due to the f1n1te
transit time of the partic]es through the probe volume. A further
broadening can occur because of spatial velocity gradientsj Complete

analyses of spectral broadening in LDV were given by Edwards et al.,

S
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- [53, 54]. Here we briefly describe their resuits, and show that the

analysis can also be applied to the WFIV.

symmetr1ca1 because of the assumed symmetry of the probe volume. How-
ever, the broadening from the spatial velocity gradient 1is asmnmetric,
which results in a skewness of the spectruﬁ. Moreover, due to the
velocity gradient, the mean frequency of the spectrum is always lower
than the Doppler shift computed from the velocity of the fluid at
the-center of the probe volume. The mggnitu&e of .the deviation can

be significant, especially when making measurements close to the wall
in'narrow channels (= 0.1 cm diameter). For our case, the deviation
is less than 1% at x/a = 0.95, and can be neglected. Figures 5.5 and
5.6 present some typical observed spectra taken_during Taminar flow
measurements employing the DLDV and the WFIV, respectively. In order

to achieve satisfactory|SNR, the particle seedings and the IF band-

width for the two'systems were different. The normatized bandwidth,

efD/fD, can be evaluated and used for comparison purposes. Results

are presented in Table 5.6. The IF correction was applied according

to

(afy)% = (a8 )2 - (1F)2 (5.5)

-

where af is the FWHM of the spectrum, and the IF is the IF FHHM of
the spectrum analyser.
It can be seen from Table 5.6 tha: the normalized parameter.

AfD/ L 1ncreases as the magnitude of the velocity gradient increases.

4/
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Fig. 5.5: Frequency spectra of the DLDV. The spectra correspond to
different probe volume positions in the flow tube, as given
in Table 5.6. 0.62 wm polystyrene particles were employed.
The power SNR's are approximately 24 dﬁ; The large peaks
in (c) and (d) are the drive frequency (600, kHz) of the

balanced mixer.

-
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Fig. 5.6: Frequency spectra of the WFIV. 5.7 um styrene divinyl -
benzenf\;h particles were. employed.q The power SNR's are approxi-
mately 19 dB. The "spiking"_is due to the small nuriber of ’ o /
particles in the prolb.e volume. Refer to caption data in |

Fig. 5.6, and to Table 5.6, for further details.
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I“‘ ~

Note that the steepest gradients and hence the greatest broaden1ng. exist
near the wall where x/a approaches unlty. This holds for both the DLDV
and the WFIV. Note also fhat_the broadening due to the Finite volume
effect is inversely probort{enal to the fringe number, N, as-expected

at x/a = 0. For laminar flow and negligible velocity gradient, we find
empirically that this broadening is best represented By

- af - o
D 2
=) = . . (5.6)
( D)o N . '

From the above it can be seen that the spectral characteristics
» 0f the DLDV and the WFIV are very similar under similar operating con-

“ditions,

5.9 Summary
This chapter describes the two fluid flow systems employed in

this work and the properties of the flow particles. For reference,
Teble 5.1 1ists the number of particles in the probe volume for most-experi-
mental measuremeets employed in this thes?s. )

Comparisons are made between laminar water floy measurements
employing a DLOV and a WFIV. These measurements: were mede at the fully
developed region. There is excellent agree nt between - theory and experi—
ment. It 1s found that, for our .flow system and instrumentation, the
WFIV and the DLDV provide similar sensitivity and accuracy.

The frequency broadening of the signal due to transit time and
velocity gradient effects are 1nvestigited for both the DLDV and WFIV.

It is found that both velocimeters possess similar broadehihg characteristics.
. \ .




CHAPTER 6

— SNR_INVESTIGATIONS OF A DLDV

Preliminary investigations of the SNR related to the instru-
mental design, such-as the effect of pinholes, are described in éhapter
3. This chépter describes in detail some additiqna] parameters which
affect the SNR of a DLDV. Here the SNR is d?%ived on the basis of optical
heterodyning and Mie scattering theofy. Results of_carefg]1y'contro11ed'
experiments are then compared with this theary.

.From consideration.of the effect of particle number density on
SNR, it is found that a DLDV operates primarily in the coherent mode.
However, the results of measurements of the dependence of SNR on detec-
tion angle iﬁdicate that the theory developed does ﬁot comp]epely describe
the meagurements. Considerable further éffort is required to resolve
this difference.

It {s shown that the SNR is inversely proportional to velocity.
Thus, relatively high power laser sources are required in the detection of

very high velocities.

6.1 Derivation of the SNR (Coherent Detection)

‘Optical heterodyning and Mie scattering theory form the basis
-of the following derivation of the power SNR in a DLDV. In this section
T we 1gnobe the fringe pattern in the scattering region. It is not our

intention to derive highly theoretical formulae, but to find a phena-

130
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e
{fﬂ’ meno]ogiga] equation fhat can be used to describe the prinéipal effects
of parfic]e number density and of several other parameters.

Let é: and E2 be the electfic fields scattered from a given
particle due to incident laser beams 1 and 2, respectively. This requires
tﬁat the particle is illuminated.simultaneously by the two beams, which
are produced from a single laser. The scattered fields E, and E, are
‘known to be “"perfectly" aligned. - When made incident ﬁn a square law
detector they will produce “perfect" heterodyning. No 1imit is imposed
on the size of the receiving aperture. It has béen shown (section 2,2)
that the power SNR is given by
(€55 PPy

« , ' (6.1) _
N2 | i

SNR = it

£,5+
where n is the quantum efficiency, A the photocathode area radiated, h
P[anck's constant, f tpe laser frequency, and B the noise bandwidth of
the signal processing electronics. 'P] and P2 are the powers of the two
scattered l1ight beams. It has aléd been shown [55] that the power SNR
will be maximum when the detector is placed along the bisector in the

forw§rd scattering mode, as shown in Fig. 6.1. If both incident beams

have equal intensity, then P] =£P2 . PS. where PS 1s the power scattered

from either beam by a single particle. Therefore

SNR < P, | _ (6.2)

/ kS
It should be noted that use of the configuration which provideg'maximum

SNR does not result in loss of generality. -InStead it simplifies deriva-

tions because of the symmetry in the Mie scattering lobe. The results
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can be readily applied to any other-detection angle apart from those
which contain a direct laser beam.

Some _of the: f]ow system parameters are shown in Fig. 6.1. The
probe volume s at a mean distance x from the wall of the flow tube of
width L. Photomultfp]iers PM] and PM2 allow simultaneous measurementl
of transmitted beam tntensity and Doppler signal, respectively. It is
assumed that the fluid {s uniformly seeded with monodjspersed particles
of number‘density n. ,

Consider a beam of intehstty I(x) incident on particles in the
scattering volume V. The radiance in the direction &t~t%ken with re-

spect to the forward direction of the incident beam, is. given by

\

A\

-

900 = BIGN (W) | | (6.3)

where 8(8) 1s the angular volume-scattering function (cm‘]Sr'I). The

scattered radiant power at the receiving aperture, of solid angle @, is

given by

P;(e) = I{x)V J sleddn (W) "~ (6.4)
fn .

where dg = 2nsin6de. In the case of independent single-particle scatter-

1ng the angular volume scattering function can be expressed in terms of the

scattering function per particle obtained from Mie theory, and the colloidal

size distribution [56]. A brief discussion of Mie theory s presented

in Appendix A. When the incident radiation {s unpolarized

;

s

\
W
{
~
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M
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g(e) = E:;- [ %g[i](o,u.m) * 1o(0,0,m)]de . (6.5)
X |
where a = 2nr/x is the ratio of the particle circumference to the wave-
- ‘ tength in the medium, m {s the_index_of refraction of the particle

reTativg to the sufroﬂhdihg medium, dhdfgg is the particle number density

H—~f)f—~f—'ﬂ"ﬁ35Yﬁ§f}adii between a and « + da. -Function i](e,a,m)‘isthe scattering
function per particle for light -polarized péﬁpendicular to the plane ofl
scattering, while 12(0,a,m) is the corresponding function for light
po]a}ized paraliel to the plane of scattering. Note that the plane of
scattering {; defined by the direction of the incident beam and the
direction of observation. Lét i(o,a,m) = %{1](0.a.m) + 12(0.u.m)]- Then
substitution of Eq. (6.5) into Eq. (6&@) yields

. N2 dn . |
PS(O) a 4—2- I(x)V da i{6,a,m)dadn . : (6.6}
T Q7a
Considerable simplification results 1f 1t is assumed that the
particles have a uniform size {i.e., a = uo) and that the scattering

function i(0,a,m) is reTétivaly {ndependent of o (i.e., a small solid

angle). Thus for_o = 04

Po0) = (2/AnP)I(x)Vni(og,agmd o C(6.7)

In the above derivation it {s assumed that no attenuation of
I(x)-occurs in the scattering medium. If particle absorption is neg-
lected, as is done in this work, then scattering of the incident beam

results in an attenuated beam at the probe volume. Th{s is given, to a

L4
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good approximation.~by

- oh X secé '

I(x) = Ie - ° ., | . (6.8)
where Io is the intensity at x in the absence of sca@tering and ¢ the
mean scattering cross-section of the particles. There is also second~
ary scattering of the scattered radiation. Therefore P;(oo) will decay
exponentially in the distance (L-x) shown in Fig. 6.1. Hence the actual

. , . i N
power at the receiver is P (o) = Ps(eo)e on(L X). or

- 5 o ' - onl - onx(sece -1)
Ps(eo) a (a /4n )IOVni(ao.uo.m)ne o S (6.9)
If o, is small, which holds for most practical systems, then Eq. (6.9)
is essentially independent of x, and therefore of the location of the

probe volume.‘ Using this assumption, and combining Eduations (6.2} and.

(6.9),results in
SNR « P_Vni (5 ,a,.mne” O (6.10):

where Po has been substituted: for Io. Here Po is the incident beam
power. It is clear from Eq. (6.10) that the SNR is proportional to n
‘for small n, but deteriorates at large n values. By differentiation of

Eq. (6.70) the optimum SNR is achieved when
n=n, =1l . (5-]1)ﬁ

Moreover, the optimum condition can be established for a given experiment

N\
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by measurement of the transmitted direct beam power,'Pt. For small 0gs
P (L) = Pe onL " Substitution of Eq. (6.11) results in
-1, - .

Pt(L) = e Po = 0.37 Py - (6.12)
Thus the optimum number density will occur when the transmitted beam
power is reduced to 1/e of the value in the absence of particles.

Equation (6 10) 1nd1cates that the SNR {s proportional to q.
However this only holds for small values of g because of the coherence

requirements for the detection of the scattered radiation, as given

in the next section.

6.2 Effects of Aperture Size and Number Density on SNR

The experihental arrahgement for the DLDV SNR measurements is
identical to that described in section 3.5, except for the additional
photomu]tiplier (PM1} as shown in Fig. 6.1. Typical spectra for a moderate
particle concentration (25 wppm%ii;e shown in Figures 3.10 and 3.11.
Similar data were obtained for ot er particle concentrations. Note that
for a]i DLDV measurements, the pinho]é di&meter was 35 um, the IF band-
width was 0.3 kHzL‘the scan-width was 0.5 kHz/cm, the scan time was 2
s/cm, and the centre frequency was 10 kHz (v = 1.6 cm/s). Reliable
SNR resalts can only be -obtained from a well-defined signal which is
free from excessive stray light and baékground scattériné. Figure 3.1]
illustrates that these conditions exist for our datat

Values for the numbgr of particles in the probe volume are

presented'in Table 5.1 for the particles employed.
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Experimental data for 0.62 um polystyrene pértic]es js presented
in Fig. 6.2 for a flaw tube with L = 1 cm and be]ocity v = 1.6 cm/s.
Curve A represents the relative transmitted power Pt as meaéured by
PM1. Curve B is the relative theoretical SNR for a small receiving
aperture and i{s calculated From Eq. {6.10). For this curve, the scatter-
ing cross-section o was'célcu1ated from Mie theory'[SGJ. A1l other para-
meters, except n, are constaﬁt. For Curve B, the maximum SNR was .
assumed 1@gnt1ca1 to the maximum exper{imental SNR obtained. Curves C
and D are the experimental SNR's for receiving apertures of /2.6 and
f/22, respectively. The former was limited by the lens dimensions.

In the case of the latter, the aperture satisfying the COHLPent con-

' 2
dition, AR < A

» was chosen, where A is the area of the receiver apertﬁre
- and a the solid angle seenhsy-fﬁa detector. The coherent copd1t10nk
ensures effective heterodyning for fields scattered from different
parlic]es in the probe volume. Little is gained by increasing g at
large number densities because heterodyning between flelds scattered

- from diffgrent part5c1es becomes dominant. However, hetérodyning of
fields scattered from the same particle will benefit from an increased
fi , provided that the detection system can distihguish individual part-
icles. These qualitative statements on the effect of detector aperture
explain, in part, the differences in the initfal siopes of curves C and
0 in Fig. 6.2. lNote that the maximum SNR for both exper{mental curves
is identical (31‘t 1dB) and occurs at or near.the 1/e point (- 4.3dB)}

of curve A, in agreement with the value n_ = 34 wppm calculated from

0
Eq. {6.11), Differances between experiment and theory at the highest

nupber densities probably result from increased Doppler signal due to

PIR O RS S

PO P R 73
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Fig. 6.2:

,_/

OLDV SNR measurements employing 0.62 um polystyrene particles.
Flow tube width L = 1 cm. Curve A is the relative trans- -

mitted power of the direct beam. Curve B is the relative

~

theoretical SNR. Curves C and D are the experimental SNR's
for receiving apertures of /2.6 and f/22, respectively. In
both cases, the maximum SNR was 31 dB. Some typical error

bars are shown.
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multiple scattering, The smallest n value measured cofreéponds to
approximately 0.02 particles in the.probe volume.
| Measurements were repeated using identical experimental para-
_ meters except for the use of a different flow tube, for which L = 0.2
cm, aEF for a decrease in the,Reynplds.number tB maintain v = 1.6 cn/s.
This make§ possible a careful check'on_the reliability of the previous
data. Results are presented in Fig. 6.3. A1) comments in the previous
paragraph apply exqepé that‘the.ca1cu1ated ny = 172 wppm, the maximum
© SNR is 36 + 1dB, and that the smallest n employed corresponds to approxi-
mately 0.08 particles in the probg:vo1ume.. Clearly the main effect of
decreasing L {s to shift the maxiﬁam SNR to a correspondingly larger n.
Ferthermore the‘maximUm SNR should be proportional to'no. The increase
of 5dB obtained experimentaf]y when L was chan;ed from'1 em to 0.2 cm
agrees, to within experiment&] error, with a predicted increase of 7dB.
[t ﬁas of interest to check if thg general behaviour of the
SNR, as a function of n, was changed when a range of particle §1zés
was present in the f]oQ region. Simple considerations would indicate
that Eq. (6.10), derived on the bdsis of unifdrm particle size, might
also be applicable in th1§ case; particularly for small vé]ues of n.
Briefly, each interval of particle size, aa, wou]d have an SNR pro-
“portional to n. Conseqdent]y. the resultant should be proportional to
n. For these measurements'we'employed homogenized milk as. the seeding
in the flow tube with L = 1 cmand v = 1.6 cm/s. A1l other physical
parameters were identical to the two.pﬁevious cases. Results are
presented in Flg. 6.4. Note that in this case n represents the solid

content of milk, caiculated on'the &ssumption that milk ‘contains 12.5%

Ll




[PV

R L P

L T T

140

L L T U

GIPIM 357} HO0|: Y3 843k -

‘615 L1 ejep uollded J34IC jit @D Gf $B I PUP 5 4I0Q 40 yS LhLiXes ..

A

(wdd) u ‘A LISN3Q HIFANN- - -

Jolel 001 o -

#

"$3|21348L UISAFSIBC LT 297G Euii0[Cid S3La-94nsEds T G5 T

'O

9 ”mwu.

T prrrr T T Ty | LA A

’ -

, . ~d.x X
HNS TINIWINIXT - D -6—o
CUNS WOILIHOTHL - 8 ~——=
HIMOJ Wv3G 103MI0 - V e—e

o | Ty

.—--— u\- 1..

, -.- I_L _... 1

s

| th.\/\.\wx\
R ;

—-11- L)

a‘g
S5\
-

x-~

y

[FSYE BN I

v .
. : r)
L
-

-

B
A



1410

Fig. 6.4:

DLOV SNR measurements employing homogenized milk. ' Flow

tube width L = 1 cm, 'Number‘density n represents the solid

‘content of homogenized fluld mitk by weight. Curve A is

the transmitted power of the direct_beam. Curves B and (o

are the re]ative experimental SNR‘# for rece1v{ng apertures

of f/2.6 and /22, respectively. The maximum SNR for both e

B and-C was 35dB. ‘Some typical error bars ara shown.
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solids, by weight. The maximim SNR occurs at a value of n approximately

'six times'larger than n = 34 in F19._6.2. rhis'suggests that the

scattering originates primarily from particles somewhat larger than
0.62 um. Comparing data for £/22 apertures, the inftial SNR's in
Figures 6.2 and 6.3 are both, to a close approximation, proportipnal
to n, as expected from Eq. (6.10). In Fig. 6.4, however, the initial
SNR is, to a close approximation, pro?ortional to the /2 power of n.
This 1s an interesting deviation from the expected behaviour and
I1lustrates the importance of particle size distribﬁ;ion when compar-
ing experimental and theoretical SNR's. The rbot causes f&¥ these
deviations are not fully understood; further 1n§estigations are required.
As discussed in section 2.3, in this thesis coherent detection
refers to the signal resulting from heterodyning of Dopp1er shifte@}}om-

ponents in the scattered radiatfon. Such measurements require coherent |

. sources {lasers). Incoherent deteq&igg_refers to the observation of

the intensity modulation caused by gnrticles crossing fringes in the
flow region. In this case, both coherent and incoherent sources can
be employed. '

Here we only consider the case where the pgrticles in the flow
region are of uniform size. All our rasu1ts indicate that the behaviour
of the SNR is wu]] described by Eq.”(6.10) provided that q is kept small
enough- to satisfy the Goherent condttion. Thus the SNR 1s -proportional
to number density n. This is 1n.agreement with the conclusions of

Lading [58]. At large solid angles it is expected that tha SAR will

‘bo'indopendont of'numbur density n [58]. Our results tand to confirm

“this, as can be seen from the decrease in slope in Figures 6.2, 6.3 and



143

- 6.4 when the aperture is increased.

A surprising result caoncerns how 1ittle the SNR ihcreases with
dperture at low n values. With reference to Fig. 6.2, the lowest
measured value of Q&- 0.025 correspon?s~;o about 0.02 particlgi in the
probe volume., It might be'expectgd that in this case the system can
be treated as a fringe system. cOnsequantly. the increase in SNR
should be, to a first approximatioﬁ. proporiional to the dperture
because we are cleariy in ‘the region of_incohefent scattering. fhe T
expected theoretical incfaaselis 18dB (inB if measured dc power ratio ..
is employed)} but.the oSserved 1ncr§hse 1s 6dB. Considerable care was
taken in these measurements to ensure that the beams intersected at ..
the focal point of thé'transmitting lens, - We must conclude, Fhefefore,
thaﬁ the observed signal s;il] reQu]ts frqﬁ coherent scattering., Either
our experiméntal techniques are ht ault, which we think unlikely, or
else the coherent scattering signal power 1siﬁuch greater than the in-
coherent scattering signal‘power. Resolution of thesc alternatives wili

require considebable further resoarch.‘ A

<

6.3 'Angu1ar Scattering Fundtion

It had been suggested [59] that the angular volume scattering-

functions for coherent and incoherent 1ight are not the same in a given
aerosol medium, and that the total extinction codfficient Tikewise differs.

It was alsq sugﬁested [89] that the Mie theory does not account for such \
a phenomenon. Mora recently, howovar.‘othor experimental studies [60, {
61] have produced cdntradicting results. ;t 1s_ndk generally believed \

[60, 61] that the scattering &gta‘from the two lighy sources (coharent

f
i
L
by
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ahd incoherent) égfee to within experimental error, and moreover, the
resdlts agree with the Mie theory. ,
The following derivation is based on the assumption thq} the
‘Mie theory can be applied to the scattering of a coherent 1ight source.
Furthermore, the effact of the fringe pattern in the-probe volume 1s
fgnored. The nmin effect of the latter is possibly to reduce the
‘effedtive numbegr of scattering particles by a factor of two (due ‘to '
the assumption that dark frinées do not scatter 1ight). This factor -
&’T;Uabsorbed in the probort1ona1ity constant of the following deriva- ‘ N
tion. I;conclusive discussions abqut the possibility of scattering
from dark fringes are found in references [62, 63].
Figure 6.5 dﬁpigts the geometry for light scattering measura-
ments. Note that | |
_ | _ | ,§5
0y =0 =0, , S . (6.13)

and

/ 0? o to, _ o 1 ' t\\‘(5.14)

where 0 is the detection angle measured from the bisector of the two
intersecting beams, and 0, '15 the beam crossing half-angle. The light

collacted by the receiver lens is tho sun of the. two powers scattered A
from beam 1 and beam 2‘ i.e., '

P'(0) = Pylog) + Pplog) (6.15)

where, for {dontical particle size 91(01) and P2(°2) are given by
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Fig. 6.5 The _geom'otry for light sca'tt.ering measurements.
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J 1(a].u.m)dn . ‘(6.16)
q . _ B

2 . - anxsaheo -un(L-x)secoa" |
&

Pz(ez) = -lz nIon e ) | [ 1(02.u.m)dn . (6.17)
‘ 1)

The above équations are obtained from Eq. (6.6) and.ffom application of -
the atfenuation factors, as discussed in section 6,1. In light scattér-
ing measurements which fnvolve a change of detectfon angle, & scattering
vqumgwqorrection factor is nofma11y applied to'accounéjfor the'changa

in the probe volume [59, 60]. In our chse. the vo}ume-corraction factors

~ for beam 1 and beam 2 are cscoq and csco,, respectively. Thus from

Eq. (6.15) the detected 1ight power is L.
P(0) = P (0))escoy + Pyloylesco, , (6.18)

where Pl(o) has“been changed to P(o).

| _ R'su}ts~ovfiight scattering measurements emp]oyinglthe DLDV |
”d,,,,—<f’f”'§§;;;;’;;: represented by curve C in Fig. 6.6. For this data the flow °

valocity was reduced to zero. Identical results were-obtatned with |
finite flow velocities, provided tﬁat a time average of tha “{ntensity
was recorded. Curve C {s shown for a partigle concantration of 25 wppm
and a racetver aperture of t/22. Nearly fdentical resuIts-(ro]&t{ve)
wora obtained 3mp1oy1ng a racefver aparture of £/2.6 hnd_a1so for a
particle concentration of 0:2 wppm at both apertures.‘ This {s expected
because the small siio pf_fhe particles (0.481 um polystyrene spheres)

S
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Fig9. 6.6 DLDV angular scattering function measureménts employing
0.481 um polystyrene spheres {a  3.18, m = 1.20), Curves
A and B are the relative scattered power calculated fr.om
thations (6.15) &nd (6.18), respectively. The theoretical
data has been .corrected for reflection and refraction at
the flutd-tube-air boundary. Curve ¢ s the relative exper1§
mental 1ight scattering power for a concentration of 25
wppm and a receiver apertuég of f/22, 0, ﬁs the .beam crossing

ha]f'ang1e. Some typical arror bars are shown.
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avoids rapid changes in sc#ttered 1ntensfty as a function of angle,
A1though the relative scattered power as a function of angle is
similar for both sets of measurements, the absolute powers are diff-
" erent, Emp]oying the same aperture size, the measured scattered powers
for the 25 wppm particle concentration are about 20dB larger than the
_,,,cﬁrresponding values for the 0.2 wppm, which 1s close té/theoretica]
expectation. At a fixed concentration, the measured scattered powers
fdr the f/2.6 aperture are, on the avefage. 15dB larger than ;hé corres-.
‘ ponding values for the f/22 aperturﬁ{ This, however, i{s 3dB less than
. expected from theory (18dB). The loss is probably due to some 9n1arga-
ment of the image size on increasing the aperture‘(due to 1ens‘aparra-
tions) together with the use of a fixed pinhole size (35 um). Curves
A and B-(Fig. 6. 6) represent the‘relative scattered powers calculated
from Equations (6.15) and (6.18), raspectively. Note that the detection
| angle (0) has been corrected for refraction (using Snell's law) before
being employed in the Mie calculation. Note also that the solid angle
() of the f/22 aperture has an angular field of view of about 1 degree
in ait. For the /2.6 aparture the corresponding\angu]ar fleld of view
s about 8 degrees. These values were also corrocted for refraction |
~in ordar to prévide an effective solid angle in the f]did; These
corrected values, which were different for different observation angles
were cmployed-in the Mie calculation. Finally, a correction was made
for the loss due to Fresnel reflaction from the fluid-tube-air interfaces.
It can be seen thut tha agreamant betwean curves“ﬁJ;EH C is much better
than that between curves A and C. This 111ustratos the importance of
the vo)ume correction factors applied to Eq. (6.18)

Considering all the above factors; it 1is reasonable to conclude
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that “the 1ight scattering measurements agree with the Mie theory to
within experimental error. Moreover, the assumption that the fringe

pattern can be ngglected in the Mie calculation appears to be a va11d

one,

{6.4 Effect of Detection Angle on SNR

The SNR equation (6.1) was derived under the ﬁssumptjon that
the heterb&yned wavefronts were perfactly aligned, aid that the nojsa
was solely from the shot noise resulting from these two wavefronts. In
practice, light scattered frah outside fhe baam-crdssover region 1s also
detected because of the finite depth-of-field of the raceiver 1;ns. ﬂence-
the scattering volume correction factor qhouid also be~applied to the
SNR equation. Two conditions, however, shodld ba"distinguished in the
app11c£tion of the volume correcéion factor, F{rst. if the reéaivor
aperture satisfies the coherent condition (1.e., 1ight scatterod friom
outside the probe volune will conteibute to heterodyne stgnal), the
‘volume correction factor should be applied t th the ac and dc com-
pénents of the photomu]tip]ior’outpuf. The SNR Ys thus given by
'\V

By (oy)escoyPy(0p)esco, 6 195

h PT(OI)CSCQ! + Pa(ez)c_sca”2

SNR(6)

. where 0y and 0, are defined 1n'oqunt10n;'(6;]3) Pnd (6.14)} ruquctivé]y.‘ﬂ

“ Secondly, -if the receiver aperture doe§ not satisfy the qoheren; condi-
tion, ‘then 1ight scattored from outside fh# prdﬁn voluma w111—qot contri-
bute significantly to the hotorbdyna signi1.f A;homadynn signal can only

_ be obtained from the fixed beam<crossover rogion.- Consequdnt1y. no
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volume correction is required for theﬂac-compdnent. The dc component,
however, still requires volume correction regardless. of the aperture
s{ze, Based on this simp)ifieﬂ assumption, the SNR is given by

Py {01)P,(0,)
P {0 )csco] +AP2(hz)cscoa

SNR(p) « - (6.20)

Note that this equation 15 only an approximation Because in practice,
a certain amount of hoterodyned signa] (betweon different particles)
would have entered tha.deto;tor. This wi]l;be;furtper discussed later.
Experiments have been carried out tp test. the validity of the
above ecquations. The DLDV system umpToyed for the maasureménts (apd’

. for afl othgr'sim11ar measurements) {s {dentical to that described in
section 3.5. Experimental rd§u1ts taken with a receiver aperture sat-
1sfy1ng the coherent cond{tion are shown. 1n-Figures 6.7 and 6.8, Figure

6.7 reprasonts data of a fluid flow snodad with 0.2 wppm of 0.481 \m
diameter polystyrene sphores (corresponding to N ~ 0.3 particlies in the
probe volume)., An £/22 receivor apéhturo.ﬁwh{ch satisfies the coherent
€cnd1t}on for any number donsity, was employed. Curve A‘is the relative
theoretical SNR calculated using Eq. (6.19). Excellent agreement is.
found between the theory and the uxper1mont. |

? Figure 6.8 represents data obtained from & stmilar fluid f1cw
seedod with higher number density{26 wppm, N « 41). In ;his case, two
‘.rncoivor apertures, f/22 and t/2.6 wara emptoyed. Because of tha higher
' numbor density, heterodyne datuction (batwoen different particlas) is
* dominant oven for the f/2.6 aporfure (this phonomonon has bean discussed

{n section G.F). Curve A 1s the relative thuorutica1 SNR for the £/2.6 L
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bLDY SNR(u) moasuroments employting a small receiver apurturn

(f/az).‘ The f]ow was Seodod with 0.481 un diamater po]ysty-
rene sphares at a number density n = 0,2 wppm (N « 0., 3)
Curve A 1s tho ru]ativo thoorutical SNR calculated using . f

. (6. 19 The thaorotical data has begn corrocted for

r*m“kf {n and rofracﬂon at the fluid-tube-air boundary.

The ntinu1ty at o, results from letting either Py (0 )

_or P (02) be zero. At ofther of these positions, the direct

beams are blockod-by tho 1{ght cups.' The max1mumlobtainnb1o ’

~ SR was 13dB. ~ Some typical error bars_aro‘shown.'

8 | S : | 1\
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- than in Fig. 6.7 (0.48) um diameter polystyrene spheres,’

: | ']
DLDV SNR(&) measurements employing a higher number density

{
n=25wppm, N = 41), Curve A is the relative theoretical

SNR for the f/2.6 and f/22 apertures calculated using Eq;
«

,_(6.]9) The theoretical data has been corrected for reflec-

tion and refraction at the fluid-tube-air boundary. The |

. maximum obtainable SNR's are 31dB for both apertures.  Some

typical error bars are shown.
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and f/22 apertures calculated using Eq. (6 19} (The d1fference‘between
the correspondfng ca1cu}ation for the two apertures is neg1191b1e
, because of the small size of the particles). It can be seen that the
exper{menta1 data for the two apertures are almost identical and are
in exce11enf agreement with the theory. This result again shows that
at high number density, the performance of a DLDV is not affected by
the size of the recefver aperture

Results of measuremente employing a recefver aperture which
does not satisfy the.coherent condition are shown in Fig. 6.9. The
é?perimentaT parameters are fdentical to that emp]oyed for Fig. 6.7

~ except that a larger receiver aperture (f/2.6) was used. Curve A is

the relative theoretical SNR calculated using.Eq. (6.20). This equation

1s used because homodyne detection is believed to be dominant here
(N = 0.3). Curve B is the relative experimental SNR. It can be seen
that there {is some agreement between curves A and B at sma11 6. At

1arge 8 (2 45°) ‘the deviation becomes large. This discrepancy is

believed to arise from heterodynfng between djfferent particles (within

and outside the probe volume) which was not accounted for in Eq. (6.20).

For comparison purposes, thewtheoretica1 curve given by Eq. (6.19) is

also plotted (curve C) in Fig. 6.9: The measured data are g%nera]]y

within the 1imits established by the two theoretical curves. Thus it

is reasonable to conclude that heterodyne detection is stil1 somewhat
strong even at a very low number density (N = 0.3). A similar conclus-
ion was made 1n seEtion 6.2.

From the above observations it can be seen that a correction

factor is required to account for heterodyne detection at very Tow

.\H\,_

-
v
'



F1g. 6.9: DLOV SHR(6) méasurements*empToying a large receiﬁer +
aperture (f/é.ﬁ)} -fhe flow was seeded with O.;81 wm dia-
meter po]ystyfene spherés at a. number gengity n =~O.2 wppm
(ﬂ = 0.3). Curves A'and‘C are fhe relative theoretical SNR's
caicu]ated from equations (6.20) and {6.19), rgspectively.

The theoretical data has been corrected for refléction and

refraction at the fluid-tube-air boundary. Curve B is the . n

relative experimental SNR, The maximum obtainable SNR was

18dE. Some ﬁypica] error bars are shown.
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number densities. At largé nUmbér densities, however, such a correction

factor becomes less 1mportant This can be seen from the experimental

' resu1ts presented in Fig. 6.8, as well as those in section 6.2. It

can also be séen that the correct1onfactor {s not only a function of the
receiver aperture size and bf the number density, as was generally
believed [18, 58], but 1t is also a function of detection angle. Deter-

mination of such a function, however, requires further research.

6.5 Effects of Light Intensity and Velocity on SNR

From equations (6.1) and (6.10): ] : R
SNR = 2-&%-5- Povn“(eo’un'n_l)ne- UﬂL p (6.21 Y
—~ ' . ' ’ ‘

It 15 common-practice‘to 1imit the noise bandwidth,-B, to the Dopp1er
bandwidth, afy,-as given by '

B=Af0=%-_, L a2

where D is the width of the probe volume which the part1c1es have crossed

Th:f value of B brov1des greatest signal-at near optimum §NR. By sub-

stituting Eq. (6.22) into Eq. (6221) one obtains -
! ‘{} .
’ DA L ' v
‘ o - Gn ’ -
SNR —..f%m PVni(e,,a,,m)ae . | (6.23)

| ~ e .
3Thus, for a given system, the SNR is direct1y;$robort10na1.to the ‘beam

power P , and 1nverse1y proportional to the particle ve1oc1ty, V.

Experiments emp]oying a_10d8 fieutral dens1ty filter inserted 1n

r
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A -

front of the Taser source canfirmed that the SNR was also decreased by
10dB. -

The effect of velocity on SNR isfshqwn in Table 6.1. The DLDV
- system employed for the measurements waslindentiha1 to that described
in section 3.5. The fluid flow was seeded with 25 wppm of 0.481 ym
poTystyrene sphéres. It can be ;een that the SNR is inversely
proportional to the velocity provided the IF bandwidth\(inétrumental
bandwidth) was set approximately equal to the Doppler bandwidth. When
the [F bandwidths were decreased to less fhﬁn the Ddbp]er width, only |
a small improvement in SNR was observed, This only app1£éd to laminar
-fTow; no 1mprovemen£ was observed in the case of turbulent flow. 'Some
results for laminar flow are listed in Table 6.2.- This,.and other data,
| confirm that 1in most applications, the IF bandwidth should be set enual
éo or less than the Dopp1ér width in order to achieve optimum SNR.

The inverse relationship between the velocity and the SNR has
been observed over a wide range of.particie concentratidh. Thus, to
achieve high SNR at very high velocities, relatively high power sources

are reqguired.

6.6 Summary

- In this chapter, the SNR equation of the DLDV has been extended\
to include Mie scattering theory. Tﬁe derivation is simplified by the
assumption that the heterodyne waQefronts:Erelﬁﬁrfectly aligned. - Com-
parision of theory with carefully controiled experiments indicates that

the assumption is valid for most applications provided that certain

corrections are made to satisfy.practical operating conditions. These
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Table 6.1: Effect of Particle Velocity on DLOV SRR Measurements
b
Doppler Frequency ~ IF Bandwidth O SWR .
(kHz) - (kHz) / (dB)
6 0.3 | 24 1 1
20 1.0 o 19 1
60 3.0 14 o1 ¢
200" . 10.0 9 12

.—:\- - | T e S e e —————

b
N

* ) . ' y i
A velocity v = 1.6 ¢cm/s (Re = 75) corresponds to a Doppler frequency

of *Fy = 10 Khz.

"At this Doppler frequency, the flow (Re ~ 1500) is in the transition

region between the laminar and turbulent flow.
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_Tab]é 6.2: Effect of IF Bandwidth on DLDV SNR Measurements*

ey —————— ‘ . ﬂ : i
Doppler Frequency . . SNR SNR '
(kHz) - ! (IF Bandwidth = 0.3 kHz) (IF Bandwidth = 1 kHz)
’ - - (dB) ‘ (dB) :
6 - 26 21 20 v 1,
20 : . 20 1 1 19 {1
60 16 1 1 C 160
: 200 : 912 | : 9 42
\ ) .
- lﬁ—h . ':

*The experﬁménta] parametE?s are jdentical to those in Table 6.1.
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correct1ons ifnclude a volume correction factor and a coherence factor,
The SNR cquation-has been app]iod to the investigation of the

effects-of aperture size, number density, detection angle, and particle

“velocity. . In general, the theory agrees with experiﬁbnts. provfded'

- .
that the coherent condition is satisfied. When the receiver aperture

does not satisfy the coherent condition, e?viation from the theory is
expected. Deviation may be minimized by the use of a coherence factor

which relaxes the condition of wavefront aT1gnment. Such a factor 1s

observed to be a function of receiver aperture size, particle number
f\ '
7-density, and detection angle. The derivation of the functional form of

‘ an‘appropriate factor, however, requires considerable further effort.

The most important conclusion in this chapter is that the DLDV,

even at very low particle number density, operates predominantly in the’

coherent mode. This conclusion 1s contrary to.common belijef.

Two “important properties result from the coherent mode detection
inherent in the DLDV. At very low numbér densities,.the SNR increases

with u (receiver aperture size) only in the 1imit of small u. At high

number densities, the SNR is virtually independent of the receiver

aperture size.



CHAPTFR 7

SNR_INVESTIGATIONS OF A WFIV

Several parameters which affcci the pefformance of a W1V are
described. A derivation of the SNﬁ is g1veﬁ'wh1ch is based on amplitude
modulation of radiation, and on Mie scattering theory.‘-Therévis excell-
ent agreementlbetween theory and experiment.

The propérties of incoherent detection are described. The results
indicate that the WFIV and the DLDV (discussed in Chapter 6) possessld1ffer-
ent SNR'bharacﬁeristics as a function of particle number density and
aperture sfze. There are, however, several basic similarities in the /
behaviour of the two techniques. The behaviour of the SNR as a function
of Tight intepsity. and of flow velocity, is identical for both the
WFIV and DLDV, Experimental results are not presented here; results of’

Chapter 6 can be'app11ed directly.

7.1 Derivation of the.SNR {Incoherent Detection)

Derivations are simplified considerably for the case.of white
1ight because all .scattering 1s completely incoherent. We consider
first the scattering of a single partic]e crossing white 1ight fringes.
[t 1s assumed that only the fundamental frequency component of the ac

signal 1s observed and that this is proportional to

cos(ut +¢) 7.1)

160
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- ) ‘ . " Ifl]. .
where w 15 the angular frequency and ¢ the phase, ‘
For o single particle the scattered radiant power at the receiv-

o

ing aperture, of solid angle u, can-be rupﬁcsunted by o -

P% (k) | [0 4 Mcos(mﬁ-y¢)].1(u.u.m)dn N R o {7.2)
hoos '
where I(x} 1 the average intehsity at the parttéle location x, 0 (s
the angle relative to the forward scattering pos1t1on} T(h,u.m) the
scattering function per particle, anﬁ‘u a dur/a as.1n section 6.].\ Para-
meter M 1sfrc]ated to. the shape and visibility of the fringe pattern,
Clearly, the first term in th& square brackets in (7.2) re]atus‘to the

dc component, the second term to the ac component. The dc and_ac-com-'

o

ponents of the scattered radiation can be,coﬁ§1dered separately.

The resultant phdtocathode cdrrent 1s given by
I, --.Idc + ;ac o (ne/hf)PS - , (7.3)

where n 1§ the quantum efficliency, e the electron charge, h Planck's

o - - . . 4 :
constant, and f the mean frequency of the 11ght, Note that the approxi-

~matfon results from the use of a mean frequency. Combining (7.2) and

(7.3) yields

: Lye ™ (ne/hf)l(x)J 1(0tu.m)dn . ”f?.a)
. n . “J’

and

[ac.“ (ne/hf)1{x) J[Hcos(wt + )] A(0amide . (7.5

0



162

In what f0116ws it is assumed that the signal compagent of the
-detection system output is always rroportional to Iac' Furthermore it
is assumed that the detection time is sufficiently long for zeliable

obseryation .
ser) on of Iac

The shot noise current is related to (7.4) by

/ -

2. .
Ly o= 2ely 8, (7.6)

where B is the ihétrumedtai'bandwidth. Eof a system of particles

_ oyl dn | : . S '
IDC = VJ IdC aEdu ’ N . - (7.7)

where IDC indicates the total dc current, V the prqbe vﬁlume,'and dn/de
the number density of‘partic1es between « and + da. *

Next we Eonsider the case where there are at Teast several part-
icles simultaneously in the probe voiume; Because the ac sfgna]h

scattered from the particies are completely random in phase,

N
N

o _dn -
ACT T J ac” Hﬁ'd“ ’ \ S (7.8)
_where IAC is the. total signal current.
As usual, the power SNR is given by

2 .
Iy 0>

SNR =

(7.9)

< P

2
N
¢

Here it is assumed® that the only significant noise contribution is that

.
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*

which is due to shot noise. Substitution of (7.4) and (7.5) in (7.74,.

and (7.8), and'carrying out the appropriate time averages, results in

J [J i(e,u,mr)dﬁjz g—(’} du
Y

SNR - 5 1(x) =2 | Cowa0
J { i(0,a, midn d—Zda .
_ 2§l -
If all particles are iqeqtica1 (u = ao), then Eq.(7.10) reduces to
an . .
SNR = ﬁﬁ?ﬁ-l(xﬂ J.1(6,go,m)dn . | (7.11)

a .

We now introduce the concept of beam attenuation, as was done. in section

6.1, i.e., ‘ \

I(x) = Ie oanx .- cn(L—x)secnl

o _— | (7.12)

C

where the Tast factor is included to account for the attenuation of the

scattered radiation, and where Io is I{x) in the absence of attenuation.

Substitution of Eq. (7.12) andAI0 = P,/a, where Py is the incident beam

bower and a the area at x, into (7.11) gives

2
nM-P - - L- c
SNR = ?ﬁ?ﬁ% [ 1(6,a0,m)e onX on(L-x)se O4e . (7.13)
?] L

N
In most experimental arraﬁgements 2 and 6 are relatively small and
i(n,u,,m) does not change drastically with & about & = 8, Thus
2
. nM-P _ L _
v — 0 oLy
| SNR = ShFEa 1(80,u0,m)e s (7.14)
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which can be put in the form

SR « P 1(6 0 ,me” Mo . T (1.8)

Equation (7.]5),indicates that the SNR is independent of n, for onlL -~ 1,
i.e., when there is negligible beam attenuation: |

We now consider the case where, onggmnage, there is less thah
ﬁne partig]e in the probé volume at any given time. In this case, -

signa]s‘from each particle are observed independently. qurefore '

(

.=yl 5 40 , :
'iIAC’ - Vl;Iac> da do : (7.16)
2 '\ :
For-a tdta] of nV identical particles (u = ao)
’-IAC>' = nV<IIaC> . ' | (7.]7) .

Making the same assumptions as before, and noting the attenuation can be

neglected, resu]ts.in

nMZF’OnV ) '
SNR = W l(ﬂo,ao,m‘)ﬂ ’ ‘ (7--[8) .
or

SNR « nPOi(eo,ao,m)Q (7.19)

1]

Therefore, for less than 1 particie.in the probe volume (nV 1), the

SNR is proportional to the average fractioﬂ51 number of particles in

- the probe volume.

s B
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7.2 Effect of Aperfure Size on SNR
" The optitaT arrangement for theerIV was similar to that employed
in Chapter 4. A 500 W, 35 mm slide projector was used to illuminate a
~small area of a anch{fgrating (200f1pi). This grating waé focused into
the flow region by a 135 mm 1ens:F A total of 25 ffingeglwas employed,ﬁn'
spaced 40 im, to provide a total lateral fringe width of 0.1 cm. These
had é measured Vi;ibi]ity of 0.8 at the focal plane. The longitudinal
extent of the probe vo]ﬁme was about 0.1 cm, measured from planes where
fh§ visibility was reduced to half of the peak value. The same receiver
1eg§\(55 mm camera lens, f = 50 wm) was used as for "the DLDV. For the
present study, its axis was located 30° from the axis of the dirébt
beam %n the forward scattering positjon. An additional change was an
increase in the pinhole diameter to 200 wm (to fully contain the lateral
extent of the ffinge 1mage)¢ahd the removal of the filter. ‘The effect-,
ive ﬁ}obe volume (V) in the flow region was about 1.25 x ]0.—4 em3, 7

A1l measurements employed a Hewlett-Packard 3580 A spectrum
analyzer operating at a centre frequency of 400 Hz (v =1.6 cn/s). With
thi; instrument, the bandwidth was kept-at 30 Hz, together with a fixed
scan-width of 50 Hz/cm. A typ1ca1 frequency spectrﬁm fdr the WFIV is
shown in Fig. 7.1.

Reliable results can only be obtained from a well defined signal
which is free from excessivé;stray light and background scattering. Fig-
ure 7.1 illustrates that these conditions exist for our data.

It was shown fn the last section that when there was more than

one particle in the probe volume, then the SNR is given by Eq. (7.15),
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Fig.

,l_'.‘,

7.1:

. 56_:42

Typical WFIV spectrum. Measurement on 5.7 um sfy%ene
divinylbenzene particlies at a number density'n = 100 wppm.

The instrumental bandwidth is 30 Hz at a centre frequency

of 400 Hz.
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, - gonlL
SNR = P01(eo,ao,m)e f

-

Results of exéerimente to confirm that the SNR‘is indeed directly pro-
portional #o 2 for all o are presented in Fig: 7.2. The re1ative‘power
SNR is plotted ae a function of the collecting lens f-number. Possib]e'
differenceﬁ between true and engraved f-number, and the finite size of
the p1nhq1e (200 um) could be sources of error. Therefore both the
scattered 11ght power and the SNR were measured. The former provided

a reference for the actual amount of light being'co11ected,.wh1ch is
directly pr0portiona1 to the aperture area. The form of the curve in
Fig. 7.2 indicates that some 1ens defects were present. However, from
thé correspondence between power and SNR data points, we can conc]ude
that the SNR of the WFIV does vary d1rect1y with qQ, as expected This
is in contrast to the DLDV, for which proportionality occurs only in

the 1imit of small @ and at low number density.

7.3 Effect of Number Density on SNR

It was shown [Eq. (7.15)] that in a WFIV for which there are at
least a few identical particles in the probe volume, the SNR is given
by ‘ IR |
- onl '
SNR = Poi(eo,uo,m)e 9] - (7.20)
Note that,'apart from the exponential decay term,‘the power SNR is in-

dependent of the number density n. This should be compared to the
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Fig.

7.2:

'

SNR as a function of receiver apérture. 5.7 um diameter
Styrene ininy]benzene particles were employed at a number
density of n = 50 wppm. f;;“?:ﬁumbers were corrected for
1ens-t0;image distance (the engraved ya]ues'ranggd from

£f/1.9 to f/16). Some typical error bars are shown.
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DLDV, where the power SNR given by Eg. (6.10)} is proportional to n.

It is also shown [Eq. (7.19)] that, for less than one particle

in the probe volume,
SNR . nPO1(oO,aO,m)Q . | (7.21)

In this case the power SNR is proportiona] to n.

WFIV data is presented in Fig. 7.3. The experimental conditions
were those outlined in section 7.1. Two different particles were
‘lemp]oyed - 5.7 um styrene diviny]benzené and 0.62 um polystyrene. Curves
é and C' are the respective relative experimental SNR's. Curves A, A',
and B, B', are the corresponding relative transmitted intensities and
theoretical SNR's, respectively. Consider the small particles first
(Curves A*, B', C'). To within thé experimental error the threq/curves
are identical, giving excellent agreement between theory and expefiment.
In part@cular the SNR is shown fo be independent of n whehybeam_attenua-
tion at high n va]ﬁes is taken into account. The smallest n value used
corresponds to approximate]yVZO particles in the probe volume. Measure-
ments using a significantly lower number of particles in the probe vol-
ume were not possible because of\réﬁidua1 particles in the fluid. A
considerable reduction of the probe volume would require a much super-
ior maging lens than was available to us. An alternative approach is
to employ larger particles, as doﬁe here, because the scattering in-
creases.with size. This can‘be used to overcome the effect of residual
scattering. The smallest n vq]ue employed for the 5.7 pm particles

corfesponds to the 0.025.particlés-in the probe volume.
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Fig. 7.3:

-

WFIY SNR measdrements employing 5.7 um styrene divinyl-
benzene and 0.62;um po]ystyfene particles. The primed
curves represent the latter, where approp:iate. AT cm
square flow tube was used. Curves A and A' are the relative
trénsmitted iﬁtenS%ties. Curves B and B' are the relative

theoretical SNR's calculated from Eq. (7.13). Curves C and

L' are the relative experimental SNR's for 5.7 um and 0.62 um

. L o
particles, respectively. In both cases, the receiving aper-

ture was f/2.6. The maximum SNR was 29dB and 13dB for curves

Cand C', respectively. Some typical error bars are shown,
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Results for the larger particles are given by Curves A, B and C.
The maximum SNR‘observed was 29dB Eompared with 13dB for 0.62 um part-
icles. There is excellent agreement between theory (as given by Eq.
{(7.20) and experiment for n in the range 1 to 100, -At higher n 3a1ues
both attenuation and SNR afe considerably better than expected from Eq.
(7.20). This may result either from lack of a reliable value for s,
or from multiple scattering. However, the SNh curve (C) is in excell-
ent agreement with the attenuation curve (A). We may therefore conclude

/
that the SNR for n.» 1 is 1ndependent of n when beam attenuation is con-

sidered. .

%he region below n = 1 is of particular interest. It shouid be
noted that n = 1 correspdnds to approximately 1 particle in the probe
_volume. For values of n below 1 the SNR {s propgrtiona] to n. This
agrees with the theoretical prediction of Eq. (7.21).

[t is clear that incoherent scgttering is most efficient at
low particle concentrations. We are fully in agreement with the con-
clusions of\Drain [18] that there is Tittle to be gained in going
beyond 1 to 2 par}ic]es in the probé volume of a fringe system. OQui~
results indicate that the.maximum SNﬁ is achieved at about one_partic]e
in the probe vo]hme. In addition, the SNR remains constant when the
nunber of particles is increased. Our results also indicate that the
SNR is proportional to the number of particles fo} numbers less thén ane.

Note that the above results are quite different from those
presented in section 6.2, ‘in which the SNR of the pLDV is/directiy
proportionai to n (when beam attenuatjon is considered), irrespective

of the total number of particles in the probe volume.
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/7.4 Effect of Detection Angle on SNR
In this section, the anéh]ar scattering function of the WFLV
is described first. Next the effect of detectjpn angle on SNR is

consideredﬁ

Combining equatioﬁs (7.4) and (7.12), and the volume correction -

factor, ¥/sine, results in the following expression for the scattered

light powef of a WFIV:

- anx - cn(LQX)sece

PV
P(8) = 5;2—5‘1’-,% J 1(6,ay,mdae e . (7.22)
1 -

~
Note that the detection angle 6 is measured from the direction of the
di#;ct 1idht beam. _
Experimental results are presentéd in Fig. 7.4 for a receiver
aperture of f/2.6. The experimental arrangement is identical to that
| described in section 7.2. 5.7 um diameter styrene divinylbenzene
particles were employed at a number density of n = 100 wppm (N = 125).
Curve A is the relative angular scattering power calculated using Eqg.
(7.22). It can be seen that there 1s excellent agreement between
theory and expef%ment. Note a]ﬁo fhat a wavelength x = 0.45 um was
used fbr the ca1¢u1at10ns because this was the region of maximum photo-
multiplier sensitivity. Furthermore, a wide aperture was employed.
This minimizes the colour effect in the angular scattériné function.
~ We now consider the effect of detection angle on the SNR of
the WFIV. The SNR equation (7.13) can be employed if the volume

" correction factor is included. Then the SNR equation is given By

)

BT ST ST S P -

B Ry
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fig.

7.4

WFIV amyular scattering function., 5.7 um d1améter styrene
divinylbenzene bartic]es were employed at a number density

of n = 100 wppm (N -~ 125). Curve A is the relative theore-

tical angular sca}tering function calculated using qu (7.22).

/ _
The theoretical data has been corrected for reflection and
refraction at the fluid-tube-air boundary. Some typical

error bars are shown.

-
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nPOMzsind ( ' - snx - on(L-x)seca
SNR(U) - m— J i(e,:z,],m)e e da . (7.23)

Experimenta] results concerning detection angle are shown in
Fig. 7.5. %he experimental parameters are identical to those described
for Fig. 7.4. Curve A is the relative experimental SNR. Curve B is
.the relative theoretical SNR calculated usiné Eq. (7.23). Note that
for our condition, the turéidity, on, is small (on = 0.5). Consequently
the effect of the expo;ential factors is negligible compared to the
effect of the intensity function, i(e,ao,m). It can be seen that good
‘agreement exists between théory and -experiment. Simi]ar-results were
obtained from fluid flow measurements employing the same particle size‘
at a Tower particle concentration (n =1 wppm).

/
7.5 Summéfi

In fhis chaﬁter the basic properties of incoherent dgfection
(fringe crossing) are described. A SNR equation is derived to des-
cribe tﬁe effects of receiver aperture size,_part%c]e number density,
and detection angle. There is excellent agreemen; between the theory
and experimental measurements. .

It is shown tha},the SNR of a fringe crossiﬁg system is
.directly proportional to the receiver aperture size. Furthermore, the
SNR is imdepdendent of particle number density provided that the total
number of particles in the probe volume, N, is larger than one. For
N g 1, the SNR is dirgct1y proportional to the numbef'density.

The above properties of incoherent scattering have been
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adie

Fig. 7.5:

WFIV SNR(g) measurements employing an /2.6 receiver
aperture. Curve A is the relative experimental SNR. Curve
B is the relative theoretical SNR. The theoretical data

has been correctedsfor reflection and refraction at the
fluid-tube~air boundary. The maximum obtainable SNR is 28dB.

A1l other caption data in Fig. 7.4 apply.
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'preaicted by other workers. However, the first experimenta{ confirma—
tion of the theory, results from this work.

/ The above SNR behaviour is quite different from that df a
DLDV. As shown in\Chapter 6, the DLDV SNR is neither directly proi
portional to the receiver aperture size nor independent of the part-
icle number density, even for N » 1. . These significant differences
brovide further proof that the DLDV operates primarily in the coherent
mode, and not in the incoherent mode, as was once commonly believed

(20, 21].
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CHAPTER 8, 7

FOURIER IMAGE VELOCIMETER

This chapter introduces another new technique for velocity
measurements. We refer to this new technique.as the Fourier image
velocimeter (FIV). The basic operatjng principle of the FIV is similar
to that of WFIV, except that the real fringes are formed by Fourier
images. Whereas the WFIV can employ an incadescent 1igh£ sourﬁe, the
FIV must employ a coherent light sburce {e.g., a laser). A

| Included in this chapter are }he theory of Fourier images,
their characteristics, and their application to velocity measdrements.

t

8.1 History of Fourier Images

Fourier images result from Fresnel dfffraction of periodic
objécfs. Under ideal conditions, thé Fourier image is accurately
similar to the object. They were first observed by Talbot in 1836
(64], buf were not explained. In 1881, Rayleigh [65].gave a theoret-
ical deductign for the distance between successive Fourier image |
orders. In 1956, Fourier images were rediscovered by Cow1e¥ and
Moodie [26], who also named the phenomena “"Fourier image". In addi-
tion to the Fourier images, there also exist intermediate images
between orders. These diffraction patterns reflect the periodic néture

of the object but have a functicnal form that depends on the distance

- from the object. This will be discussed later ih this chapter.

177
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Fourier images have been used to explain some aspects oﬁ

_insect vision [66, 67]. The inscct eye is regarded as an array of -

small lenses on a curved surface. It is found that ce(fain diffra;-
tion fmages occur in the vicinity of the pheotorec btor e]emgnt§ of
the insect eye. These diffraction images have bee identified aé‘inter-
mediate images Tocated between the ofiginal lens array and thé*first'”
Fourier image [67]. |
‘ An 1mport§nt application of Fourier images is iﬂ the repair
of errors in périodic objects [27]. In some aspects\qﬁiinfegfated
circuit technology (e.g.q in the fabrication of targefs'fon silicon
vidicons) the periodic object should be perfect. . Howéﬁér; a defective
periodic object (one or twq:d%mensional) can be ;ggﬁd?ed;ifone of its
higher order Fourier images is employed. -

More recently, Fourier imagés have beeh ehpiojed for the mea-
surement of particle f1$w velocities [25]. Thiﬁfﬁork is discussed in

L4
detail in the following sections.

8.2 Theory of Fourier Images . i

A numbe; of authors have discussed the theoretical background
of Fourier images [26, 65, 68, 69, 70]. A derivation of the arigin
of Fourier images is given below which is based on Fourier optics [71].
Basically, the problem consists of obtaining the conditions under which
self-imaging can be achieved.

As mentioﬁed previously, Fourier images are a result of Fresnel

diffraction. Figure 8.1 illustrates the diffraction geometry. Consider
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Y, | | Y,

Xo

P

Fia. 8.1: Diffraction geometry. The optical object is illuminated

by a plane monochromatic Wave.
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that the planar object is lying on the rectangular coordinate system
(xT,y]) and that the observation is made on a plane in the coordinate
system (xo,yo). The planes are parallel and separated by a disfanée
z. The field amplitude at a point (xo,yo), for an object (or apertﬁre)

“illuminated by a monochromatic plane wave, is [71]

Ulx sy, = l—-([ X0 UK) cos (7,700, v, dxgdy; (8.1)
where U(x1,y]) is the distribution of the field immediately behind the
planar object and cos(ﬁ,?) is the obliquity factor. The integral is
taken over the aperture I. Assuming that the Fresnel approximation is

valid, then Eq. (8.3) can be rewritten as the Fresnel formuia [71]

irz

/ !

Now assume that an optical object, with transmission factor

UxgY,) = sxplikz) [[U(x],y1)exp{%§{(xo-x])2 + (yo-y1)2]}dx1dy1 .(8.2)

t(xI,y]), is illuminated by a plane wave. The field immediately after

the object can be represented by
Ulx yq) = Atlxysyy) s | (8.3)

. where A depends on the type of illumination. For a monochromati¢ plane
wave, A is a constant. Substitution into Eq. (8.2).re5u1ts in a field

at point Po(x0,¥0) given by

/

[ = L S P X ULt - R
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0 - 1Az

up_ ) = AﬂE(_lJJ X]:_‘/~|)9XP{2§£(XO '[)2 + (Y;“y])zj]df(]dy] . . (8.3)

Using the convolution notation E£q. (8.4) can be rewritten as,

P_) Ei;kzl At(xy.yy) ijigfl:y]) C 3 (8.5)

where

, _ ik, 2 2 ' _
S(x],¥1) = exp 22(x1 2 )y . (8.6)

The condition for which the planar object is reproduced can be found from

‘N

the -Fourier transform of £q. (8.5), i.e

FLU(PG)T = ZXBUKZ) aere (v, )1 FIS(x, 0yy)]

1AZ

1X2Z

= EﬁEliEi) AT(u,v)ikzexp[-inAz(uz + vz)J

j_exp(ikz)AT(u,u)exp[—inAz(uz + 9?§j , (8.7)

/

where T(y,v} is the Fourier transform of the/fransm1ss1on factor t{x ],yl),

and where F[S{ x1,y])] has been carried out/using Eq. (8.6}. The field

reproduces the object when

F[U(PO)] = AT(u,v) . (8.8)

Consequently ' /

)
/
T(uv) = explika)Tlhv)expl-imz(u? + v4)] . - (8.9)

- - . - - . T _— R .

. .
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One solution is
T{u,v) = a+16(u—uo,v) + a_]ﬁ(u+u0;v) , | o (8.10)

where & is the delta function. The Fourier transform of Eq. (8.10) 1s

t(x],y]) = a+]exp(21nu0x]) + a_1exp(— 21nu0x1) , (8.11)

whiéh is independent of ¥y- This correéponds ‘to a sinusoidal grating
object of spacing‘d = 1/u0. Values of z for the location of the
Fourier image are determined by substituting Eq. (8.1C) {nto Eq. (8.9),
and then'by performing the Fourier transform on the rESu1tént equation.

This yields

L.H.S. = aqexp(2imgxy) + a_qexp(- 2imu x;)- (8.12)
+m \
R.H.S. = JJQXp(ikZ){a+16(“'“o’“) + a_16(u+p0,v)} %
: 2.2 . : '
exp[~ imaz(u"+v )]exp(21vux1)exp(21nvy])dudv
2 -
o = exp(ikz)exp(~imzu, ){aHexp(Zinqu])

+a_qexp(- 2imugxq)t . : (8.13)

Equality of equations (8.12) and (8.13) requires

exp(ikz)exp(—'iwAZuoz) =1 . (8.14)

i
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Since we are oniy concerned'with intensity,Eq. (8.14) is multiplied

by its complex conjugate. Therefc;e, it can be seenkthat the solution
given by Eq. (8.10) .is independent of z. This indicates that an image

of a sinuséidal grating exists for all values of z.r Note that Eq. (8.11)
can not be a pﬁre amplitude grating because t(x],y]) is real and positive

‘_qnly when 3. and a_y are complex.

Another solution for Eq. {8.9) is

|
+ o

Tﬂﬁ,v) = Z apd(u-puo,v) , ) (8.}5)

where p. is an integer. The Fourier transform of T{u,v) is
+oo . . Ve :
t(x],yT) =Puz apexp(Zinppox1) . o (8.16)

Values of z are determined following the same procedure used previously.
Substitﬁtion of Eq. (8.16) into Eq. (8.9}, carrying out the Fourier
transform, and then multiplying the resultant equation by its complex

conjugate, results in

+ oo o

- ) * .
L.H.S. = =%mapexp(21wpuox])ﬁlg_map.exp(—21np ”oxl)
tw oo ’ ‘
= 1 Zapa*ptexpfzmox](p—p')l . (8.17)
p=-= p'=-w : -

S
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LN
R.H.S. = exp(ikz) {/’apexp(Zinpuox])exp(- inthzuoz) X
pE-e '

+m * .
exp(-ikz) ) ap.exp(- Zinp'pox])exp(iwlzp'Zuo
p'=-e

2)

+w +w .

- i 2 a*.exp[Ziﬁu§X1(p'pl)J{exp[— irazy 2(p2—p-2)]}

- 1 pp Q

=y p = —s

The condition L.H.S..= R.H.S. requires

- *

. ! a,a vexpl2imn x, (p-p*}](expl- ileuoz(pz-p'Z)]- 11 =

P

Equation {8.19) is satisfied if
? 7
exp[- ileuo“(pz-p'z)] =1,

for all values of (pz—p'z).

Let

Then Eq. (8.20) becomes

Lexp(- iwizuoz)]m = ]

184

. (8.18)

(8.19)

(8.20)

(8.21)

(8.22)

The only solution of Eq. (8.22) valid for all integer values of m is

B e e

- - - - LS

e g e ohmea .« de
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. S ,

wJ\ZuOZ = 2nw ' - e (8.23)
where n is an integer, including zero. This gives
2
7= 2n__ Zgi_ , (8.24)
luo
where d = l/uo is the periodicity of the grating. ’

If a Ronchi grating is used, as in our experiments, then alter-

nate values of p (and therefore p') are missing. Consequently, m is

always even. Therefore it can be seen from Eq. (8.22) that ]
. T f

q

z =~ )

%

Note however, that an amplitude phase change of « (re]at}ve to the
object) occurs for all odd n. This can be seen by inspection of Eq.

(8.18), after substitution of Eq. (8.25).

[a]

In/gummary, we have~shown that self-imaging occurs in the two
cases which we have considered: (i) For alsinusoida] grating, there
1s an image at every value of z; {ii) For a periodic grating, there
are images at discrete values of z. Similar results can be obtained
if the object is illuminated by a spherical cohérent wave. However,

. the distance of the point source from the object plane must be taken
into account [26]. ' o

In the ideal case (grating of large extent) the intensity T

ldistribution of the Fourier image exactly reproduces the intensity

distribution of the object. This allows calculation of the position

P — A

- .. - (8.25)
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of the Fourier images, as done above. Although noé done here, the
position where harmonic coméonents of the grating are reproduced can
also be calculated from consideration of Eq.'j8.22).

The intensity distribution of the intermediate images can be

most readily calculated with the aid of Fresnel integrals.

8.3 Computation of fresnel Integrals

Here we are only interested in a one-dimensional periodic

_ %, . :
grating (e.g., a Ronchi grating). Therefore Eq. (8.1) can be re-

written as

_ Rexp(ikz) | ik, 2 |
L{p,) 3 T(x)?xp{ZZ(x] xo) Mxg . (8.26)

'

The integral given by Eq. (8.26) can be simplified;by letting
. . - ’l’

J—— 1%, ‘. \ = ) (8.27)

L

For the case of a Ronchi grating, Eq.-(8.26) can now be put in the form

o ' iz p

ny

~where-the 1limits of the integral are determined by the relative position

of each transmission slit, and the summatioh, Z,sums over-all illuminated

) g n
slits. '

The integrﬁ] can be evaluated in terms of tabulated functions

- fexplikz)  fiz J exp( Z)dn : | (8.28)®
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- 1

known as Fresnel integrals. These are defined by

¢

ra 2 _

Cla) = | cos E%— dt _ -
lo -
and - (8.29)
e 2 ,
S(a} = sin 12—-' dt '
' io |

The Fresnel integrals are also readily available from a cqmputef sub-

routine program. Note that

2.2 . 2 .2 M L2
j EXD(—E%"Jdn = J exp(—E%—)dn - J exp(ll%}ﬁdn . ~~(8.30)
™ 0 0 l
Hence \
up,) = A EBUKL) Fi(ng) * Clm)] + 3TS(ng) = ST - (@31
1 b4 n

!

Finally, the corresponding intensity distribution is given by

-

L(P,) = U(P)U"(P,)

2 R ‘ “
- ZA0(Tulng) = ulny)] + 3LS(ng) - Sloy) 12

2 ' : ' :
azl{Ilu(ny) = u(ng) ¥ + (J[S(ny) = S(n)I¥Y . (8.32)
n n ‘

In the aone, the obliquity factor has been neglected because it simpli-

fies derivation and contributes only a small error to the final result.
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A further simp]ifcétion results from neglecting the Gaussian intensity
profile of the laser source used in the experiments. Howevef, both of
these factors have been inc]uded in the computer algorithm used to
calculate intensity distribﬁtioh: Comparison of these distributions

with measurements are provided in section 8.5. *

8.4 Photographic and Microphotometry Techniques for Diffraction
Pattern Measurements : '

The experimental arrangement employed for recording the _
diffraction patterns is shown in Fig. 8.2;1 A He-Ng laser beam (6328 R)
fs passed through a beam expander, which consists of a pinhole (20 um)
and two lenses. The ratio of the focal lengths (= 10) determines thé
enlarging factor of the beam expander. The final collimated beam dia-
meter is about 2 cm (1/e2 intensity). A 35 mm single-lens ref]éx
camera,bwith lens removed, is mounted with the fi}m plane pérpendi-'
cular to the collimated beam. The cémera viewer allows accurate
positioning of the film plane with the Fourier images. Successive
distances between Fourier images can therefore be accurately determined.

Kodak type S0-410 film was employed. This film is'sensitiVe
to the laser radiation and in addition has excellent resolution. Thirty-
six exposure rolls were employed to ensure that all the necessary data
for partiéular experiments could be recorded on a single roll of film,

The exposure, E, is defined by E = It, where I is phe light
intensity and t the exposure time. For constant I, which'is true in
our case, E varies with t. For satisfactory tone reproduction, proper

exposure time must be found. The purpose is to avoid. under exposure

1
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(working in the fog density) or over e#posure (working in the saturated
density). Proper exposure is found by taking a series of photographs
employing different times {time-scale exposures). The measured value -
of density, D, plotted against the logarithm of exposuré,lﬁogE, resu]té
in the H and D curve [73]. Normally, a portion of the curve is a
straight line. '}he exposure is chosen so that the total range of logE
employed is within the linear portion of the curve.

Two parameters.associated with the g and D curve are "speed”
and "contrast”. Speed is associated with the position of the curve
on the logE axis. It is defined by the reciprocal of an Eo’ which is
the minimum exposure to prqduce a specified density above the fog
density. 'Contrast, which can be specified by vy, is related to the
stope of the straight line portion of the H and D curve. Fdr a given
material and sét of exposure conditions, the value of gamma varies
with pkocessing, and especially with time of development. Thus gamma -
is sometimes called "development contrast".

The H and D curve can be evaluated with the aid of a micro-
photometer {or microdensitometer). The major components of such a
device are shown in Fig. 8.3. A stabilized tungsten lamp operating
at a colour temperator of about 3000°K is generally used as a light
source. The infrared and ultraviolet radiations are usually filtered
out. For black and white materials, as in our case, a broad band
white 1igﬁt spectrum is satisfactory. For colour materials, it is
necessary fo employ abpropriéte filters.

The microscope system, similar to a standard microscope,
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Fig. 8.3:

Basic components of a microphotometer.

161




e L

. ’ | o 192

focuses the image of a portion of the sample onto a plane, in which is
locaféq a variable slit. This s1it can be made as small as a few
microns and limits the radiation incident on the detector. Scanning
is achieved by 1inear traﬁs]atioh'of the sample by means of a low
speed drive mechanism.

The amplified detector output can provide a signal which fis

related etther to the density or to the opacity of the sample, depend-

.ing on the mode selected. In our measurements, the opacity was re-

corded with the aid of an x-y recorder. The combined speed accuracy

of both drives (sample and x-y recorder) was constant to within 0.5%.
Some of the experimental results in determining the exposure
time are shown in Fig. 8.4. These are for the first order Fourier
image at z = 20.4 cm for a 100 1pi Ronchi grating. figures 8.4(a),
(b), and (¢) represent microphotometer traciA;s of photographs exposed
for 1/250 s, 1/125(5, and 1/60 s, respectively. All three exposures
are within the straight line portien of the H and D curve. Larger
exposure times would result in a loss of detail because of saturation.
An exposure time of 1/125s was chosen for subsequent observations.
This allowed a sufficient safety factor for reliable measurements.
Figure 8.4(d) represents a microphotometer tracing of the 100 1pi
Ronchi grating. This is shown both for comparison purposés and tq
il1lustrate the properties of the grating. The transmission "pfp”
observed on the edge of each black strip is real and results from

the method of grating construction. It is observed on some gratings,

but not on others. Note that the “dark" portion aﬂéears to be slightly
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Fig. 8.4: Microphotoﬁeter tracings; The first order Fourier
image of a Ronchi grating was photogréphed for 1/250 s,
1/125 s, and 1/60 s in (a), (b), and (c)}, respectively.
(d) was taken directly from a 100 1pi Ronchi grating.
The basé]iné corresponds to maximum transmission of |

the original photographic negative.
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larger than the "brighi“ portion. This is due to the finite width of
the receptor. aperture of the micropnotometer. Traveling micrescope

measurements indicate that both portions are of equal width.

8.5 Diffraction Patterns

Microphotometer tracings of the central portion of the diffrac-
_ tion patterns, together with the corresponding calculated patterns are
shown in Fig. 8.5. These ate all produced in the region of the first
ofder Fourier image. The Bbject, a Ronchi grating of periodicity d.=
0.0254 : 0.0003 cm, was i1luminated by a 2 cm diameter laser beam as
indicated in Fig. 8.2. The total number of fringes -illuminated was
about 75. This number was employed in the evaluation of the Fresnel
integral.

| Figure 8.5(a) represents fhe measured first order Fourier image
located at z = 20.4 cm. This T8 also the basic distance, 2d2/A. The
calculated first order Fourier image is represented by a square wave

as shown in Fig. 8.5(a’'). Note that in the figures, the primes represent
calculated patterns. Figures 8.5(b)s (c), (d), (e), and (f), repre-
sent measured intermediate images located at z = .21.4 cm, 23.4 cm, 25.5
cm, 27.4 cm, and 29.4 cm, resbective1y The corresponding ca]culéted
images are also shown.’ Note that excellent agreement is found between
the calculated and the measured patterns. If the beam 15 perfectly
c0111mated and sufficiently large in d1ameter then the periodicity of
the 1mage has a constant value of d except when z is located in a small

region about d /21 (one-fourth,of the basic distance) in front of or beyond
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Fig. 8.5;

Mfcrophotometer traces of measured diffractioﬁ patterns
together with thgir corresponding ca]cu]éted patterns. The
Tirst Fourier image is located at z = 20.4 cm, (a), (b), (c),
(d), (e), and (f) correspond to z = 20.4 cm, 21.4 c&, 23.4 cm,
25.5 cm, 27.4 cm, and 29.4 cm, respectively. (a'}), (b'), (c'),
(d'), (e'), and (f') represent the coréesponding calculated

patterns.
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a Fodrigr image. Then the periodicity appears to have a value of d/2,
aohown in bigs 80D,

In practice we have found that errors in the grating have the
greatest effect on images located between the object and the first order
Fourier image. The measured var{ation in the grating periodicity was
+ 0.0003 ém for a d = 0.0254 cm. Exampies of the effect ﬁre shown in
Figures 8.6 and 8.7. |

. Figure 8.6(a), (bj, (c} and (d) representimeasured intermedigte
images located at z = 19.4 cm, 18.4 cm, 17.4.cm{’16.4 cm, respectively.
Figure 8.6 (a‘).l(b'), (c'), and {d')} are the corresponding theoretical
patterns. The&agregment between theory and experiment is not as good
as.in the case of Fig. 8.5.

, Figure 8.7{a) and (b) represent intermediate images located at
z'= 20.5 cm, and 20.3 cm,lrespectively. Each is 1 mm éway from the
plane of the firét'é?der Fourier image. It can be seen that the pattern
located 1 mm beyond the Fourier image.agrees with the thgbry much better.
ghan that -located 1 mm before the Fourier image.

Figures 8.5, 8.6, and 8.7 also demonstrafe the error repair
. characteristic of Fourier images [26,'27]...Figure 8.7_indicates that
the e%ror repair starts immediately béyond the first order Fourier image.

Table 8.1 lists the peak intensities of the measured and cal-

- culated diffraction patterns located after the first.order Fourier image.
Each set is norma]fzed to the Fourier image value. These were taken
frbm the data in Fig. 8.5. It can be seen that excellent agreeﬂent’

exists between corresponding vaiués'indicating that the photogréphic
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Fig. 8.6: Microphotometer traces and theoretital curves of the
diffréction paftern near the first Fourier 1magé (z = 20.4 cm),
Experimental results are givern by (a), (b), {c), and (d), which
correspond to z = 19.4 cm, 18.4 c¢m, 17.4 cm, and 16.4 cm, re-

spective]y. The primed figures are the Eorresponding theoret-

ical curves.
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Fig. 8.7:

Y

Microphotometer traces and theoretical curves.for thé diffrac-
tion pattern near the first Fourier image (z = 20.4 cm). (a)
and (b} are the measured patterns and correspond fo z = 20.5 cm,
and 20.3 cm, respectively. (a') and (b') are the corres-

panding calculated curves.
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Table 8.1: Comparison Between Relative Peak Intensities of Measured
and Calculated Diffraction Paéftlterns
z Measured Calculated )
20.4 cm 1.0 1.0
21.4 cm 1.5 1.7
23.4- cm 0.9 0.9
25.5 cm 0.4 0.4
27.4 cm 1.3 1.0
29.4 cm 1.3 1.0
P

9
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and measurement techniques were satisféctory and that error fepair was
nearly complete.

Higher order Fourier and intermediate images have also been
calculated. Some results are shown in Fig. 8.8. Figure 8.8(a) is
the fifth order Fourier image located at z = 102 cm. Figﬁre 8.8(bj),
(c) and (d} are intermediate images located at z = 103 cm; 107.1 cm,
and 109 cm, respectively. Note that the functional forms of these
higher order images are smoother than those of the first order. This
1s expected because a gradual transition from Fresnel to Fraunhofer
diffraction commences at these distances. The above'phenomena were
also observed experimentally.

Experiments‘and Ea]cy]ations were also carried out ehp]oying
300 1pi and 1000 1pi Ronchi gratings. The agreement between theory and
erperiment was comparable to that‘for the 100 1pi grating. However, due
to the much smaller periodicity of these gratinés, the useful distance
for employing Fourier images was shorter. The transifion to Fraunhofer
diffraction started at z = 35 cm, and'z = 110 c¢m, for the 1000 lpi and
300 1pi gratings, respectively. Tﬁe corresponding distance for the 100
1pi grating was about 350 cm. This data indicates that the usefui-
working distance is directly proportfona] to the periodicity.

Note that the functional form of the diffraction patterns depends
on the number of grating lines employed in the calculation,. particularly
for a small number of lines. Fast Fourier transform (FFT) [28] techniques
can be used to determine the minimum number of lines required, For a

small number of lines, the periodicity of the intermediate images can

A o £ ittt ot . bt B W £ Al et =
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Fig. 8.3: Theoretical curves for the diffraction péttern at and near
the fifth order Fourier image. (a) is the fifth order
Fourier image located at z = 102 ¢m. (b), (c¢) and (d) are
“intermediate images located at 2 = 103 cm, 107.1 cm, and

109 cm, respectively.
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differ significantly from d. "The periodicity of the Fourier images,
however, is not affected provided the number of Tines is not too small.
Examples of such effectswill be given in the next section.

=

8.6 Application -of Fourier Images to the Measurement of Velocities

The experimental arrangement jgﬁ/the Fourier.image velocimetér
(FIV) is shown in Fig. 8.9. The tranémitter_system (1aser source, beam
expander, Ronchi grating) is identical to that of Fig. 8.2, éxcept that
‘a different beam expander was used when the beam diameter was changed
from 2 c¢cm to 0.7 cm. In'additibn, the spatial filter was removed for
the latter diameter to increase the transmitted beam power (= 20%). -The
reduced beam diameter incfeases the intensity at the target by nearly
ten times. An increased beam power results in a‘correspohding increase
in- SNR. Velocity measurements were made employing a rotating qisk and
also in fluid flow. The receiving system (1ight collecting lens, field
aperture, and PMT) and the signa1‘processihg,system were similar to
those described in Chapter 3. '

. A total of 75 frinées (2 cm diameter beam) were employed in
order to-produce accurate fringe patterns in the vicinity of the probe
surface or volume. However, the number of fringes detected by the PMT
was Timited to 25 by the field aperture. The purpose of this was to make

direct comparison with measurements employing a 0.7 cm diameter beam

(also 25 lines).

J

The modulation center frequencyf f, and the component of velocity.

v perpendicular to the fringe planes are related by
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v=fd-, . (8.33)

where d is the fringe spacing. Care, however, is required to ensure that

the fundaﬁental freqdency is used for f in Eq. ( mall pagtic1es
crossing fringé image intensity distributions-simila} to /those shown 1ip
Fig. 8.5 will also produce highér harmonic modulatiofi components in the
scattered radiation. This was investigated by det;}tion and spectrum‘
analysis of the scattered radiation from 80 u di@ﬂeter particles on a
rotating disk. For these measurements, the Gaussian incident beam dia-
meter was decreased to 0.7 c¢cm in order to provide "higher intensity and
a s$a11er probe area. An examb\e'of_the harmonic content is éha;n in
Fig. 8.10, which represents data for the 3uboréef image at z = 21.4 cm.
Figuﬁe_a.ll gives the relative amplitude of the fundamental fre»v
quency signal at the first Fourier ihage and at several neighbduring sub-

orders, ' These were taken with an incident beam diameter of 2 cm.. For

.Fig. 8.11{a), the a**gyactfon patterns were located, in order of decreas-

ing aﬁp1itude. at z = 20.4, 21.4, 22.4, 23.4, 24.4. and'25.5.cm. The
latter two amp]itudeé are nearly zero: For Fig. 8.11(b), th$ diffrac-
tion patterhs were located, in order,of decreasing amplitude;gat 2z = 20.4,
19.4, 18.4, 17.4, 16.4, and 15.4 cm. It was found that the égximum

amplitude occurs close to the Fourier image. Note that the constancy of

the center ffequency in Fig. 8.11 provides a test of the degree of colli-

mation of the radiation incident on the grating, as well as other condi-

tions to bé discussed later. An additional, and improved, test of colli-

.mation may be made by éompa?ing the frequencies at several Fourier images.

They should be, and have been checked to be, identical.

a
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Fig. 8.11: Relative fundamentaT'frequency"amplitudes, at and near

the first Fourier image, taken with éq incident beam
diameter of 2 cm. In both photogfaphs, the peak amplitude
occqré at the first order Fourier.image (é 2 20.4 cm). The
images for (a), in order of decreasing amplitude, were
located at z = 20.4 cm, 21.4 cm, 22.4 cm, 23.4 cm, 24.4 cm, and
25.4 cm. Note that :Pe latter two amplitudes are esséntia]]y
zero. Those for {(b), in order of decreasing amp11tude were
located at z = 20.4 cm, 19.4 cm, 18.4.cm, 17.4 cm, 16.4 cm,

—
-3
e

and 15.4 ¢cm. AN parameters given in Fig. 8.10, other than ¥/</__
2 and scan width (2 kHz/cm), apply.
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It was shown in the last section that there is good agreement
between the theoretical and experimentél diffraction patterns. We now
investigate the variation of signal frequency with image lqcat1on.
I Theoretically, the frequency spectra, is in first order, given by the
Fourier transform of the diffraction pattern. Numerical calculation for
our system has been carried out by the fast Fourier pransform (FFT)
technique [28]. Figure 8.12(a) and Fig. 8.12(b) represent the Fourier
transforms of the diffraction patterns located at z's identical to those
shown in Fig. 8.11(a) and Fig. 8.11(b), respectively. Note that an
identical number of fringes are used for both calculation and measurement,
‘Note that the curves in Fig. 8.12 were calculated only at the plotted
points because of limitation in the resolution of the FFT technique. The
peaks are extfaho]ated and therefore the peak amplitudes are not necessari
_very accurate. ‘ m
Qualitatively there is-good agreement Between the theory'an& expek

ment. The results indicate that thére is, for our beam configuration and
experimental arrangement, a constant periodicity. Conéequently. accurate
velocity measurements can be achieved. Note that the major cause of fhe
differences in the magnitudes of the corresponding sign§1 amplitudes in
F1gures 8.11 and 8.12 is due to the fact th;; the Mie s?atterfng chara-

cteristic of. the 80 um particles has not been included in the Fourier ™

‘ H

L i

ly

i-

traﬁsform. This should not affect the constancy of'the;center frequency, -

which is the main concern of the present 1nvestigationJ
. .
The FFT algorithm also provides information on the properties of-

- the higher harmonics. The amplitude ratio of the harmonics was calculated

g
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Fig, 8.12(a):

Calculated fundamental frequency amplitudes for an 1ncident _

beam diameter of 2 cm. The Fourier finage and its suborders
are calculated from a beam configuration of 2 cm diameter,
The Fourier transform, however, is based on the 25 fringes
which are located in the centre portion of the 1né1&ent

beam. The images, in order of decreasing amplitude, are

- located at z = 20.4 cm (first order Fourier image), 21.4

em, 22.4 cm, 23.4 cm, 24.4 cm, and 25.4 cm. Note that the
centre frequencies of the suborders are aligned with the

!
centre frequency of the Fourier image.
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£ig. 8.12(b):

T

P

Calculated fundamental frequency amnlitudes for an
incident beam diameter of 2 ¢m. Tée number of lines
emolojéd. and the technique used is identical to that

of Fig. 8.12{a). The images in order of decreasing
ampiftudés are located at z = 20.4 cm, 19.4 cm, 18.4

cm, 17.4 cm, 16.4 cm, and 15.4 cm. MNote that the centre
frequenties of the suborders are aligned with the centre

frequency of the Fourier image {z = 20.4 cm).
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However, the theoretical result did not always agree with the experiment,
particularly for the more complicated diffractioﬁ patterns. Again this
is most 1ikely a consequence of neglecting Mie scattering. It is obvious
that the more complex patterns require a greatly modified FFT program.
This will not be attempted here. .

With smaller incident beam diameters, the maximum fundamental
frequency signal amplitude occurs a small distance beyond the Fourier
image. This is illustrated in Fig. 8.13 for the case of a beém diameter
of 0.7 cm. As before, the Fourier image is located. at z = 20.4 cm. The
max imum signa].amp]itude, however, occurs at z = 21.1 cm. For Fig. 8.13
(a); the images were located. in order of decreasing amplitude, at ?1.4.

20.4, 22.4, 23.4, 24.4, and 25.4 cm. The last amplitude is nearly zero.

In the case of Fig. 8.13(b), the images were located, in order of decreas- .

~ing amplitude, at 20.4, 19.4, 18.4, 17.4, 16.4, and 15.4 cm. The latter

(jﬁblitude is zero. In both figures, the baseline correspbnds to zero

SR B

LRV LS RL A SR OIS T T )

cattered intensity. It can be seen from consideration of Fig. 8.13
that if the full active fringe reéion is employed for flow measurements,
then the average signal frequency is shifped d little below the Fourier
image frequency.

The fundamental frequency amplitudes of the above Fourier image
and suborder images, calculated using the FFT program, aré presented in.
Fig. 8,14(a) and Fig. 8,14(b), respectively. There {s generally good
agreement between theory and experiment. The results indicate that the
suborder frequencies are shifted slightly from the Fourier imﬁge frequency.

Those images before the fourier image tend to have higher center
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Relative fundamental frequency amplitudes at and near the
first Fourier imaqs taken with an incident beam diameter
of 0.7 cm. The images for (a), in order of decreasing
amplitude. were located at 2 ; 21.4 cm, 20.4 cm, 22.4 cm,
3.4 cm, 24,4 cm, and 25.4 cm.  The last amplitude is
qggrly zera. Those for {b), in order of decreasing
amplitude, wef@ located at z = 20.4 cm, 19.4 cm, 18.4 cm,
17.4 cn, 16,4 cm, and 15.4 cm. The latter amplitude is
zero. A1l parameters given.in F1g. 8.10, other than z

and scan width (2 kHz/cm) apply.
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Fig. B.14(a): Calculated fundamental frequency amplitudes for an
. | incident beam diameter of 0.7 cm. The nﬁmber of .-
fringes employed in the calculation is 25, The images,
in order.of decreasing amplitude, are located at z =
204 cm, 21.4 cm, 22.4 cm, 23.4 cm, 24.4 cm, and 25.4
-cﬂ. Note that in Fig. 8.13(a), the peak amplitude occurs
at z = 21.4 cm.  The centre frequencies of the suboréers

are slightly down sh,fted.
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I'ig, B.id(b): ECalculatadlfundﬁméhta] frequericy amplitudes for an

| incident beam digmetér,oﬁ 0.7 em. The number of
fringes employed in the calculation {s 25. The images,

| in order of decreasihé amplitude, ére lp;ated at ¢ =
20.4 cm, 19.4 ¢m, 18.4 cm, 17.4 cm, 16.4 cm,:and 15.4 _
e, Note'thq; the centre frequencies‘of the suborders\

are slightly up shtfted.
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frequenciés. while those beyond the quriér'image h;Qe lower center
frequenciog..'The gxpérimental deviation appears greater than the cal-
culated one. For z = 24.4 cm,(and 16.4 cﬁ). where the deviation-is
maximum, the difference is about 5%. The correspﬁﬁa?ﬁg“thebretica1

figure is less than 2%. The frequency shifts in the present case result
from the small number of grating lines émployed, as mentioned in the

last section.  Thus for smail -beam diamatef (i.e., with a reasonabie num-
bgr of.active grating‘ruling;) the periodicity at the suborders can differ
signifigantly from’d. The perioditity of the-Four1er images’, however,

{s not affected ' | . S

Under nornu] conditions, the 1inewidth of the signal frequency .
15 inversely proportiona1 to the number of fringes traversed by the
scattering centarg as has bean discussed in much detail in Chapter 5.
This {s also true for the Fburier image velocimetér. For the Fourier
image and {ts suborders shown in Fig. 8.11, the average linewidth is
about- 3.4 kHz (fullwidth at half peak amplitude). Tﬁ{s is in &conent ’
‘adkeemgnt with the width {~ 9% of the-centur,freduency) measured from the
calculated frequency spectra ghowh-in Fig. 8.12.

Higher order Foﬁyior images are also suitable for velocity
measuremants. The largest usable order depends on both the fringe
spacing d and on the 1hc1dant beam diameter. Excellent rgsults were
obtained experimentally to beyond n @« 5 { 2 = 162 cm) for d = 0.0254.cm
and a beam d{ameter of 0.7 cm. Larger n values could bg used with a
2 cm beam diameter. Figure 8.15 gives the relative imp11tudo-0f the
' - fundamental fnequoncy signal at and neatr ihh £ifth Fourier image for an

»

<
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8.15:

Relative fundamehta] freqdency amplitudes, at and near the
fifth Fourier images”taken with an incident beam diameter

of 2 cm.  The images for (a), in order of decreasing

anplitude, were located at z . 102 cm (fifth Fourier image),

103 cm, 104 cm, 105 cm, 106/)0, and 107 cm . The first two
amolitudes are almost equal, and the last amplitude is°
approximately zero. Those for (b), tn order of decreasing
amplitude, were located at z = 102 cm, 10 cm. 100 cm, 99
¢m, 99 cm, and 97 cm. The ]ast amplitude is nearly zero.
Al] parameters g1v0n tn Fig 8.10, other than 2z and scan
width (2 kHz/em), apply.

=t
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incident beam diameter of 2 cm. Note that the peak amplitude and the
SNR are only slightly lower than those of the first order Fpurjer 1Maqe,
shown in Fig. 8.11. Also noge that the suborder peak amp]itudes are
almost identical for both Figures 8.15(a) and 8.15(b).

- Haures S.ﬂl and 8,13, and similtar data, indicate that the
fundamental frequency component has significant amplitude in an extended
region uboui each of the Fourder {mages, This }egiun‘is about 20% of
the basic distance, 2d2/\. for the data presented in Figureg 8.11 and
8.13, and s located approximately symmetrically about Fh. maximym“
amplitude position. This unu;qa11y large probe volume (longitudinally
and laterally) should allow employment of the FIV to measure velocities
of very rough surfaces. Th1§ can not be done with a DLDV or WFIV.

~ The effect of nqﬁbor doﬁsity on the SNR has not been studied
for the case of the FIV, 1t is believed the results will be vury simitar
to those for the WFIV. The detection is soTeiy ihcohercnt because of
the existence of a. real fringe pattern and also bpcausé of single bean
“-operation.  Low heterodyne freiugécins (close to dc) may arise frdm
scattering centers moving with different velocities. However, these low
froquency signh]s do not provide "abso}uto“‘volocity 1nfo€ﬁnt10n. Thore=
~fore, the problem of distinguishing coherent and incoherent detection,
as in thu'cuse of the DLOV. does not uxistﬁﬁerp.

Exporimental investigations, similar to those described above

and elsewhere (e.g.. Chapter 5), hgvo been carried out using a range of

particle sizes, both on rotating disks and in fluid floﬁ. for the latter,

particle diameters ranging from 0.6 wm (latex) to 360 wm {polystyrenc)
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have been used. Various yrating spacings (300 1pt and 1000 1pi) were
also tried. Tt was found that the I'ourier image method for particle
velocity measurement 1s comparable in most Fespects to the fringe‘fmagu |
method. The major difference {s that the Fourier image technique is not
capable of producing highly localized fringes. This may, however. be an
advantage, in some dpp11cat10ns. such as the measurement of particle

velocity on rough surfaces.

8.7 Summary. )

This chapter presents the théoretical and pxperiménta] investi-
gations of the FIV. Briefly, 1t {s found that under nnpropria;e condi-
tions the Fourier image and tts nearby diffraction pattern can be‘umployud
for accurate velocity measurements. Excei10nt agreemant is found between
theory and uxpofiment on the functional form of the diffraction pattern,

Tha iqferesting phenomenon of the Fourier image error repairs [27] is j

also observed. Microphotometer tracings show that the repair starts

aftor tholfirst;Fourior image, and proceeds along the beam. Many other
prGﬁbrtids of the FiV. such a5 the periodicity of the diffraction patterns
at &1fforont locations, were studied with the aid of the FFT technique.
The FIV technique {s ovaluated by moasuremoﬁts of particle velocities on

a rotating disk. . Good agrnoMent exists betwaen theory and expertinent,
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CONCLUSION

Most of the previous'chébturs end with a summary describing

~ the observations Ghd the conclusions of that particular chapter. This
final chapter is concerned with prpviding a sunmary of the important
conclustonsand w1thlg1ving a brief account of the overall stgnificuncei
of the rescarch, .

The fo]1ow1ng'discuss{on focuses dn pwé main areas., These are
the -basic operating principles, and the optimizatién. of optical veloci-
metars .. . | ‘ '

Two terminologies are often usqd in this work: coherent and
incoherent. As stated in thp 1ntr?duct10n. our use¢ of the tarm incoher=
ent scattering implies particles crossing a fringe system (white 1ight
6r Taser). This results in an amplitude modﬁlation of the scattered
radiation. Coherent ;cqttering.rufors to_a Doppler shift in the fre-
qunnéy of the scpttered radiation which is detectad by homoqyning and/
or heterodyning at a photocatﬁode.' For fﬁxud system parametoers, in-
cqhorunt aﬁd coherent scattering have 1deng1ca1 detector output fra=
'quenciné.

There has:buon much discussion as to whether the LDV oporates
in the coherent or 1n-£ho incoherent mode [17, 18, 19, 36]. Some
wdrkers tao.‘al] tond ;o 1nt0rprét the DLDV as 2 fninge crossing system

(incoherent mode) rather than as a Doppler shift éystem (coherent médo).

223
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Several theoratical hodels have beean proposed'[75. 77, 78] which have
not been adaquafa)y varified with éxperimental resu]ts; This is due,
in part, to the difficulty of carrying out reliable experiments.

We have employed two different methods to establish the operat-
ing mode of the DLDV. One method follows the standard technique of
proposing a theoretica1’%ode1 for the DLDV, and then to compare it
with experimental rasults. Thé other method s by deduction from mea-
' surements on the WFIV. ‘
| In the first approach, a SNR aqdation is dgrived on the basis
of optidnl'hatarodyning and Mie scattering theory. The SNR is used as
a critardion because {£ 1s the most 1mpoftant factor'{n determining the

sensitivity of optical velocimeters. A set of experiments was‘qarried

out which fncludes the.affects of raceiver aperture size, particle number

dansity, detection angle, 11ght {ntensity, and velocity, on SNR. It
s found that there exists,in general, good agreement between theory
and expariment. Since the SNR equation s based on optical heterodyn-
ing, therefore it {s reasonable to conclude that the OLDV op%r#taiqpre-
dominantly in the coherent mode. Results of the above 1nvastigatiops
are presented in Chapter 6. .

In the second approach; we compare the performance of tho'DLDV'

with that of a-WFIV, which can only operate t{n the incoherent mode

| (fringe croéging). Thus the WFIV allews us to investigate incoherent
~ scattering completely indapendent of coherant scattering. This is no%
generally possible using a laser source. It was found that the two. .
systems (DLDV and WFIV) exhibit a very different SNR behaviour as a

o~
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fUnciibn.Gf receiver aperture sise and of particle nunber density.
Consuquenply. it is inferred that the DLDY does not operate in the
incoherent mode; The work on the WFIV is presented in Chapter 7.
It should be noted that at very low particle number density

(N = 0.02) the SNR of the DLDV tends to increasé with the recefver
-aperture size (section 6,2). It might be expected that in this case
the system can be treated as a fringe system. However, an aperturﬁ
change from £/22 to f/2.6 increases. the SNR by only 6d8, as can be
seen trom g, 6.2, For a fringe system, the theoretical inércasu

© should be about 18dB(15dB when vafiuus system losses are considered).

In the NFIVF the corresponding increase-is weasured to be 14dB—(section
S2.l) This ds in excellent agreement. with the theory when system losses
e considered Therefore the us.\\unmtipl‘w that the DITY v o Iringe
crossing syétem 15 not a validsone: even at-véry 10w number denstty, |

In the ﬂprivntion of the SNR of thE‘DLDV.,If.is assuned that the

Wave  rengy are prefectly avigned (e, the antenna theorem in watistied .
When this condition is not satisfied, the SNR oquation can not fully
deseribe the mcnsuromehts.. A correction factor, which is genera)ly
referred to as a coherence factor [18],1s required tolaccount for the
deviation. It ts observed experimentally {Chapter 6) that the coher-
ence factor is not only a function of receiver aperture size and particlu
nusber density, as is generally belleved [18\ 58], but 1s also a function
of detection angle. Derivation of an appropvinte factor requires

. Furthor effort. Our conclusion concerning the coherent property of the.

DLDV system, howavor. is independent of the form of the cohérenco fuctor
ot
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The SNR of optical velocimeter can always be increased by‘in; :
creasing source power, HoweQer. the‘ptact1ca1 problem is to obtain
optimum SNR with a fixed 1ight power and under certain experimental
constraints. The best tgchn1que and operating parameters depends on
par;1cu1ar circumstances. Some general rules for optimfzing the para-
metors for best SNR are given below. | -

Measurements employing a DLDV:

(1) 1t is found experimentally thnt the SNR 1ncreases with
decreasing probe volume resuiting from fg@ysing of the
incident beams. This is mostflikely because the coherent
condition is better satisfied. N )

(11) A pinhole should be placed at the image plane of the
receiver lens to limit the detected 1ight to that

7 ‘scattered from the probe volume. This enhances the SNR
and improves the spectral quality.” Furthermore, a filter
should be emp]oyuﬁlto pass only the wavelength region of

~ the laser source. ' |
(11}) Khen the particle Aumbr density is vary low, tha maxtnun
practicable receiver aperture can be used. The increased
SNR, however, will not be directly prdporiionai to the
dperture size. | ' '

_‘(iv) Vary 11tt1o is ga1ned by cmploying a 1arge receiver apurturu
when the particle number density is very high. ~ The SNR at.
large apd?turo is identical to that employing a receiver

apprturo‘which‘sattsfius the coherent condition.
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(v) The SNR increases with increasing particle number densiﬁy
until the attenuation of the 11Tuminating and scattered
beams becomes - the dominant fuctor .The SNR peaks at a
number density which reduces the direct beam intensity by
a ‘factor of 1/e. |

(vi) The highest SNR is detected in the forward direction along
the’bisqctor of the two crossing béams. If the number 4
density is very low, then the SNR 1s re]afively 1nsensft1ve
to the detec)ipn angle as long as it remains in the dirac-
‘tiqugi the forward scattoring lobe. .

Measurements emponing a WFIV: s

(1) A careful choice of optical components is fportant.- The
fntenstty of i1lumination in the probe yo]gmg should be
made as high as possible by employing a proper condenser
arrangement. Good image quality requirés an imaging lens
relatively free of chromatic aberrations and image distor- :
tion. The mi mum probe volume 1s determined by the achicv-
able fringe visibility, |

(11) Aperfures‘should be employed to 1imit detecfidn to Tight
scattered from the‘probe volume, This will reducu'dufec-.
tion of background light and result 1n enhancod SNR_and
bettor spectral quality.

" (111) The optimum SNR 1s obtained when bhe total number of

particles (N) in the'probe volume {s about one. When N

s Yess than one, the SNR is d1fact1y Bﬁoport1onal to N.
N ' -
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Little 1s gained by 1ncrea51ng N beyond one.
(1v) The optimum detection angle is in the forward scattering
lobe of the 111um1nating beam. Little 1is gaiqed by

mak1n§ observations closer than about 15° from the dircct

bean,

A compact NFIV employ1ng a ‘microscope objective as the fmging - -

1ens haq beepn app]ied to the measurenent of 1am1nar water flow in a-
square duct. Under our experimental condit{ons. the sen51t1v1ty and
accuracy of the WFIV are compar le to those of the DLDV Results of
these fnvestigations are presented in Chapter 5,
The third opt1ca1 ve]pcimoter studied in this work is the Flv,
" which has a farge-]ongitudinal friﬁgd extont, This 1s in contrast to
1the DLDV and NFIV where the fringes are highly 10cu11zed Theoretical
und experimental qLudios 1nd1cate that tho Flv can be used to measure
the velocity of particles or surface 1rrugular1ties on rough surfaces.,

~

This can not be done casily with a DLDV or a WFIYV. _The basic propertivf
b of and the requirements for, an Plvnhru summarizod be]ow .
( ) Thu intonsity of the co111mated bean shoq]d be.as high as
poa°ib1o. subJect to tho. diameter toqu1remonts giVun below.
(11) The grating period1c1ty and beam diamoter are intor-related,
Tho mintmum beam diameter 1s~detorm1ned by the working dis-
tance within which the Fresnel diffractfon is dominant. lor
a given buam diameter, the optical path leng'th ut which
Fraunhofor d1ffract10n becomas domfnant is approximatuly |

proportional to the puriodicity of tho grut1ng.

-
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(111) The per10d1c1ty of thd Fourtar imuge and 1ts suporders can
differ from that of the objact grutinq if tho 11Tuminating
beam 1s not proper]y collimated, or {f the boam 1s collimatod
but does not contain a sufficient numbor -of grating T{nos.

In the latter qase..fﬂ‘;ﬁbr10d1c1ty\of tho subordars can .
diffor signmc’aw on that of the object.” ‘The poriodicity
of tho Fouri{ar 1m§gos howavar, 1s not affoectad providod Lhat

the number of activo grating linus\\§ not too small.
~ r .
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- g#ANGULAR MIE SCATTERING - - /

LN

1 ' ) . I .
The results of Mie scattering theory are presented here. The

N

- algor{thms for comput1ng tﬁb intensity functions 1n this work aro bascd
'on thse results. The subroutines were supplied by IBM [57].

Most problems in theorctical optics 1nvolve the solution of
Machllﬁﬁ'gbuation. This .approach should be used when a full, formal
solution 1s roquired [56]. Mie [74]'501qu fho case for an incident
monochromatic plane wave falling upon hbmo&cncoUh,_1sotrqp1c sphere. .
of radius’r: The surrounding medium was assﬁmed transparent, ﬁomognﬁ-
eous, and {sotropic. The‘1nc1qunt wave 1nducos‘fo}cod'os¢111at1ons of

'(_ free and bound charges which a;a synchronous with the épp11ad field,
t..-Thig Induces secondary electric and magnetic fields, éach of which
consists of two parts, one 1p%jﬁu tho éphﬁre. the other outside the .

t
¢

sphere. . ‘
If the incident radiation {s unpoiarized and 1ts intensity is

g then the fntensity of the radiatton_sﬁattered in the direction ¢
and at a distance d from the particle can be put in the form [56] |

[(0m) = (10%/8:°¢* (4o raum) + 1y(00aum)s, v RTRY

where « = 2nr/Ax 1s the ratio of the particTe circtmference to the
< / .

- wavelength in the medium, m 1s the index of refraction of the particle
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ralativo to "the Hurround1ng modium, and v {s the.scatiering anq1c.

takcn with respect to the forward diroction of the 1nc1dont buum, The -
qunnt1t1c' 11 ahd-\alfjiffLJOd 1ntcns1ty functions. 11 1s proportiona1
to tho intensity whoso electric osci{llations are parpond1cu1ar to the

p}uno of scattering;. 12 15 ‘proportional to tho intonsity whoso eloctric .

“ _ vucillations arg in the plano of sgnttcring Yquation (A. 1) {ndfcates * °

;hat'tha scattored radiation froﬁ-a s1ngld parttc1o 13 always polarized

even {f the radlation s unpolarized. The intensity functions' are
. . M / . .

“given by [56)

o PR

H ?i|51li y ]nZT th EJ%%{an(u.m)nn(COSO) + bn(u.m)1n(;osn))|2 , (A2)

n
and ' )
. ' ‘\ :
e S ] .| ; en 1-;{a (tr m)r (coso) + b (u M. (coso)}[2 (A.3)
2 2 n{n ¥ 1 ' o
" where a, and bn are gi&en by i ﬁ\
: \. b
- I
! - ey (o o
n bptma)Ela) = Mo, (M) Ta}
'i:n&
) (e, () =4, (ma) () .
bn(q.m) s ﬁw:GﬁJYE;GITﬂ- NGy (A.5)

. volz) and 7 {a) are the derivatives of y,(z) and r (u) with respect to

N
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~~z_and «, respectivaly (g ‘). or
gl ez (), S - T (A6)
ty(a) = afd () - 1vn(a)t, I ST
wp(2) = 20 4 (2) - nd (2) - (A.8)
‘ / > ) - .
and .
f.';(u) a a[Jn_~|(u) - Wn_«l (a)] - n[;ln(u) - 1Yn(r1)J -- o (A.9)

-—

J, and Y are the spherical Bessel functions of the first and second

A kind,. respectively. . ,
The phase fuhct1ons m Oﬂd.T in Equations (A,2) and (A.3) can be
cxpresscd in terms of the Legendro polynom1a1s as fo]lows ~\
| dp (cbso) t .
. DR | : : '
lrn(COSO) d(Cm ' \_) . S _ (A.]U)
‘and '
;. p . dn (coso) .
(coso) = ‘cosom (coso) = (1 - ¢ ; u) dT—B—-j- . (A.71)

a
A physical picture for the mechanism of the scattering process
' can be exp]a\ned as follows. From Equations (A.2) and (A.3), 1t 1s seen
H\\\__f*\\that the scattered wavé is composcd'of various partial waves, aﬁd the
amplitudes of these partial waves depend op a, and bn. These Mie coe-

fficients (an and bn) can be interpreted physically as the nth electrical



L o oy,
partial wave and the nth magnetic bart1a1 wave, respectively. The values
of a, and by depond on the'matcr1a1 (1ndox Pf rofrhct1pn m) and thq «{z0
of thcquft1cle (¢)., The part151 wave can be considered ﬁs com1ng'from -
an electric or magnot1c'mu1t1polorfinld. Honce, the first partial WQVU
comos from a dipole, the sacond from a quadrupole, and so on. The -
results show that the Mie coeff1c1aﬁt 3,41 Of the (nf1)£h e]ectrichl

_part1a1%wavc‘1s_?f the same order of magnitude as bn of the nth'mpgnétic
partial wave. The.foeffigiunts " %gd ™ danoto that the angular fung-
tions depend only on the scattering angle 0, and aro complietely 1nde-.

pendént of m and «.

r
L]

Parameters other than the 1ntcns1ty functians can also be
obtained from a, and bn.’IOne of these {s_the effictency fa;tor far
ext1nct1on{ Qe, which 1s the ratio of the total amount of energy removed
"from the 1nc1d6nt beam to the éeometr1c crpss-sect1on (nrz) of the part-

fete. This 1s given by [56]

s = o
0, (um) %7 T e)TRg(a) + Ry(b)] L T (a2
The efficioncy factor for scattering, Qs; is ‘given by [56]
Qlam) = &y §emDClagFepp 21 0 (A1)
" n=l / - : ) T

{

"1 there s no absorption, {.e., the {maginary paff of the findex = .

of refraction is zero, then Q, = Q

o+ Otherwise; Q,, the eff1ciéhcy'fqptor

for abborptjon 1s given by
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Note that fhd total scattor1ng'cross-snctipn. 0, 1# glven by

)

: *lurzoq . | B (A.15)

Note also that .the Rayleigh formu1a can ‘be obtained from thu

Mie oxprcsvions 1f both o and m aro suff1c1ant1y small. The Rayleﬁgh

- equation 1s given by [75]

4
-1

+.2

8114 6

[ = '"TTTT {1+ coszo) . " . (A-1?)

I

The range of validity of the Rayleigh equation 15 that the particte

radius should not exceed about bno-twent1eth of the wavelength.

<

 For reference purposes, the M1é scattoring functions for three
d1amn§ers ﬁ?.transbarent_Spheres. c£1cu1a@ed at a wavelength » » 6328 ﬁ_
and i« 1,20, are Msted in Table Al |
fhe efficiency factor fof scattering, QS. and the tofal scattering

croﬁs-scct1on. o, for the three spheres are 1{sted™ Table A2.
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Mie SEattor1ng Functions for Throa Diameters of Transparont

TabTe A.1

The Diamatars aro 0,481 um;<0.62,um? and 5.7 um.

Spheraes.

*

o .

The Calculations Employ & = 6328 A

andm = 1,20,

e

Scattering Function, 1(0,a, m)

.

o = 37,723

z

(6.7 um)

a2 I - F;
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Table A.1 (Cont.)
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