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Abstract

Particle size analysis is an essential analytical task in a large variety of processes of
industrial and laboratorial relevance. Phase Doppler anemometer (PDA) is one of well-
established techniques allowing simultaneous measurement of velocity and size of particles,

droplets, or bubbles in two-phase flows includipg spray atomization. The method is based upon

carries information about the pai . whiereas I frequency provides the information of
particle velocity. '

This research work t of a one-dimensional PDA
instrument by using He-Ne la and two detectors for measuring
velocity and size distribution of by binary and ultrasonic nozzles. The
calibration of the developed PDA @ pheres of precisely known size was
conducted before investigating acy of the developed system by
comparing the measurement results o taine rom-#hE developed with that of the commercial
PDA instruments. It was ' of the droplet mean velocity and
diameter measured by th ;-__—— G j—"gj % and 25 %, respectively.

These results demonstrate th%ﬂtﬂ are iment déveloped in this work.
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NOMENCLATURE
C, = speed of lightin vacuum (m/s)
D = the particle diameter ( um)
E = the electric field vector (-)

|
0
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=
=
g
—

T = thetime of 8ne

i = the mw the mam-zlm?mﬂsgl-sgﬂﬂ uf?mmmum diameter (mm)
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6, = angle between the incident ray and a perpendicular line to the surface (degree)

#, = angle between the reflected ray and a perpendicular line to the surface

(degree)
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CHAPTER 1

INTRODUCTION

1.1 Purpose and Description

Since particle size and its distiGution fs d&isﬁﬁ of rticulate
pa - . e every pa

material, particle size analysis (P(‘ \\\‘\ zarchers, scientists and

\\\

broad range of disciplines. Examgles 6F #f asses, which make use

ndustrial works within a

of PSA, include the combustion o 128 ‘ é' \ e analysis and control
of particulate emissions, the manufi meaii \ powder and liquid paint

production and the production of pharmaCei . Table 1.1 describes some of

20K J,u

: 1 A_} the primary use of

; )

particle sizing methods in thes Ii "" stand the techniques
|

capable of measuring particle slz?ﬁether with its veﬁts and limitations of each. In

N TIT o VTG S
R R &

Nuwadays use of the laser, based on light scattering, has become increasingly

applications in which particle si2

popular optical techniques in particle sizing applications, since the laser is distinctive
properties, which are, for instance, of nearly planar waves, monochromatic nature,

coherence, and high spectral power, make it an extremely useful tool for paricle sizing.



Instruments incorporating these techniques can provide the real-time measurements of the
process stream. Since this measurement technique is based on the analysis of light
scattering by airborne particle, it could avoid the sample handling problems encountered by

mechanical technique such as sedimentation, siwa’ng and impactor which must collect

particle sample for analysis. Conseq ue based on light scattering, is a

field of current interest.

Table 1.1 Application of pamcta

nen o gt scs el //# ’\\}\\\,\

Combustion

Sprays

Medicine/Pharmaceuticals GaniTal of ma lyringiprocesses

chiptions of nozzles
|

Paints
Metallic powders

Agriculture

Pollution control Monitoring and analysis of emilssions

‘o

ki 1074101 143 iwn i sadld
ws@ﬂﬁ%ﬂ%ﬁ%ﬂw SRS I5GY fom v

mentions. Phase Doppler Anemometer (PDA) is one of these well-established

measurement techniques. It is the laser based techniques that is now one of the most
popular and most powerful techniques allowing simultaneous measurement of the velocity

and the size of homogeneous spherical particles, drops, or bubbles in two-phase flows, with



high resolution in time and space, without being intrusive. The method is based upon the
principles of light scattering interfferometry. The intersection of the two beams creates a
fringe pattern within the probe volume. As a particle passes through the probe volume, it

scatters light from the beams and projects the fringe pattern. A receiving lens strategically

located at an off-axis collection angle proje

ject Gf this fringe pattern onto several
.\'"\‘:\‘:\
y e

detectors. Each detector produces.
the particle velocity. The ph

detectors is proportional to the si

The PDA technique séfui P oSN\ Blparticle size and velocity
are dependent only on the | 1\ ptical, configuration. However, the
verification of the PDA syste il _peadtired : p confirm the accuacy of the
instrument.  The PDA measurements ""_‘___“;"‘ pon the scattered light intensity and
consequently they are nofsubject 1o errors fram heam—alleavialin or deflection, which

occur in dense particle andﬁmb ; Dwea. its use is restricted to

LGk 10T
e« QAT TRILMAIY A S e

curvature can !%sult in large errors in the particle size.

spherical particles. This occurs’bésause light scattBséd by refraction and reflection is used
to determine the ph

Regarding the success of the PDA technique for optical particle sizing of spherical
homogeneous particles and the non-intrusiveness and the insensitivity of the size

measurement to signal amplitude are attractive features, the approach developed in this



work is essentially based on this technique. Furthermore, the present work is a part of the
research collaborative program with the Institut National des Science Appliquees de Rouen
(INSA de Rouen, France) where is the most excellence over 20 years in the optical

techniques. The objective of this program is to transfer research information and

technology for developing a PDA instrumef at P e Technology & Material Processing

To develop a one-dime laseslopple amometér (PDA) instrument using

a 17 mW Helium Neon laser w A5 ditotuvavelength 632.8 nm for measuring

1.3 Scope of Study

1.3.1 Assemble a PDA dngigument for meaguring velocity and size distribution of

RPN 1111 1Ll e SO
e T I TN T

- Spherical shape and smooth surface particles;

- Constant refractive index due to its homogeneous composition.

1.3.2 Conduct experiments to measure the velocity and size distribution of water

droplets and compare the results with that of the standard PDA instrument.



1.4 Obtained Benefit

1.4.1 Obtaining a Phase Doppler Anemometer instrument for measuring velocity
and size distribution of particulate material.

142 Making a good relationship | between INSA University, France and

Chulalongkorn University, in order to

1.4.3 Better understandifg 1 Gptical {8 ﬂwlﬂ size analysis especially

a technique use for Phase Dgj

1.5 Description

A subject of considergblel interes slopment of Phase Doppler

Anemometer for measuring velBCityj duil . size ibution of water droplets. The

=TT
organization of the book is as follows? ="~ =

'- f |H‘
Chapter 1 is an int el g’ o

| developing the PDA is
i uJ

presented.

E\i ummm INEL AT Ve ques capeciany on
PoR sy mmﬁ*fm YT E

flow communifie

Chapter 3 has been devoted to summarizing basic optical concepts and geometric

concerns relating to the instrument together with a discussion of the properties of lasers.



Readers familiar with optics may omit this chapter referring back to it for special results and
formulae when necessary.

Chapter 4 describes the basic principles of LDA and PDA techniques by using an

extended receiving optical system of LDA with two or more photodetectors, the velocity and

size of individual particles are sim sur&d. These include the theories
relating to LDA and PDA techmigues stich as er shift, two models for explaining
o —
the physical principle of ( technigues, proBe volume and phase-diameter
relations.
Chapter 5 deals wiifi th dloped PI istiiment. s The design and set-up of the

PDA system and for ope . explained for whoever wishing

to employ it to serve their er, the reader would have the

better understanding how the LD. lext, the descriptions of the signals and

signal processing to ablai ts and the general PDA

=17
experimental set-up to c -“i

Chapter 6 discussgs Ae expenments verifying reliability of signal processing

s ara e b WGAS 3 WEL I iy exomens vor
“"”"“E‘Q"W"i”ﬂ”ﬂ"f‘iﬁ“ﬁ? IMTVTRY

compare with those of the commercial PDA instrument. The sources of discrepancies in
the experiments are also discussed in the end of chapter.

Chapter 7 presents the conclusions and recommendation of the PDA instrument

under development.



CHAPTER 2

SURVEY OF APPLICATIONS

n this work to industrial needs and

Applicability of the techniques discugsed

Lhave applications in some
practical environment. To al researches into new
approaches as well as devel® ed" For the development to

continue, a demand for the deve

This chapter is devoted tothe's spfication 'phase Doppler technique in both

befope that the categorization

the industrial and research apd d
5_'1" dered,

of several broad methods .V r
I
4

s cumpornor i 121173
SO T )] 4 B e

particle size aaalysis. These measuring techniques are categorized in certain groups
according to their capabilities [2] as shown in Figure 2.1, although the list is not all-

inclusive. Due to the large number of techniques available for sizing particles in many

different fields, the information in this book has been restricted to techniques applied in two-



phase flow processes. The first classification is based on the way the information is
extracted from the two-phase system. Sampling methods are still quite frequently applied
in the process industry and powder technology industries to provide a detailed

characterization of bulk solids at the different stages of the process for quality and process

control (e.g., during milling or classifigatie ses). Using mechanical sampling

equipment, a number of characierlsh \: 'ﬁ.ﬂk solids are collected and

analyzed. The analysis of the med USINg a microscope, mechanical

methods such as sieving, fluid s, Optical methods such as
light scattering or light attenuz sult of these analyses could
be, for example, characteristic cle shape factors, equivalent

particle diameters or particle suf@cefarea

On-line measuring techniques are fhose metheds which can be directly applied

within the process or i -'.=;'.':::L:'.;_:.';:: lo—analyre—the—Brapaifles.  Moreover, on-line
measuring techniques ammlide : _ progf@ims to characterize the
development and the ﬂ«eé’ ofsa two-phase floW.system. A further classification of on-
line measurement te EE'! ’len Y]ttj ﬂu’xllmnjf the measurement.

I LA g bl ke

over an entiraqcmcss-sectiun of the flow or along a light beam passing through the flow,

depending on the method applied.



[ S

o
Imaging Local measurement
analysis technigues

Figure 2.1 Categorizatioma
\7

/3 - of two-phase systems.
)

Iy} ]

On the other hand, 'Ioial measurement techniques allow the determination of local

pain i 2 @mﬁim NSNBANG: cepencs on e
i

dimensions of the order of 100 um) are mainly based on optical methods. Such optical

methods provide information either about the particle properties at a given instant of time or

during a time sequence within a finite but relatively large probe volume (e.g., field imaging
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technigues, such as particle image velocimetry or holography), or are based on measuring
the properties of the particles moving through a small finite probe velume within a certain
measurement time interval (e.g., light scattering or laser Doppler and phase Doppler

anemometer). Methods of the first kind are based on visualizing the particles at a given

Instrument based ' Prd e are\also ealled single particle counting

techniques since they reg obe volume at a given time.
Y

Therefore, the size of the probe H..‘ He' ads to be very small in order to fulfill

di he—particie \CE jon. i i
this requirement, depending on 4 @ ;!“ )z tration. Since the pariicle phase

properties and the resp@Slive distribiution finctions are abiaingt/for all particles that pass

AY )

, ihe results obtained by such

through the probe vulunﬂdu j

methods is weighted ﬁ ﬂaﬁle number flux.Q/

B INEUNINEINT

A summa of the various me?suremant techmques and the dlspersad phase
popaies i1 OV b Bl b QVak iFTTaV-1 T
given in Tabie 2.2. In the following sections, several of the most common measurement
techniques and their capabilities are introduced and the limitations of their applications are

summarized.
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Table 2.2 Categorization of measurement techniques with respect to the measurable

properties of a two-phase system [2].

Particle phase Sampling On-line methods
property methods Local measurement techniques
Size Sieving Light scattering
Sedimentatio Phase Doppler Anemometer

sampling

Concentration Isokinetic™®™ aegydif \ %;\\ etic sampling

Velocity Direct aser Doppler Anemometer

measurements Phase Doppler Anemometer

are not possible
Particle image velocimetry

F i L
.-" e

V. ,S."‘
I
2.2 Applications on Pﬂ techniques !

e phasﬂoumwm WY IR s 1

principally ﬁw udies ﬁ % @( Fiﬁ ﬁl aﬁ éﬁg}s high spatial
resolution amd the fact that the light beams do not disturb the flow. Nothing but light is

needed to be transmitted to the point of interest and light from a laser can be focused into

a very small volume where the velocity is required. The consequent resolution, typically 20

-100 um exceeds that obtainable by any other methods [3]. The technique is not a
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general replacement for other methods such as hot wires or pitot tubes since optical access

is not always available.

PDA has the advantage of linearity and can cover a wide range of droplet size and

flow velocities normally about 5 to 300 um a Ilirnetem per second to supersonic for

can be calculated from optical

geometry. In liquids and seeded _gas [IOWs, can be obtained and the

response of PDA is essentially insia DNS from turbulence can be

followed, The technigue therefg

Also, with the phase Dopplé available that enable the

direction as well as the magnitude 3d. This is not possible with
most other techniques of size and MelgGilit-fmeasus and is an invaluable feature in

studying complex flows. = a

It should be remem .V S-PeSponse technigue and
W r'!
4 |

thus it is in the field of turu enl:e that is pntenhahtias are fully realized. Some

measurements are nnﬂ ugd’g m Hﬂ%ﬁ w;a&l% of total flow down a
tube, for exan’i wwlﬁ have to be obtainel by uﬁgr&ﬂﬂnver the cross¥séction, rather

NN 3TN TR e

Very frequency velocity and turbulence profiles are required for design studies in

tedious for ge

wind tunnels and in flow situations, actual or modeled. It is here that the PDA technique is

most useful and enables much detailed flow information to be rapidly obtained. The
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absence of material probes enables measurements to be made in hostile environments
such as corrosive liquids or flames. The measurements are not affected by temperature
unless unusually long light paths through hot gases are involved. It should be

recommended that in a hot temperature environment the temperature of the droplets would

increase then their refractive index mu PDA measurement be wrongly
interpreted.

The chief limitation of thaef /: ue s that it depends on the
presence of particles in the fic | of present naturally, resulting in
poor signal to noise ratios apd thg g forTpp L ‘*'_b C ] equipment and/or long
measurement times. The additio art allgys ' be possible or desirable.

Fluids studied by PDA must of co 1&re is usually no difficulty here

except for liquid metals of course or hrough turbid water are required.

Optical access to the ﬂul Tbw_area must usually ba providad: a transparent tube or

window that does not necess ly need & opti J iality.
! ii
e WTJ‘EI'“J"WEW’? L4130 i
in Table 2.3

QW']Mﬂ?ﬂJﬁJVI']’WIEJ’]ﬂEJ
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Table 2.3 A list of the advantages and disadvantages of the phase Doppler technigue [3].

Advantages Disadvantages

= Does not disturb flow = Medium must be transparent

- High spatial resolution scattering  particles:  artificial

- Fasl response 7 be necessary
- Response linear and easily calibralec . Q 3 cﬁ required: windows may
- Directional discrimination possible
- Operation not wusually sg . ' Cxpensive | P uceasing equipment
affected by temperature f / % _ N ——
| : . \oise ratio is poor
measurements of total
,un‘as a ledious integration

section

2.21 Two-Component L : PDA System

In the Lﬂﬂﬂ' uﬂf; mnﬁ “ Um’mrl called one-
W TANT TR I TR

by positioning the e-ctor since the Doppler beat frequency is the same in all directions.
Some other method of distinguishing channels corresponding to different velocity

components is required.
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To measure two components of velocity in the same probe volume, it is
necessary to form two superimposed sets of fringes which called two-component LDA or
PDA system. They may be discriminated by polarization or more satisfactorily by color,

and this is the method most widely used.

Grant, G. R. and Oripi ' L, 197315 sludied the experimental construction

on this principle by using blue and.g

laser operating in an ‘all-lines

.@Itﬂneausly from an argon ion
S

\\\\:\ rror cavity without a prism

wavelength selector. The sl®ngast i 3¢ ‘r? ‘f \ ngths 488.0 and 514.5 nm.

: lel beams are formed, one

A simpler arrangement us as chosen to separate the
different colors from the lasér
containing both colors. The scatigfe igHETe 5 1\‘ jed into two channels by a beam
splitter that preferably is color dis ﬁﬂ U ar ject light from the minor lines of the
spectrum of the argon |28 _,_.:; imporan | e fringes et e two colors are accurately

aligned, particularly when ﬁppﬂe signal fmittent. U 233 the two components of

velocity are recurdﬁ sn’nulteﬁnls! for each plsficle, the uhﬁ of the system is much

WYIN EJVI? WBIN3
o Vel 11 SRR TNEA S B

the 'in-line’ mmpnnent of velocity can present a problem in the Doppler techniques since
the components measured directly are those perpendicular to the bisector of the

iluminating beams. It is not easy to make this sufficiently different from the viewing
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direction since there are practical limitations on the directions from which it is possible to

provide illuminating beams.

2.2.2 Applications to Spray Atomization

processes. A knowledge of A

nozzle and variation factors whi

order to meet current and

performance of individual spray mBzzigs - Advan ical instrumentation, based on

diffraction, visibility and phase technigués: io prt sise details of the diameter and

‘.ﬂi’-'_.- over the past two

-

?ﬁu& has proved for any kind of spherical

e BTN NN
CVMBRUERiD RN (101

achieved on the spray atomization.

decades. The phase tec

Brena de la Rosa, A., Sankar, S. V., Wang, G. and Bachalo, W. D., 1993 [7]

studied the PDA technique on turbulence properties in a confined swirling spray completed
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that illustrates the capabilities of this technique to measure turbulence parameters in

complex flow configurations.

McDonell, V. G., Samuelsen, G. 5., Wang, M. R., Hong, C. H. and Lai, W. H.,

1994 [8] studied PDA technique is particularly suited to spray measurements and is a

G. Wigley, J ow., 1999 [9] studied the

‘»\\ \

systematic approach adopted h™ Wik #perimental technique that would

allow measurements to be madefovaf a Wi { u-? € 'range with confidence. The analysis
=
difErent o :"'fl

considers the sprays generated b njection systems injecting into

air under atmospheric coepditio e work hat-the applied LDA/PDA
measurem.ant technigue i ‘.’ : o ' ally and fully atomized

T

dmpsnzes larger than the meas ement volume with a high

probability as long aﬂ.%ﬂ@%ﬁmw H %&%’mt task and give a

realistic indication of stzes for non-sphericald@roplets.

ARIANN 9Tl UA1INYIAY

%Eabrice Onofri, Damien Blondel, Gerard Grehan, Gerard Gouesbet, 1996

sprays, can accurately meast

[10] investigated the extension of generalized Lorenz-Mie theory to the case of multilayered
spheres, results connected with PDA system are considered, showing the influence of

Gaussian beam intensity profiles on the light scattering properties of these particles.
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Particular emphasis is placed on the case of water-coated carbon core particles, for which
the possibility of obtaining simultaneous size measurements of the core and outer
diameters is discussed. The sensitivity of the technique to particles with a refractive index

profile is also considered, showing that this technique is more sensitive to changes in the

average refractive index of the particles tha y ve index profile, such as produced

by high pressure and temperature.sliess 3 E&Adieﬂ geometry,
—

H. Mignon, G. \Q‘-\x, and C. Tropea., 1996 [11]
meler of eylindrigal particles by using PDA

system. Two important chafictafisuesfof e measurement system have been identified,

studied the feasibility of ong

quantified, and to some exte gfifigl. F&F ced@ip pafticléiofientations the scattered light
no longer falls onto the detector agerturesiard nédmeasur@ment is possible. The detected

s = 1%
phase difference also changes with /B2 W an, leading to an error in the size

measurement. On the otigis hand the oplical and geametdie saranieters of the system can

1._‘

i

e

be chosen so that the insh‘ﬁ:an ces or nr%taﬂans that would lead to

HEANBNINYINT
ARIBIATRRVINIE Y. o1

studied the generalized Lorenz-Mie theory for applying to cylindrical particle. It describes

errors exceeding a gjven limif. &his is most eadily realized through the choice of focal
length and detectorﬂ

the interaction between an infinite cylinder and an illuminating arbitrarily shaped beam. In

the study the applicability of this theory to the evaluation of phase-Doppler instruments for
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cylindrical particle characterization is demonstrated, exemplifying the particular case when

the cylinder is perpendicular to the impinging laser beams.

L
¢

AULINYNINYINT
QRININTUNRINGINY



CHAPTER 3

BASIC OPTICS AND LASER

In this chapter the fundamental principles of optics are recalled and the basic

properties of lasers described paying i . the aspects relevant to the

practical use of the phase Doppler l& e, Fg @ rigorous discussion, the

-
A

t iven here should enable
o a

L0
i\ esign and limitations of

a reader with some general kn

PDA instruments.

I T

w9 ¢ o .
3.1 Light as Electromagnetic tion elr | '

Light is a special case of the -;Emelé ] arising from the interaction of

electric and magnetic ﬁelds,r Chomagnoicwaves extends from long

g

e waves travel with the same

radio waves to the r-rays uchlea v

velocity, i.e. Cy = 2.99ﬁsu tnj‘ ﬁl‘qmg]e:fiiﬂ!g:j;ﬂﬁr frequencies is

conventionally divided intg regions dep g o s of production and
¢

i, QARG ST OHUN VIR B

in the range approximately 0.40 — 0.70 u«m, depending on color.

The technique of velocity and size measurement by means of the Doppler shift is
applied to the whole range of electromagnetic waves but the practical methods discussed in

this work apply principally to wavelengths of around the visible region. The neighboring
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ultra-violet and infrared regions may also be included and these waves may be loosely

referred to as light.

At LY

F-RAYS

JE $nenns
wmmwwmaa

The propagation of light, as of all electromagnetic waves, is determined by
equations first derived by Maxwell and these are fundamental to the complete

understanding of optics. Approximations valid for distances of propagation large compared
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with the wavelength will be used. For many purposes, the use of simple geometrical optics

is adequate.

3.2 Geometrical Optics

In many situations, the use of elemaitaf Madmetrical optics is all that is needed to

on these principles. In this apg
(1) in a wilforg M, light travels in ‘steaight lines along rays;
(2) when rays z  geflecte. aba smoot tface, the angle of incidence is
equal to ifle dhgle of

(3) when passing e um to another, light is deviated or

refrade dction @ and 6, (see Figure

AU INENINEINT @
e A FARLOINU HHATULIAY,..,

Refraction from a dense to a less dense medium (n,< n,) is not possible if 6>
sin(n,/n). In this case the incident light is totally reflected. Total internal reflection

inside prisms is often used for beam deflection.
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The most familiar optical devices using the principle of refraction are lenses.
They have any uses in PDA system for expanding and focusing laser beams, image
formation, and concentrating light onto detectors. The lens performance required is usually

less demanding than in most optical instruments or in photography, and for most PDA

- applications simple one-component lenses ar adegl; This is because of the small

Figure 3.2 Reffézc

[t

3.3 Interference FJ, 1 Ei.‘ej 1 E]V]%’w g9
NG LGRS VeI

occurs when twdl beams are superimposed. If the light beams have a sufficiently well
defined frequency and consistent phase relation, light and dark bands, interference fringes,
can be observed. A simple situation of this type, often applied in PDA work, is the crossing

of two parallel beams at an angle «. This may be produced for example by splitting a
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plane wave with a small angle prism (Fresnel biprism), as shown in Figure 3.3. Points in
the crossover region are subject to the alternating electric fields of both beams. Where
these alternations are in phase, the resultant electric field amplitude is the sum of the

amplitudes from the two beams, and an increase in light intensity is obtained. Where the

intensity is reduced.

The phases of the electric siralians producediby. the beams at a point P in
Figure 3.3 are determined b

reference planes. Constructiy

(3.2)
where i is the light wavelength, » ;,73: e R —— ——
satisfying this condition liecgn planes bisecting the angle betwgey the two beams and

vj l=‘ ‘
separated by a distance s givén 0

[ i¥ |

Augdstminens o
ARIANTAUNIINGAE
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Figure 3.3 The fo el light beams

Each plane correspond

\\ his formula may ‘Easily be

derived by mathematical analysi; K g ‘ geametiical ~\ stfuction shown in Figure 3.4,

Planes of equal phase, wave fro ® wavelength are drawn for each

beam. These are denoted B

Id 5 interpreted as wave

= g |
L

£e lie on the planes C,

crests at a particular instant: P

y iF |

C,, etc. The separation of these bnght fringes is denutad by 5. Consideration of the right-

Y &mqrw@wmms e 09
’QWW Mﬂ‘im URIINYINY
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Figure 3.4 Diagram gho ‘gralignof intee ce fringes

to the wave frons

3.4 Diffraction

g ‘TJ“ET? 1 H‘VI’%’WE‘]“‘TW‘T" e

line law of propagation &8sumed in ganmetncaI optics. A be.am only h'mrelﬁ in a straight
line if its dlama wrl} Mﬂlw Mﬁ%@gﬂﬁn’q aaIHlne of a
beam of dlamatar d is given approximately by A/d . Diffraction sets a limit to the definition
and resolution obtainable in an optical system. Optical systems giving as good a definition

as is theoretically possible are termed diffraction limited.
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Most problems in the diffraction of light may be solved by the application of
Huygens's principle, an old idea but still a valid approach. It may be derived as an
approximation from electromagnetic theory. This principle enables the optical field to be

derived from a given wave front by treating infinitesimal elements of the wave front as point

sources having amplitude proportiona ihe Bolitude of the incident light at that point.
The total amplitude at any giveg po t.is obtai a&hng the contribution from every

In most laser appli i§ necasar 3L ify, or shape the laser beam
ser-beam propagation can be
approximated by assuming that the Jaser be an 5 an ideal Gaussian intensity profile,
sian beams have peculiar
(7 <
transformation properties ",; [ .=n order to select the best
y i
optics for a particular laser agp‘&ahan it is Irnpo t to understand the basic properties of

cnsre A U2 ‘mﬂmw §1N97
ARG BEAAT G oer

intensity dlstnbutlnn across the beam is Gaussian in all cross-seclions. In general, a
‘Gaussian’ beam has the shape shown in Figure 3.5 [3]. The radius r. of the beam of

I/e” intensity points at a typical cross-section is given by
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Az?
r_.z = ‘xz—ruz + rn: {3-4}

where eis a mathematical constant which is base of the natural logarithm, z is the

distance along the beam from the cross-section of minimum diameter or ‘waist' and r, is

These relations opagation of Gaussian beams

where diffraction effects are impofiest o
corresponds to the walst| ' walt by diffraction to a limiting

" ——]
divergence angle ¢,_at | 5.
1 J.IJ

ﬂuﬂ?ﬂfrtrmwmm
waawwu A SRR PG B oy o s

the mlnlmum beam diameter does not occur exactly at the focal plane but slightly nearer

Mple, we see that a plane wave (which

the lens. The difference is sometimes significant for narrow beams and long focal lengths.
Supposing that the light is traveling from right to left in Figure 3.5, it may be considered the

converging beam at the plane z to be formed from a parallel beam by a lens in that plane.
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Figure 3.5 Chdracte RO Bt ussian beam.

The distance of the centg @int of convergence C may be

£
e

calculated from equations (3 gth F and the radius of

the beam at the lens R, we
(3.7)
or approximately

(3.8)

=5=n AU ININTNYING
36 Pnlaﬂﬂ;“ﬁmﬁm uﬁqﬁﬂ Elr] ﬁlﬂ

In electromagnetic radiation, the oscillating field is transverse to the direction of
propagation. This allows a degree of freedom for the orientation of the field or different

states of polarization. The plane containing the electric field and the direction of
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propagation will be called the ‘plane of polarization’, but the convention on this is not

universal.

Figure 3.6 shows that the electric and magnetic vectors associated with an

electromagnelic wave are at right angles to each other and also to the direction of wave

propagation is firm evidence of the transv se agnetic waves.

(]

Figure 3.6 Schematic diag : m of an electromagnetic wave propagating in the x direction.

il vﬂ( uﬁ@%y TR TR T —

in the xzplane. g

RINNTULRIN Y

An ordinary beam of light consists of a large number of waves emitted by the atoms
or molecules of the light source. Each atom produces a wave with its own orientation of

E, as in Figure 3.6, corresponding to the direction of atomic vibration. The direction of
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polarization of the electromagnetic wave is defined to be the direction in which E is
vibrating. However, because all directions of vibration are possible, the resultant
electromagnetic wave is a superposition of waves produced by the individual atomic

sources. The result is an unpolarized light waves, described in Figure 3.7 (a). The

direction of wave propagation in this figdre is'pe ' h-cular to the page. Note that all
ndmular to the direction of

propagation, are equally probable™ Al ariwived palnt and SFSeme instant of time, there is

afline u, ri i \ \ e same direction at all
times at a particular point, as F 3748 v\ escribed in Figure 3.6 is an

- F ", by W,
example of a wave linearly polarizgl in #8&~ (- diféétion. A:

f t’{ 4‘—7--':1

xdirection, E is always in the y dire ﬁ;ﬁ 7 }

he wave propagates in the
ormed by E and the direction of

propagation is called the pk *'-.:-'.;-;-:;:..';.;.;;;;:;;=:;;;:4',';;.’;;_- '

\7Z _.;f'd

¥ prit
II [
4

In Figure 3.6 the plane 31 polarization is tha xy plane. It is possible to obtain a

e s sl FRYBIILLIR B See rom e boam

except those ﬁ ﬁelecmc field vectors os na sin

ATy Y
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Figure 3.7 (a) An u o | \\\\\’P\\ :

: g.the direction of propagation

/9NN

(perpendicular to the page). tarcan vibrate in any direction

with equal probability. (b) A linds / n'g' \\

8 electric field vector vibrating

3.7 Laser

S

3.7.1 General La Ji‘

" BTTE YT T e

of radiation. All laség$ produce intense heama of light that are nmnnuhmnmhc coherent,
o S0 GRS H A B
when cumparad to other sources of light, and all of the photons (energy) that make up the
laser beam have a fixed phase relationship (coherence) with respect to one another. This
causes the light to form a beam with a very low rate of expansion (low divergence) that can

travel over great distances, or can be focused to a very small spot with a brightness that
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can approximate that of the sun. Because of these properties, lasers are used in a wide

variety of applications in all walks of life.

All lasers consist of at least tree components as follows:

i} a gain medium that can amplify light that passes through it;

iii} two mirro

The gain ‘Mediym gag be solid diquid, orga ‘anc the pump source can be
an electrical discharge, a Tlagfilagip jor. 2 w . g\--' ific components of a laser

vary depending on the gain e and 2 |@ser is operated continuously or
: .'.,. i
T S .

pulsed. The following haading. «}Pj,f;ﬁm'-':'_;_ er d@signs.

3.7.2 Laser Ty ‘_‘,: -
V; i d
7

RUOGTITTE CHTEEE N——

commonl UW 55@ .fi QI d Irﬁ: -nﬁuﬁhﬁi’ev rimary output of
visible red kight. Theschan‘fj: aigwtgnu 5:1:;3 riss @ re 3.8.
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Total reflector Partial reflector

impurity center in a crystal
|@scribed below. The first laser
was a ruby crystal [Crm in Nzﬁaii tha ‘. m when pumped by a flashlamp. The
most commonly used sqligstate g ¥aA0, (YAG) or YIiFy (YLF)

V.. AY
crystal or in a glass. Thesﬂw ISed iJ continuously and lased at
i

approximately 1064 ﬁn @ ’J q?lc Ef] a ﬁu%gpﬂ |Elsa.;_s.]haﬁn % Figure 3.9

AT ANOS L .

dissolved in a solvent. The dye and solvent are circulated through a cell or a jet, and the
dye molecules are excited by flashlamps or other lasers. Pulsed dye lasers use a cell and
continuously dye lasers typically use a jet. The organic dye molecules have broad

fluorescence bands and dye lasers are typically tunable over 30 to 80 nm. Dyes exist to
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cover the near-ultraviolet to near-infrared spectral region: 330-1020 nm. The schematic of

a pulsed dye laser shown in Figure 3.10.

Pumping chmtiar Flashiube

/7 _\\\\\

I reflector

Total reflector

Slﬂ

-v; ]

J Laser output

wﬁi@%ﬂ%‘wmﬂ?v
W

IR U RN THBARE

Figure 3.10 Schematic of a pulsed dye laser.

123200362
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- Semiconductor Lasers

Semiconductor lasers are light-emitting diodes within a resonator cavity
that is formed either on the surfaces of the diode or externally. An electric current passing

through the diode produces light emission when electrons and holes recombine at the p-n

junction. Because of the small size of the aclive metlit'in’ the laser output is very divergent

anﬁhea& lasers are used in

oplical fiber communications, CD players¢and, -reselutien molecular spectroscopy in

the near-infrared. Diode laser effigiently pump solid-state

lasers. Diode lasers are tunab emiconductor materials

are used to make lasers at B80,08 The schematic of a

Fav s

semiconductor laser shown in Figure § =
Lt <

L
=

Figure 3.11 Schematic of a semiconductor laser.
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3.8 Light Detectors for PDA

An essential element in any phase Doppler equipment is the light detector. This
converts changes in light intensity into electrical signals, which are required for most

methods of analysis. High sensitivity and fast res are desirable. There is basically

one type of detector available, namely phot

Photomultipliers are vacuum tu jaleased by light falling on

a special photoemissive surface. a positive electrode

to produce a measurable current. it nnehallm compounds

containing alkali metals and these fo | as ﬁ ’\\\ |twe surfaces. With

this type of detector, it is usual to arr ; e ar Hiifieat yf the photocurrent by the
secondary emission at intermediate electfodég.of dynod suceessively higher voltages
with respect to the photoemissive cathode™ ThiS s ilit -‘.I igure 3.12. The voltages
for the dynodes are usually de 'I"_ ! .t- via a chain of

resistors. Current amplification facﬂs of several tens of thuusands are"usual in a chain of

dynodes. This feature Q'Wﬂ“‘ﬁ“ﬂl‘@’%‘l‘ E‘PﬁﬁWﬁﬁ
"“%ﬂﬁ"a SRR RN T

produced across a r@sistor R. A high value of R will give high voltage output but may
reduce the possible high frequency response owing to the parallel capacity of the anode
and leads to the amplifier. The ultimate high frequency response is limited by the variation

of transit time of electrons from the cathode to the anode. This may be reduced by good
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design and the use of high acceleration potentials. Typical transit times are 20 — 100 ns.
The spread of these times and the consequent rise times in response to a pulse of light are

generally in the range 2 — 20 ns giving frequency response up to 10 — 100 MHz.

$r

. ////l\k\\w\ | e
a\\

Most photomultipliers have the _‘.* ity in the blue and green regions of

ll

Figure 3

the spectrum, sensitivity taiéed light being poo ::..;;.;.;.:.;_;_;.;;.4_;ij ode emitting materials
v A

are used. Where response I the red s eliu :‘1 eon lasers for example,

the multi-alkali cathode Na-K-O8-88 (S za} is the 5 most frequently used and there are

photosensitive suﬁaﬂ unﬂ ?lt ﬂlﬂ ﬁr&r&d to nearly 1.1
ST ANIUNAINYIRY



CHAPTER 4

BASIC PRINCIPLES OF LASER DOPPLER ANEMOMETER (LDA)

AND PHASE DOPPLER ANEMOMETER (PDA) TECHNIQUES.

In this chapter the physical CORCERt Erlying LDA"SRd PDA techniques have been

described and followed by the

4.1 The Doppler Shift

The technique of using thE [ ght'to determine the velocities of

particles were first demonstrated ":'ﬁ_, ! imins, who observed the shift of
light scattered from particles carrie ements of size soon followed
by three teams indepen zﬂ’ ark and F. Durst in
Germany. Lasers produce amery intense monochromatic light ﬁ'y suitable for this type of

O - LA AL K

described as Phase ppler Anemometry, gommonly ahhgviatad to 'PDA"

Y WA IEUY um'mmgnymm

In anyform of wave propagation, frequency changes can occur
of the source, receiver, propagating medium, or intervening reflector or scatterer. These
shifts are generally called "Doppler” shifts after the Austrian physicist who first considered

the phenomenon in 1842. The Doppler shift, familiar in acoustics, is due to the relative
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motion of source and receiver and this type of shift is also well known for electromagnetic
radiation, including light. The red shift to lower frequencies of light arriving at the earth
from distant galaxies is attributed to their movement away from us at extremely high

velocities. The shift of r-rays from a moving radioactive source may be readily

demonstrated in the laboratory using extrémealy’ well defined resonance adsorption and

4.2.1 The Doppler

inci \ rements can be explained
in two models as follows: \\

The Doppler. modelor Doppier effe ates the interaction of sound or
light waves with a movi g ok 7 o ght waves received by a
stationary observer from a‘uuing emitier. In LDA or PDA, th@pﬁndp‘r& is used in such a

way ha  lser o ﬁﬁﬁ%% %:wﬁﬂ R movig emitr, e

particle. Hence, tmﬂequsnny or wavelength of the Hngecaivad by mWrﬁnle is already
rmdulated.‘qiiﬂ:;_l am5|mumargﬂma:]iadﬂonal Doppler
shift occurs when the scattered light is received from a stationary observer as shown in
Figure 4.1. Hence, the frequency of light received at the photodetector can be determined

from [2]
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(4.1)

where [, is the frequency of the laser source (emilter), v is the velocity of the moving

particle, ¢ is the velocity of the light, and_f4 § are unit vectors in the direction as defined in

e um BEI S
AMIANTUAMINYAE

This is achieved in the reference beam method by illuminating the particle
with a strong light beam and interfering the resulting scattered light with a weak reference
beam from the laser light source at the photodetector as shown in figure 4.2. Subtracting

the frequency of the reference beam gives the Doppler frequency, f:
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Jo = fi-1, (4.2)

(4.3)

(4.4)

where y, and y, are didles with the strong beam and

the reference beam, respe wa elength of the laser source.

The velocity component perpenflicylar 1o e & fihe two incident beams, v, is
(4.5)

Using the trigometric rela J nship

Uidneniusay .
mmﬂﬁmﬂﬂ‘imﬂﬂﬂﬂﬂmﬂ

£ = AL luvﬁmﬂ @47
el 1+—sin@
o




where €=%{y, ~,). Since, in general, v << ¢, equation (4.7) finally becomes

fo = 2220 “8)

It should be noted that the reference beam mode could be only operated at

nca beam angle #. Furthermore,

erence requirements, i.e., the

a fixed observation angle which coir
the solid angle for light collects

amount of scattered light whi

Figure 4.2 Configuralion of refgrance beam LDA system.

ﬂ‘UEl’J‘VlEWIﬁWEI']ﬂ‘i
0 W"I"ﬁ‘ﬂ‘ﬂ"ﬁﬂ?ﬂWW YTE TR

and PDA measurement. Here the moving particle is illuminated by two laser beams from
different directions as shown in Figure 4.3. In this case, the frequency of the scattered light

is obtained from the difference of the contributions from two incident beams

o= o - 1a (4.9)



where f, and f,, are the frequency of the two laser beam from different directions which

are beam 1 and beam 2, respectively.

Using, once again, equation (4.1) and the velocity components in the directions of the two

beams, one obtains

i ‘1/ ""-‘}Cﬂsrz
S pEe— s a

fo

(4.10)

For the velogify e bisector of the two incident

beams and with v<< ¢, equal

(4.11)

F Y}
This expressid s :--“;,'- d for the reference beam

l.

method. However, the obea ation angle ca aﬂzrii;t'a\rilyr selection in the Doppler

atrcs mavod 1 ThE 'ﬂi TTaF - -
“"“ﬁ“ﬁ*Tﬁ NiTRIDb i ilod gl )
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photodetector

=¥

Figure 4.3 Configuraliog oiife Dop iiecence frequency method.

Typical LDA a 1 ;-f se W@ egual intensity laser beams that

are split from a single beam. inown angle 24, the interference of

the light waves results in 8 tog'plane as shown in Figure

44, 4 3 ‘

Given that thei’iaer light has a Wabelength A, we would like to find the
spacing d, of the I@urﬂ lﬁ« jm grﬂnjﬂenmw is zero.
ARAMIAT BRI NRYIN B e

illustrated by the blue triangle in the schematic above. Recalling basic geometric properties
of triangles, we find that the following three triangles (and subtriangles) are geometrically

similar



AADB ~ A BEC ~ACFB

Furthermore, let the angle A BAC be equal to «, we have the following

relationships amongst three of the triangle’s angles

(4.12)

(4.13)

(4.14)

AuE I
ARIAINTOI M NG

Figure 4.4 Schemalic of two inferfering beams at measurement volume.
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Simplifying the above equations gives

AABC =AABE + ACBE (4.15)
%—5‘2- o el (4.16)

which yields the solution for o
(4.17)

In order to link d, to A and sed in the following

equations

BC (4.18)
(4.19)

The fringe spacing & can no
(4.20)

ﬂ‘IJEI’JVIEWlﬁWEI']ﬂ’i

As the pa e passes thrnugh.&he probe uug'ne the scatte intensity
sty Byl ¥k b 5k o el v BYUE L
scattering intansrty, which results from the Gaussian intensity distribution in the probe
volume, is superimposed with an alternating pattern produced by the particles passing

through the bright and dark fringe pattern. The fringe spacing o, is basically the
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conversion factor of the determine the particle velocity v from the measured Doppler

difference frequency

v = fpd (4.21)

Since the fringe spacing d,is a function of the laser wavelength 4, and

(4.22)

4.3 Probe Volume

The region of fringe formed om which signal can be

obtained is often called the ‘probe ‘scattering volume’. A

particle moving in the control volu sportional to the modulated

component of the intensity distfif5gl Y

T
s
The probe volume is deteg;rnned by the mmal laser beam diameter, the beam

e (YOIt qqngm@m]m@e ——

lens), the focal length ﬁ( the receiving Iaf 3{ ﬂ arﬂtmn a ﬂ" iving
optics. Since theqi f] @umj ?usn si bution
{(Figure 4.5), their waist diameter at the focal plane is taken to be that value at which the

light intensity (V) has diminished to 1,-‘r e’ of the maximum value (V,,,) at the beam axis.

The waist diameter (d, ) is given by
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(4.23)

where d, is the 1/e’ unfocused laser beam diameter, A, is the wavelength of the light

and f, is the transmitting lens focal length. The probe volume established by the two

crossing beams has an ellipsoida ' gu 5). The dimensions of the

(4.24)
(4.25)
(4.26)
where @ is the refere Vargie e umber of fringes (N.) in the
r‘rj-“- |r -.
2
1/e* measurement volume can be f:.-"-‘;.-,"a’ .a
ol (4.27)

- ”‘““"“%Tﬁﬂ“ﬁﬁh?:l‘?‘r%‘wznn'ﬁ
... VPO ek LT

spatial resolution improved. However, due to the angular dependence of the light

scattering intensity, any off-axis orientation of the receiving optics results in reduced

scattering intensities.



Figures
L7

It should be noted thatﬂe spats easurement depends

J

on the dimensions of the LDA proBeolume. o
AUEINBNINEINT

e e oGP A 1191171116

LDA instrument is the most advanced and accurate non-intrusive measuring
technique to obtain velocities of the fluid and particles in a two-phase flow. The system
uses a laser beam to emit coherent light (i.e. a beam of light comprised of many amplitude

modulated light source waves, all having the same frequency and in phase with each
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other). The laser beam is splited in two; and these subsequent beams are focused through
the transmitting optics and crossed perpendicular to the particle stream. At the point where
the beams cross, an interference of the light waves results in a fringe pattern parallel to the

bisector plane (i.e., the y-z plane as shown in Figure 4.5), which can be visualized on a

screen when a lens of small focal jength i 1 at the interaction of the beams. As the

ht and dark fringe pattern), the
beam scattering is then ce 4 focused on the photodetector,

where the light is converted ronic device known as a signal

processor is then used to_dEtem \ '~ signal and therefore the velocity
of the flow. _‘ ‘ \
[d - F
,u: :
A typical optical setup gf an LOA Sy st peratéd in the forward scattering mode is

f:"l-.
shown in Figure 4.6. The transgt W

l'-J I.

1sist of the laser, a beam splitter and a

transmitting lens. Tha&Sfeceiving optics consist of an imamingdeds with a mask in front of it
Yy kY |

and a photodetector wit :: pinhate: Tl

iF

ﬂ‘IJEI’J'VIEWIﬁWEI'm‘i
Qﬁﬂﬁﬂﬂ‘imﬂﬁﬂﬂmﬁﬂ
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Measurement Fringe

Emitting (Focusing) Optics

Figure 4.6,

4.5 Phase-Diameter Relation:
v:
H

he operational principle of PDA ca

To size particles, be explained using the

A LKL ALl

the two incident Iigh?'beams of the PDAgare parallal light rays. A sp r.:ai transparent

i pach b (o b bbbl 'h’&%’; al Bibect e tgn

rays into space as indicates in Figure 4.7 [2]. The separation of the projected fringe at a

distance f, from the particle (As ) is given approximately by

d
~ - )=+ 4.28
(1, fJf (4.28)



where d_is the fringe spacing in the measurement volume. The focal length of the particle

(/) is given by
m (D
S | 4,29
r =22 29)
where m=n,[n_, the ratio of tha ' iy of the particle (n,) to that of the
surrounding medium (n,_) a narticlesd ar,  Since small particles are

considered and f, is usu«allf( & particie diameter, one obtains

(4.30)

;Dp u-i

AudIfiENsndnT
@ RSP RAHAAR V1B e



The separation of the projected fringes is obtained from

5 Ao f m-l
As * [ = ] (4.31)

In general, the particles move through the probe volume and the fringes move as

well so it is difficult to measure this spal eparaliarn, ever, if two photodetectors are
symmetrically placed at f, willisasseparati in Figure 4.7, the fringe
produced by the moving parti wo detectors at the Doppler

difference [P ) given by

(4.32)
or by using equation (4.31)

(4.33)
Wy, Y
where g is the elevation ang of one Irec :ﬂ- the bisector plane of

the two incident beams where aﬂﬂma! axis of th&.PDA receiver is also located.

AU INBNINEINT

It should be emphasmed that equation (4. a3) is an approximatm&valtd only for
small scattaria m’-]am;ism uan llm%j ME forward
scattering directian. The equation is very useful, however, to provide a rough estimate of
the measurable particle size range for a given system or to perform a preliminary design of

the optical configuration for small scattering angles. To determine the particle size from
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geometrical optics, which is valid for particles that are large, compared to the wavelength of

light. The phase of the scattered light is given by

o = L [sinr-f*fi—sin r*] (4.36)

first-order refraction, second-ordef reféicténf gnd s§ ony Moreoveriigand r'are the angles
between the incident ray and ifie < e fia ind. the \refractet ray and the surface
o DA system, the phase

difference of the light scattered from each ':r'“ﬁt ] iven in a similar way

‘Esint) } (4.37)

| T
where the subscripts 1 and 2 1"3* used to Indicate the contribufigns from both incident

"= AuINENINeINg

e AR RS D Z AT ANEN G E

the phase difference

&b = ZEI‘?”H@ {433]

The parameter @ depends on the scattering mode. For reflection (P=10),



- - = "II:
5 Ji|i{]+smﬂsmw cosfcosgcos i) ] (4.39)

—(1 —sin@siny — cos Bcos pcosi)?

and for refraction (P =1),

[|+m1--q'fim(l
’ " [1+1|'1".'1 — V2 mbbesingsi

} (4.40)

the two incident beams. Since fcse differafce l vef P, one expects a
linear relation for the correlatio enfparticle size 2 4 pha only those scattering

angles where one scattering on).

A1 QRN BN
ARIAINTUNRIINYIAY

Figure 4.8 Phase difference of a light ray refracted at a spherical particle.
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By recording the band-pass filtered Doppler signals from the two photodetectors the

phase A® is determined from the time lag between the two signals as indicated in Figure

49
At
AD = 2r — (4.41)
T
where T is the time of one cycle ofihe signal. Will*Eguation (3.41) it is now possible to
determine the particle diameter efragtive ind&xm,and wavelength 4.
(4.42)
From equation (4.41) a off =3 ‘ als s that only a phase shift

for PDA system, which limits
the measurable particle size range / configuration. Therefore, three-
detector system is also used i ch twb-phase are-obtained from detector

-*‘1“! enables one to extend

T

pairs having different spaci ng'e
J
the measurable particle size E.ga while maintalnlng the resolutic

of the measurement.

— pamm YLy mmﬁ contibution to the
mammﬂ‘:mﬁmﬁww e e

general Mie thﬂary [2] has to also be applied to determine the scattering characteristics for
a particle of any given size. However, Mie theory is not used because of the diffraction,
but to more accurately take into account complex phenomena as at rainbow or due to the

mixing of several kind of interaction (p = 2,3,...) and for the small size of particle where the
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geometrical optics is not good as for the big. The Mie theory relies on the direct solution of
Maxwell's equations for the case of the scattering of a plane light wave by a homogeneous
spherical particle for arbitrary size and refractive index. In order to calculate the scattered

field of a PDA system, it is necessary to add the contributions of the two incident beams

and the average over the aperture of th eivin, ics configurations. To allow for the

Voltage

0=
i

=1 = IlI (' .l'l --Fﬁ--qp.’i---.'l 1

l 1{1 1&14 15 18

QWWMT]‘J’?H@JV‘ITJVIEI']@EI

Figure 4.9 Delerminations of phase shift from two Doppler signals.



Phase (deg.)

Figure 4.10 Repfe s gniative responseifu \ or a PDA system

s

b |
4.6 Phase Doppler ’ "DA

ST TRt .E S
0 R 1 ) il )

The phase shift of the light scattered which can be explained by the phase-diameter
relations by refraction or reflection from the two intersecting laser beams is used to obtain

the particle size. A typical optical setup of a two PDA system is shown in Figure 4.11.
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CHAPTER 5

DESIGN AND SET-UP OF THE PDA SYSTEM

“T,L_f is intended to be a

description of the design and séf=L \}\ \“ v ever wishes to employ

N

The principle of the sfrumefi’is Based ‘on the Roppler difference method

components in the LDA

instrument can be divided in two main pad ng and the receiving parts will be

first presented (section 5.1) ¢ PDA instrument. It is then
.Y A

followed by the description Qi : ,‘.‘"‘ from the LDA

I
i
(section 5.2). These descnptofl‘hi include the explanation of the optical setting in order to

confirm that all of theﬁ%&%ﬂ%@%&’ ’];ﬂeg In the set-up it is
important to Wra qrﬁe@jaﬁj W}]ﬁ;ﬁ ﬁ }g] ﬁ%anu highly

sensitive to the@®DA measurement.

Next, the descriptions of the signals and signal processing to obtain the
information from PDA experiments (section 5.3), and the general experimental set-up for

operating the PDA system (section 5.4) will be presented.



5.1 LDA System Components

Figure 5.1 shows the set-up scheme of a LDA system. The configuration of this
system can be divided into two main parts: the transmitting and the receiving parts. Each

part consists of a number of optical parts to greate the measurement volume (transmitting

- , - -J
of them are mounted on th igu EQHI rail is a solid rod which

holds all the optical compone;

are described as follows:

:aherent light. The laser beam is

splitted into two beams and these subs 5. are focused by using a lens called

the transmitting lens. TRgJens also changes the direction-aftite beams causing them to
L7 RY |
cross at the point where tﬁ are whel@ the beams intersected is

d

where the measurement is fmade and is callgd “the measurement volume”. The

e B AYEANETS
Q“mﬁﬂﬂ‘ifu URINYIAY



Transmitting
parts

— = 1[‘ll.l:= S

(@) (b) ()

Figure 5.1 Optical configuraiien 8f a'c t_‘" Soté

Transmitting parts® (a) He

fnfj Two pfana-convex glass [efises:

ﬂ"i‘dﬁl”.‘l VIR

AR mn‘ﬁﬁi’ﬁi&amm 8%

{e) Photomultiplier.



a) Helium Neo

A 17 mW cyli 3lles” Griot 25LHP 925,

Figure 5.3) is used to produce polarizedired 4 length 632.8 nm and beam

The laser musyE adjusted to tﬁ,peﬁectly horizontal and the

s v v oS E ALY 3 ) A B o
cmaing o e N TS T SN TR

success of this adjustent.
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Adjustment:

X

1) Setting the Helium Neca s Alfeady mounted

on the optical rail.

n e oA BB TN

laser spot in each transrmtmg axial far from g:e laser to ensure that the p-usltcon of
s st oo b 9 E1d o BIAINYINY

3) Placing a polarizer in front of the light beam incident and orienting the laser

until the transmitted light intensity observed in the screen is minimized as much as

possible. Note that the direction of the polarization (vertical or horizontal) must be

perpendicular to the light plane wave.




Vertical

Polarizer

the horizontal alignment of the laser. Th

2 in order to confirm that the Iasir is perfactly ﬁoﬂzﬁﬁla v .
_ 9y
5
“'ILJ: ;MJ
L =1 —
j == j

b) Lase

AR NYNINYINT

A sphédcal lens with 100 mm focal length and 20 mm in dlame:er

o 1 RV B AN B

as possible.
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Figure 5.4 A spherical laser focusingJ€ns wath 400 i 1 fogal leng Hand 20umm in diameter.

The three tracks cirg ifftaction array is used (Figure

5.5) to split the incoming beam mtu two beamfyﬁgw ays?«' a prod ice the frequency shifting.

The additional advantages of the c_ i

J v
- the measurem&nt of the part'lcla with very small wvelocity

ﬂH%ﬂl@%ﬂ‘ﬂ‘ﬁWﬁﬂﬂi

q TSR TTI o

The circular concentric diffraction array is a small glass disk with a
circular grating pattern, mounted with the shaft of a small DC motor through the center of
the disk. Actually, three different grating patterns are used in different annuli of the disk

which allow for a range of beam spacing and frequency shifts.
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After the i
divided in, at least, three beams.

N, th /
incident beam, so called the zero order Eatﬂ.“ The &s are relatwely symmetrical to
o e
4 " R e i 4
2 g

the zero order beam and so called +1 and.= ‘r mdf*r bwm . The angle between this +1

- -.'J ""'-i
and -1 order beam is directly Eﬂ’?ﬁé“f%?.’i wih the step el thearay, f-rj
\Z P

| =

As the u:ircu-lnaui1 concentric diffraction array umsea frequency shift is
continuously imposed to e tivo @Beafms of | didef] #1=ard/\+1] isinees thesLDA system
effectively measures the freqliency at which a particle crosses a series of equally spaced
fringes. By this té:&hﬁique, thareare | twb aq.lﬂnﬁ_s Iimitatimns"- i) lal stattnria?y particle
produces no signal and, ii) two particles moving with the same speed but in opposite
directions will give rise to indistinguishable signals. Both problems can be solved by using

this device and shifting the frequency of one of the laser beams. This causes the fringes in



the measurement volume to move at a constant speed in either U or -U directions
depending on the direction of the frequency shift. Stationary particles exposed to these
moving fringes now produce signals of constant frequency (remarks that this frequency is

the same as the frequency shift). Particles moving with the fringes produce signals with the

entric  diffraction array the
distance between the incid ular array corresponding
to each track of this devi een the +1/-1 order is
also changed (1.99°, 2.85° and 485 ffop téagk 1, 3, respectively). This change thus
affects the fringe spacing in the mge e : it vol is an efficient way for the PDA

system to modify the various sizes of paricles ne

The pladegsf the circular capgentric diffraction array could be either

horizontal or veﬂlmlﬂluia gm EJ m ﬁ«nﬂ m E must be located at
e e "3‘3 RVRIPTICI TN T TR

procedures the success of this adjustment.
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Table 5.2 The set-up procedure for adjusting the circular concentric diffraction array.

Adjustment:

1) Setting the circular concentric diffraction array on the optical rail and then set

the laser focusing lens in front of the ‘f’” r concentric diffraction array.

2) Adjusting the laser fnbuslng Iem)% axes translation (Figure B) and

observe the spot passm rﬂﬁ@;ﬁentrm diffraction array on the

screen. It should u!a:_i' spotm most intensity of light as

-

possible.

Ut AR AR
ARABANIAIRL TGN Bl

confirm that the laser light is perfectly horizontal again.
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3) Tumning the circular concentric diffraction array with two axes translation to
investigate its plane. It must be confirm that the plane of the circular concentric
diffraction array is exactly either horizontal or vertical. As the circular concentric

diffraction array turns in different steps, the twu beams of order +1 and —1 should

also be the most intense Spﬂts as puss:bre {Fté(é)!

(@)%

Figure C E%qr spots of (a) hndznnﬂlf diffr:

q Twu p]anu-cnnvax glass Fenses {Flgure 5. E} are used to focus the
beams which leave from the circular concentric diffraction array. The direction of two
beams is thus diverted and crossed at the focusing point to conform to a measurement

volume.



(b)

\Fipare$.674 Planoscanvex, glags Janmfweiﬂmmmm
(a} a 150 mm focal length and 80 mm in diameter;

(b) a 300 mm focal length and 95 mm in diameter.

72
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The first lens is 150 mm focal length and 80 mm in diameter and the
second lens is 300 mm focal length and 85 mm in diameter. It should be noted that it is
critical to obtain the perfect parallel beams entering into the second focusing lens in order

to make the exact probe diameters and produce a good parallel fringe at the measurement

volume. Also, it is important that the mask (Figure 5.7) with ircular apertures must be

used to conserve only the beam +1 and -1 { ehe Andereduce unexpectant
3 J
——
frequency.
This focal length g the beam
divergence such that each beam forms i ordie Ublume. 'Anestifation of the

beam waist size or the probe diameter (w

(5.1)

Y

iF

diameter of the light beam. Thus a smaller fgcal length makes aller beam waist.

ﬂ‘IJEI’J'VIEWIﬁWEI']ﬂ‘i
ammﬂimum'swmaa

where 1 is the wavelength of light beam -r



74

D5 mm

5 mm lZIZI' "
T

D 5 mm

10mm ] —. W 4 ; P (b)

D5 mm

Figure 5.7 Two circular apertures mask for (a) track 1 (b) track 2 (c) track 3.
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The following are the nominal optical characteristics of transmitting

parts:

- Focal length 300 mm

- Diameter of the beam 0.98 mm

For the'ideal LDA systemg »

ﬂ M?J thmﬂan?a}}mﬂa located in sut:h a way that its
TR T AN TN TR

plane of the &ircular array). The effects of this lens are as follow:

i) Creating two perfectly parallel beams;
- Increasing the size of the diameter of the beam. The beam
coming from the laser with a diameter d is increased to a diameter D in the ratio of the

focal length of this lens and laser focusing lens.
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The second lens (Figure 5.6 (b)) is used to focus the two parallel
beams at the measurement point. Its location on the optical rail is not critical but the
optical axis must be perfectly adjusted. Then the good parallel fringes should be obtained

at the measurement volume.

Table 5.3 describash set-up procedures for the success this

adjustment.

Table 5.3 The set-up procedd

// / ‘ \\i‘t .

Adjustment:

1) Setting the first*pla he cal rail and then adjust for
the best position of this i€ns By igvestigating fhe greati e parallel beams.
2) Using a graph papér t thé" posfion, of & t /o laser spols in transmitting

axial direction far from this lens™§ ensure that the perfectly parallel

beams are obtained, i nmended tha g gositions for investigating

the same position of # et | A

Tl
)
It should be noted th}t the first lens nnuld be adjusted in order to obtain the

atorent asarcaf@id PRIV PRI AR e vica prove

diameter, number c?fnnge and fringe spacing).

ARIANN I 1IN Y
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The second lens (Figure 5.6 (b)) is used to focus the two parallel
beams at the measurement point. Its location on the optical rail is not critical but the
optical axis must be perfectly adjusted. Then the good parallel fringes should be obtained

at the measurement volume.

Table 5.3 describes etup procedures for the success this
adjustment.
Table 5.3 The set-up procedures™g /«/’ \\ \ ss lens.
- B 3
Adjustment: , \\
1) Setting the first pldfo-gBnyéx Blass i=ng e optical“rail and then adjust for
the best position of this leng"by ifivaStigaling h&erealifg fwo parallel beams.

2) Using a graph paperc aser spots in transmitting

o zihiol
rf‘;.s e b

axial direction far from this lens (| gurs— ensure that the perfectly parallel

beams are obtained, it T8, re hositions for investigating

the same position of the-tdo A

U
It should be noted that ‘me first lens cuuld be adjusted in order to obtain the

e oo G B FH B A A e

diameter, number of ge and fringe spacing).

ammnmummmaa
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Adjustment:

i .5
‘
b

!
idd

pevelicl beams checking.
ey, i

‘f

ald '-;'jfa
,,;_. i 4 '
3) Setting the second plano-cegsex glass fens on the optical rail. Its location is
e i
not critical but the c:-plical-ﬁxis must be adjusted perfectly. f
- -

4) Setting the cirt:lqﬁ_r mask in front of the second lens. i)

|
w
&d

g

5) Using the micrns&:gpe to enlarge the fnnge pattern atdhe measurement volume
where the beam crasses, and GBServing, thg fringé image op-the.sgreen. If the fringes

are not perfectly parallel, it Means that a better alignments required.
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4

maasurement volume:

Figure E Ffinad patiérn at the

i

() fhérizenitallad]ushment;

() verical adjustment,

o & ,".J#

5.1.2 Receiving Parts - =~ -

As thé; !;;je;!rticle passérs ﬁhrnugh the meaéurﬁmant volume the light
scattering is then collected bf the receiving optics which is positioned at the off-axis angle.
It is then focused @ the pholodgtedtar whidh lis latériconverted intalan electrical energy.
The typical configuration for the receiving optics in#he refraction déminated forward
scattering region (25° < @ < 45°) is advantageous over side or back scatteriig due to more

light scattering intensity [5].

For obtaining the refraction information and high light scattering intensity

the receiving optics in this work are thus positioned at the off-axis angle at 30° from the
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forward axis (Figure 5.8). In fact, the off-axis angle can be set at any value between 25° —
45° depending on the proper application that the PDA requires for measuring the size of the
particle from the measured phase. The receiving optics consist of the components as

follows:

Transmitting parts

\ l,/

oA %-J Receiving parts

ot
-J I
e

Figure 5.8 Optical configuration of the receiving parts at the off-axis angle in 30"

a) Plano-convex glasglens

Ll

‘I'wa 300 mny focal length and 96 mm be' diarmetef=plano-convex

glass lenses (Figure 5.9) are used to focus the scattered light from particles crossing the

measurement volume onto the spatial filter,



B0
For the ideal LDA system

The first lens must be located in the position of its focal length to
collect the scattered light occurring by the particle crossing through the measurement
volume. The effect of this lens is to collect the light.

The second lens is used © /cu:us the beams coming from the first
lens. Its location on the optical rail IS not criﬁc:af; ) _f%ﬂgﬂplicai axis must be perfectly

adjusted. — < ——

Table Eyae/ 26,

Whe setstp procedures, for successfully making

this adjustment. d, (713

-
.
it
v
#“i
w

-Iill I-
ki

Figure 5.9 A 300 mm focal length and 35 mm in diameter plano-convex glass lens

for the receiving parts.
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Table 5.4 The set-up procedures for adjusting the plano-convex glass lens.

Adjustment:

Before the receiving parts are adjusted the scattered light is required for

witnessing the position of the exact measurement volume. To locate the receiving

Figure F (a) and (b) whe {ofifst b +1 orde m) and the second beam

v . N
r e el Y \ \ .
(-1 order beam) are allowsad to pags #F : wt volume, respectively.
i P ‘

AuEIneninging
o AOAIASAUNBA LN U Bl

second beam (-1 order beam) are allowed to pass through the measurement volume.

L]
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Adjustment:
2) Measuring the angle to offset the receiving part at 30" from the forward axis.

3) Setting the first plano-convex glass lens on the optical rail at the position of

its focal length. Q \\\ 'l/

4) Setting the second p X gl n the optical rail to focus the
scattered light from the prewc at t f Int of this lens. Howaever, its
position in axis direction j m:

"x

-]
ll: L

1}

T-

Figure 5.10 A 200 u m spherical aperture special filter.
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For the ideal LDA system

The purpose of the spatial filter is to limit the region of the

measurement volume from where signals are received for the reduction of the trajectory

ambiguity. Table 5.5 describes the set-up procedures for the success of this adjustment.

Adjustment:

1) Setting the spati
beam from the previous

2) Investigaling a g

It must be confirm that the

y‘. %
beams with their maximum lntens:t?'as_%haw re G.

iy +

..-.-__'._,.-r"; = 4,

It should be noted\{_hh while the speﬂial filhr ia»hamj fd the room should

be dark in order to clea

f
AN

Figure G Spatial filter adjustment.




c) Symmetric-convex glass lens
A symmetric-convex lens (Figure 5.11) has an identical convex

surface on both sides of the lens. A 100 mm focal length and 50 mm in diameter is

chosen to receive the virtual imaging of real objects.

\I//,.
Wy,

Figure 5.11 A symmemcaconvg,t lens with 100 mm focal length and 50 mm in diameter.

AULININTNYINT
awﬁﬂ@ﬁ%‘fﬁmnwmaa

The symmetric-convex glass lens is positioned at its focal length to
collect the scattered light. Table 5.6 describes the set-up procedures for the success of

this adjustment.



Table 5.6 The set-up procedures for adjusting the symmetric-convex glass lens.

85

Adjustment:

1) Sefting this lens at the position of its focal length on the optical rail.

2) Making certain that it is located in a %xﬂ ! sition. It is can be done by

using a graph paper to investigate that the lea

are perfectly parallel as

shown in Figure H. £

L )

-]

y ——
Figunﬁ ﬂm&ﬁmv&x glass lefs’adjustment.

INYNINYING

¢

qua\aﬂmwﬁwmé’a
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d) Plano-convex glass lens

A plano-convex glass lens with the focal length of 40 mm and a

diameter of 10 mm (Figure 5.12) is used to focus the scattered light into an optic fiber.

For the ideal LDA system

The position of @nm—m% lens is not critical, but the

optical axis must be perfectly adjuﬁ__.-—'

Table 5_?/ _. m the success of this

adjustment.

RIAINTUNRINYIAE

Figure 5.12 Two plano-convex glass lens with 40 mm focal length and 10 mm in diameter.
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Table 5.7 The set-up procedures for adjusting the plano-convex glass lens.

Adjustment:

1) Setting this lens on the optical rail to focus the scattered light into an optic

fiber. However, its position in axis dir?diryis not critical as shown in Figure .

=\

'i" ¥ '\.. 'i'?' Oil D

1&&’ dI'-‘I'i'ﬁ“ﬁu:nt‘l*i‘i.l!t‘lr.l

o or"P Lﬂa:dﬁtédfﬁr

m- P ,-:‘r Rﬂﬂi‘?} o “P'bt .,,ga;hﬁ& ﬂ;] ﬂ mﬁﬁtnﬂ loptic fiber to a

O
0 0OMO O 1 91 LY

phntumult:pher (PM) tube (Figure 5.13) which contains with the 9 stage photo-cathode

multialkali to detect the scattering signal and convert light into an electric signal.

Photomultiplier tubes are light detectors that are useful in low

intensity applications. Due to high internal gain PM tubes are very sensitive detectors in
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speed and linearity of response. Therefore, it should be careful when operating a high-

level power supply.

it is¥] rtant that all h! \jmcal mmponents must be in a good

alignment. The' ﬁ%ié&g@l Ie,] [veLL{J ﬂ-«LpLj, llgﬁal burst by splitting the
RTINS A



5.2 PDA System Components

By using an extended receiving optical system from the LDA system with two
photodetectors it is possible to obtain the PDA system for measuring particle size and

velocity simultaneously. Thus, the only geperal difference between the LDA and PDA

system is that the LDA system consis ;\ t

W fome E[odetﬂﬁtﬂr while the PDA system

m uses three photodetectors

(1) to find out the Dopple ] i ptical canfiguralion of a two detector PDA-

The PDA receiver is# 2 (e.g. 30°). It consists of a

collection lens (300 mm focs ens) which produces a parallel

beam of scattered light. This paralle s through a mask which defines the

elevation angle of the lwd photodectors.  Two recianguis A the mask (Figure 5.15)

N X j
allow the light to pass thlﬁgh : ; slﬁ are located parallel to the

vertical plane at the e]evatlu e of 3.34°,

ﬂ‘lJEl’J‘VIEWlﬁWEI']ﬂ‘i

recﬂmmanded that the distari€e between twanslits of the mask/should be varied
in order to'itﬂ ’:J ﬁlﬁaﬂlj Mwﬁ'lm}ljﬁ:leﬁlﬂ limits of the
particle size. This is illustrated in Table 5.8 for three different masks (1, 2 and 3) and for a
relative refractive index of 1.33, for which laser wavelength, the intersection angle and the

off-axis angle were chosen of 632.8 nm, 4.85° and 30°, respectively



(d) (e

Transmitting
parls

Figure 5.14 Optigal ﬁgu
-’Z{‘Z_ﬁ %

Transmi'tﬂng part: r
..‘9:‘" A2

. v = ? F‘

action array,

(d) Two p!ana-canwx g!ass lenses:

AULINGRINGIAT-
AN mﬂitﬂji‘ﬁjj;gmnmaﬂ

(d) Two plano-convex glass lenses;

(e) Two photomultipliers.



Table 5.8 The maximum m

91

12.0 em

e different masks.

Masks | Distance between -';_‘.r*'.fl Dinax (1 m)
1 85
2 5 : 54
. ¢ & I S —
» | AR INEVIFNE NG «

ANASDIANMANIAY o

applicable under the lower size range more than 4 1. Where A is the laser wavelength.

(the commonly accepted lower limit of about 5-10 x#m [15]).
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The light is then focused on a spatial filter by using the same lens (300 mm focal
length plano-convex glass lens). Finally, the scattered light beyond the spatial filter is
focused onto the two photodectors using a 100 mm focal length and 50 mm in diameter

symmetric-convex glass lens and; in addition, the same lens in LDV system (40 mm focal

AULINENINYINS
RINNTUUNININY



Figure 5.16 The complete set-up of a PDA instrument.
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5.3 Signals and Signal Processing

The electronic signal given out by the photomultiplier contains the period of silence

(i.e., there is no particle in the measurement volume) randomly interspersed with bursts of

signal (i.e., a particle passes through ment volume). Figure 5.17 shows an

idealized signal burst. The overall 'sha onsequence of the fact that the
laser beams producing the me , vplume will Ineviiably, be stronger at their center

d ‘RN\* he measurement volume,

RN o
\\ S

larger and then decay again. £ 15 e the's \ gan be split into two parts: a

than at their edges. As the

where the fringes are weakly il@migaied

P

i

particle passes through the m ‘
low frequency part called the pedestal’s )) and a high frequency part that

actually contains the Dopplar sign
\ 720 RY |
5.3.1 Signal Captumm 1

To ubﬂ % gﬂ%mﬁMWﬁ% PDA experiments

consideration must be given to the electrafiic equipmeni=pecessary to trapsform the raw

e A IO ARSI N A

Signals from the PM tube are captured by the CompuScope B85G Data
Acquisition Card. This is an autocorrelation processor that is interfaced to the PC

computer.



(a) Burst

L |

Figure 5.17 Anatomy of a en a particle passes

CompuScope 85G [ L isiiastest PCI bus based
‘-%Hﬂ

v:' Il ‘
waveform digitizer. It is uapa'b . ‘Conversion at rates as fast

i ¥

as 5 GS/s with 8 bit vertical resolytion. . The benertsﬂ, using a CompuScope B5G instead

o  actona i nﬂuﬂg ¥ EWI?W BIN3
q WahaEH B0 BRI 44 846 ) e

b‘j it can be fitted inside a PC so an extra rack or bench space is
unnecessary; and,

c) itis easier to program.
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Typical signal frequencies are in the order of Megahertz so the CompuScope

58G is more than adequate for an accurate and reliable signal reconstruction.

5.3.2 Signal Processing

The PDA software for data process 5 necessary to control the PDA system

with CompuScope 85G Data Acquisition, Card from théPC eomputer and to collect the

1) Configuration Sett

The configuration settir \dor Fepresants’ (na oplical parameters and the

measured particles properties. puts correspond to the

experimental set-up such as the focal lén and receiving lenses, the

Y 3 -
-

intersection angle, the off-axi " 2 # length of the laser.
1l I
The software will then return th& information about the measure ’J t volume of the PDA

. s o 484 TR T

{Figure 5.18) as follows: 4

RINNTUUNININY
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0 tical probe gm box.

ﬂumwﬂmwmm

awwi‘iﬂﬁ“ﬁﬁwnwmaﬂ

In this part the information concerning the nozzle and the
condition for operating the nozzle such as type of nozzle, liquid flow rate and the distance
of the nozzle from the measurement volume can be filled. It has no effect on the data

computing.



i) Transmitting optics

The transmitting optics group box contains options for setting as

follows:

corresponding to the adjustment of E diffraction array. This option is
set to inside, central and outsidedesirack : ﬁa respectively. (default: track

3 or outside)
is for setting the power
supply voltage in order to fu ay. Changing the power

supply voltage from 0 to 5 motor. (default: 0 Volt.)

_4}._ is for setting the focal length of the

focusing lenses in the transmitting pz 1 is set to 160 and Lens L2 is set

..f"l
B - A, freque -;-.4,‘ sents the frequency of the

fringe when the mwﬂﬁwﬁm%’ﬂsmﬂpﬁ user will compute it

previously. The cordpltation of the fringe frequenl:]r is desnnbed in Appendlx B.

ARaNA TAHIA N AR Y

angle of the Iight beams for producing the measurement volume. It will be computed by

to 300 mm.)

the software. The computation of the intersection angle is described in Appendix C.



iii) Receiving optics

The receiving optics group box contains options for setting as

follows:

- Collecting focal length option is for sefting the focal

selving nars. (default; 300 mm.)
"/
Qff-axi is for setting the off-axis angle or

the position of the recei

ion is for setting the elevation angle

which is defined by the Ihe elevation angle is described

in Appendix D.

resent the mask which is used for
allowing the light to pass rhmu ."-"-?” : tors. The series of masks are indicated
by the distance betwgeh twa M._____.;_r ult: Mask 1)

eter nL ption represents the slope of

the phase shift aﬂ dlamaﬁﬂf the ﬂ rticle pla It will be computed by the software

e RS ANEDTE e .
AMAYNIUINIINAY

The photomultiplier group box contains options for setting the
power supply voltage to the photomultiplier. In this function, it should be more than 500

volts and goes up to 800 volts. It is advice that the low power supply voltage should be
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applied while operating at the high intensity scattering light. On the other hand, the high
power should be applied while operating at the low intensity scattering light in order to

reduce the noise frequency.

iv) Measured properties

\

sontains only an option for setting

the wavelength of the laser be ﬁe;'_ : .‘ s are automatically computed by

TR
the software according to the adj ‘5}"

“" oY eam waist size at the

measurement volume. !ngis function, the heam waist is ab ’fj 251.70 um,

ﬂ u El ’J' WW %”H'ﬂﬁ ﬂﬂipamng in Micrometars

at the measuremant volume which cofresponds to ﬂe track of thwlmular concentric

e AN TUNA NN Y

- Length represents the length in micrometer of the

measurement volume.
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- Number represents the number of the fringes in the
measurement volume which corresponds to the track of the circular concentric diffraction

array.

2) Data Acquisition Windc

The data acqui .' ion win @d represents the signal processor

o —

shown in Figure 5.19. AsAlimbesGifparameters are adjsted to obtain an appropriated

signal burst as follows:

anly channel A is available for input

(Fingure 5.20 (a)). Cori ; wieShlets can be measured.

:I = In gue ode, both channels A and B on

i¥

CompuScope card are avaflakte for input (Figdre 5.20 (b)). In this case the velocity and

e B AT A
ARAY ASUUNIT BV capred o

photomultiplier 1 and 2, respectively.
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ii iv&v

o |

ORRDST ogmm =3 e @
AR O T DR |

ﬂ”u e SwE S

!}A uisition mode, ii) .'ng-ur range, iii) Tngge.-r setting,

AR RITRUNTIRYA Y
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ode and (b) dual channel mode.

for the signal-capture
|
nQur B. If the input range is

less than the mamﬂnuagh% %ﬂ% @%&’ﬂsﬂ % signal will be cut off

(Figure 5.21(a)). Clbvlnusiy it is pq*eferaﬁle to obtain a&agood representation of the signal
{no Bllppiﬁﬂ I}fc] Qg Qim H lﬂge saumllrlleﬁaﬂha maximum

magnitude of an input signal (Figure 5.21 (b)). Figure 5.22 also shows the captured signal

(CompuScope) setting when acqumng data on channel A a

with low input range.
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Note that in both channels A and B, the coupling must be set at
either in DC or AC mode. If the DC coupling was chosen, the signal will be only visible

above its zero line; and, if the AC coupling was chosen, the signal will be centered around

its zero line.

(@)

Input range: 1 V

Magnitude of
input signal:
900 mV

(b)

LA RN HIAT
RTETSI AT T

(b) an input signal is in the input range.
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BC coupling —_— —
ping
The recorded signal
A S R Trens) ey | = Channdl A
260 Ji R A S SRS AR RN | = Chennel B
" 250 gy ".: o B AT T e T T :,:" - it
Cr—| | =
it b ""le'-ﬂ i

LLL UL III dahldl]
v

Input range is less t

LLRLL Bl DL
IILII LD LTS

magnitude of I 7 nal.'

100 e -

Fi 2 a signal.

sfor changing the settings of

individual channels sheli as trigger | YDE™ The trigger source can be

selected from either t:hanryl A or channel B. The trigger event starts at the voltage of an

input signal cruﬂnéldeﬂgq %g%ﬁ %&%J‘I:?Fﬂ @tngger level is set to +1
V, and a k af signal is nn event does rof appear so that the
recorded ql;;nﬁ con ms e permrﬁy sn%ﬁ[ﬁr nugm Eflus pe@ is +1.1 V the frigger
level will have been crossed, invoking a trigger event and subsequent data acquisition
(Figure 523 and 5.24). In addition, the trigger slope also affects the detection of a trigger

event by selecting at either positive or negative mode. The positive mode indicates a

positive slope (i.e., the trigger appears on the rising edge of the signal (Figure 5.23 (a))).
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The negative mode indicates a negative slope (i.e., the trigger appears on the signal's

falling edge (Figure 5.23 (b))).

Signal crosses
trigger level \V\

Capture starts when
signal crosses

trigger level | V

-«  Pre-trigger dalg

Capture starts when
signal crosses
on downward slope

=

trigger level | V7

e ﬁmezem

’QW'WENﬂ zuum'mmaﬂ

Pre-trigger dala Past-trigger dal

(b)

Figure 5.23 The effect of trigger level:

(a) Positive slop, (b) Negative slope.
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=y [~ Channel A
ii1d | = Channal B

Signal crosses

trigger level

least noise as possible. The tlj ' niy: be lower than the peak

of the signal but also high enuuglrtgedune the nuiswnw frequency signals).

ﬂ‘lJEJ’W]EJWﬁWEJWﬂ‘i

Sampling rate

’QW’]ﬂ\ﬂﬂim URNAINYIAY

The sampling rate defines how many sample points per second
(S/s) should be acquired by the CompuScope card. It is advice to set the sampling rate to
at least twice the input frequency. For example, if a 1 MHz signal is sampled, the sampling

rate should be set at 2 Megasamples per second (MS/s), or higher.
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It should be noted that when the sampling rate is low the
CompuScope card is acquiring fewer sample points per second. In other words the time
resolution of the signal decreases. However, with too few points available the resulling
waveform would become jagged or not smooth. Figure 5.25 shows the low sampling rate

,/// is obviously obtained from taking

n the screen as possible,

results in a signal. A good representati

the most number of samples per

. T

Figure 5.25 Low sampling rate result in a signal.
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v) Number of points

The number of points represents the trigger depths (Figure 5.26)
which are limited by the amount of memory on-board in CompuScope card. The maximum
depth is 8192. This takes advantage of the deep memory of the CompuScope card buffers

by allowing the hardware to stank§‘%}“l&mom so that many small

acquisitions can be computed in 2 ar@untﬁ' Data collected from each

successive acquisition is stacked on ion until the on-board buffer

fills up.

For
the first acquisition stores data in a

1024 to 2047; and so on until the bu

Figure 5.26 Example trigger depths.
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It should be noted that the sampling rate and the number of points are
related, so that both should be set it in balance. The example below shows the

relationship between the sampling rate and the number of points.

If the sampling rate is set at 1 KS/s, it defines that 1,000 points will be

the measurement will be ncm( FEC sly. the higher the number of

the sampling rate is low, the
number of points should e time of measurement.

However, it must be sure I \
frequency. \

Figure 5.27 shows the L 3l “pie

is not lower than the input

ded from the paricles crossing a

measurement volume ; .'.J y. The overall shape of
|
the burst is a mns&quencaﬂ the fact that the 13ser beams I oducing the measurement

e i e LT YT N T ™

previously axplainad%r an idealized mgn%l burst [secﬂun 5.3).

ARIANN I UNIINYAY
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The recorded signal

3) Data P

The data process the scope window which

modifies the burst of signals by a routine (Appendix A) and
changes the acquired signgls J--ﬁ domain. Then the

improvement of the signal qmity is performed by using the flmuency cut mode (Figure

5.28) which consists ﬁuﬁﬂpﬁﬁfﬂﬁ1wg‘ M9

AR TS AR
content in thegsignal. sequ&ntiy nal er mod on will contain only the

pedestal signal;
iy the medium cut filter is used to ensure the good separation of

pedestal and Doppler signal;



112

iii) the high cut filter is used to remove the low frequency part (pedestal)
content in the signal. Consequently, the signal after modification will contain only the

Doppler signal.

Frequency cuf mode

awnmnm UM INYINY

Figure 5.28 The data processing window.
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All of parameters are adjusted by using the scrolibar buttons to select
the position for cutting the signal in both channels A and B (Figure 5.29 (a)). The signal
results can be displayed as either power FFT (the position of the signal that contains high
frequency), low frequency (pedestal) or high frequency (Doppler) on the draw figure block
diagram (Figure 5.29 (b)). To confirm the aﬁv ,}) signal, the modified signal should
be similar to the idealized Dc:-ppmr@ | /ﬁ

estal a The signal examples after
T —

modification are shown in Figure -

L T f;r_ o T —» (a)

ERE | |
(a7 LN ELZA | ()
o (] e |
" R 1 VI A

e

Figure 5.29 (a) Frequency cut mode; (b) Draw figure diagram;

(c) Information on modified signal.
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144
142 ;
140

138
1361
134

13245
130

-
»,

(a) power FFT (b) pedestal s:'gnﬂraw frequency) (c) Dﬂppfer signafmfgn frequency).

ﬂumwﬂmwmm
IR\ i mmm Mgy

points to be fitted along the curve and the number of points to compute must be set. For
example, in Figure 5.31 the fitting has been realized by the selecting 7 points (the maximum

and three points at its left and three at its right). Computing spline coefficients (a task which
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is carried out by the procedure spline) and then computing the fit at 1000 points (a task
which is carried out by the procedure spline). The information on the modified signal (Figure
5.29 (c)) is computed by the software when adjusting the parameters is completed. This

information is:

rep! ‘ e maximum frequency of the signal,
2
- Ma | represﬁcsutlon of the maximum

£

1n,mu,nuu Y | N [S—

Figure 5.31 The spline interpolation.
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S\///
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/;/.5‘"‘ \\‘\
(22NN N

,.' o m%
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Figure 5.32 Flow diagram of developed PDA system.
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5.3.3 Display of Results

The other windows on the screen "LDA" and "PDA" display the results of a

measurement.  After the program completely collects data, a resulted histogram is

presented.

When the acquisitio jgde sétting chidSenwisia single channel mode, only
channel A is available AR | Splays a histogram of the
computation results of 2 shows the measurement
characteristics such as 4 deviation, skewness and

flatness. A number of paramete

- girolpoinis ents'the number of sampling counted

U

Figﬁ % E;%ruﬂ ﬂrwréfw Ejﬁiﬂcfg a measurement.
 HaRRTA 11188 E

channels A and B on your CompuScope card are available for input. The present window

displays a histogram of the computation results of a velocity and size measurement. It also
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shows the measurement characteristics such as the mean, mean deviation, standard
deviation, skewness and flatness. A number of parameters are adjusted as follows:

- the number of points represents the number of sampling counted

particles;

= the number of nts the range of the data selected to

7.

taking a measurement.

Figure 5.33 LDA window afler taking a measurement.
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5.4 Exparimenfal Seﬁfﬁ ﬂ ,cj ‘y] EJ (ﬂ %Jw EJ ’_] ﬂj' -
e DA NIRSAAANENALL o

evaluation is performed with the PDA software which was developed to compute the

measurement information.
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The following contexts present the default settings for the first session and the

general experimental procedures for conducting the experiments:

5.4.1 Default Settings

Sample rate. .74~ \ Ma

- Tﬂ er cm .‘,=:
ag v_ A ‘

5 'F' R i
Trigge o'channel 14/

AT Inelnens

QARG WHARN LA

Channel B of the CompuScope is channel 2
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Colors: Channel 1 sets to red. Channel 2 sels to
green
Input range: All channel setto +1V

2) Once the lasgr | g ' ha the laser light can be
harmful to the e . look directly into the laser
beams or their ad in a position where it might

inadvertently do-this-1#o red should be visible emerging from

the circy/&F I€14g through the focusing

.II
|
W

lens.

R ALE

ch droplet size andschange the ;Eper mask as h&} Note that, in

q mammm bbb}k e crcur

concentric diffraction array is set on track 3 and vertical plane.
4) Tum on the motor to turn the circular disk and adjust the voltage to

create the driving frequency.
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5) Run the atomizing nozzle. Investigate the position where the beams
pass through the droplets for adjusting the nozzle in the center position
of the measurement volume (Figure 5.33).

6) Tum on the PM and adjust the applied the voltage.

7) Turn on the oscilloscope. | Thefihage of Doppler bursts should appear

8) Start-up the ED& ental parameters. Nexi

i S = ~
the input rangg's / '7 \\\
DC. Vary thef€agiblj #@l’\\\

i'- f J

appear by cligk }-; It Adjustmant nd Init Gage' and ‘First

enter into
oouphng setting is set to

of oint slowly until the bursts

measurement’ bt oRE- Thspestiy ' see the burst signals. This is the

?19‘!" .u_s '

raw signe

9) After v. ___L'"J evel on FFT and the

I;
spline mao de to mndify the slgnal Click the FFT processing button to see

o AR 1 s

SRR ETAREIRE ™

10) Continue the LDA window or the LDA/PDA window to conduct the next

experiment.
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It is noted that before opening the scope window the wuser must first
completely input the experimental parameters in the configuration setting window. If any
parameters are changed while the scope window is open the 'Init Adjustment and Init Gage’
and the 'First measurement' buttons must be reclicked to inform the CompuScope card for

the newly input data.

I/

Figure 5.35 The image of the spray bozzle indicating'the, measuring position.



CHAPTER 6

RESULTS AND DISCUSSION

In order to investigate the PDA sysfe loped in this work, a spectrum of

experiments has been performed. intentic reliability and accuracy. These
. _ :

experiments were organizee reliability experiments were

conducted to confirm the e software developed in this

work ii) secondly, the accuy Ument was examimed by using

standard glass spheres g hirdly, the instrument reliability

experiments were conducte ' results (velocity and diameter

comparison) from the dwalapaﬂ PDAnsin smentte‘compare with those of the commercial
{,} :;, .

PDA instrument and fir : ig€ in the experiments were

discussed.

6.1 Expenmanwm%m?vﬂ Prﬂﬂng System
"RTW'TEWTT’TEUW"I’WIEHG 2

Signal generator (Tektronix AFG310, Figure 6.1) was used to verify the signal
obtained from the developed system with a frequency ranging from 10 kHz up te 100 kHz.
A typical example of siganl at 10 kHz is shown in Figure 6.2. Figure 6.3 illustrates the

comparison of generated signal and the input signal employed in this verification. It could
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be clearly seen that the generated signal is almost perfectly indentical to the input one.

This could be implied that the developed system could be reliably used for the signal

processing.
A= 7 -
'.-!+ :_"'3" 1
Figure 8 t A ignal generator.
9 N n
W
] :-hJ A\
.-',’!- o ik S ﬁ
#* 1 [y
]
The recordad signal e Signed
1= i R £ S e Trerorooer] | = Channsl A
w |8 | [
. 3 AR == ,. :w,.ﬂ
o FEER FHEE B ERH T e | “ 1 - i _WWE
20 EH B o SRR
100 & desd
w } 1.1
] - — |
Tirne Thme Poirt
sl PTE]
&0 BEE * curll? Q4]
1.000
*
=100 Hz
OIS
a = P 3 12
T m

Figure 6.2 A typical example of signal at 10 kHz.



126

3
P

Generated signal (MHz)
(=5}

Figure 6.3 Caa

6.1.2 Veriﬂcaﬂﬁ! by Comparison with Coniercial PDA Fﬁ

uﬂqwﬂw§WU1'?

A commeétéial PDA system equnpp&d with an Elr-cﬂ-ﬂlﬂd argon ion laser (2000

mW at wavel% wﬂq\ﬂlﬁ!ﬂ fi mnﬂ Wq ’g;%’:}ﬁnﬂuuaww of

the developed wﬂwara Within the examination, the velocity of droplets generated by an
ultrasonic nozzle (Figure 6.5) was measured by using the same hardware but different

softwares. The conditions of verification were as follows:

- Spraying frequency: 46 kHz
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- Applied fluid: water at 18" C (France)
= Flow rate: 16, 33 and 66 rnmzfsac

- Distance: 50 mm away from the nozzle tip

The mean and the standard deviation of the droplet velocity measured by the

commercial and developed softwares

mean velocity and feeding rate of Wateris show i@ while the distribution of the

droplet velocity with the differen Al i "‘:;- ure 6.7. With the different

water flow rate (16, 33, 66 m n the mean droplet velocities

measured by the commercial #6ftvre :' are could be obtained. The

relative differences of the m \\\\ et velocities measured by
both softwares are less than 10% @& \ vioreover, the increase in the

droplet velocity with the increasing of flow faie exhibits a good agreement with

theoretical prediction. -
Y A

J
.'I T
il | |
i i¥ |

ﬂUEJ’JVIEJVIﬁWEJ’]ﬂ‘E
ammnmummmaﬂ
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Figure 6.4 (a) The Commercial PDA instrument (Dante Ltd.),
(b) The transmitting part,
(c) The receiving part.
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Liquid tube o
Electrode ] /"/ rrlr
. |'|

Knint | .:§ ,

(a)
2 £
\Z X

Figure 6.5 (a) Scheghatic of an ullrasonic nozzle (b) Imigge of spray profile.
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Table 6.1 The experimental results of mean and standard deviation of the droplet velocity
measured by the commercial and the developed softwares.

Water flow rate | Droplet Velocity (m/s)
{mm‘.fm]
Developed software
16 1.05 +0.34
33 1.24 £0.21
66 1.37 £038
Velocity (mis)

16 |

1.4

12
1
08

: uEl’JTTEiWﬁ‘W‘EI']ﬂ‘ﬁ

—a— %pmmdnl ﬁnﬂvmre |

R aﬂﬂimum'mma 3

1] 10 20 30 40 50 T0
Water flow rate (mm’/sec)

Figure 6.6 Comparison of mean droplet velocities obtained by the commercial and
developed software.
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£ 16 mm’fsec
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E’ e e e @
= 20 - | —+— Developed softw are |
E | —m— Commercial softw are |
gm = =
1]
o 2
50
£ 40
£ %
& (b)
£
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(3]
0
1] 7
50
&2 40
£
2 | ©
‘E « -ﬁ-navuhpodsuﬂwm |
5
e W‘EFTTF’;?

Qﬁﬂﬁﬁﬂ‘iﬂﬂ'ﬂ'ﬁﬂ?ﬂmaﬂ

Figure 6.7 The comparison of the distribution of the droplet velocity obtained by the
commercial and the developed sotware with the different water flow rate

(a) 16 mm’/sec (b) 33 mm /sec (c) 66 mm /sec.
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6.2 Verification of the Developed PDA System using Stationary Object

To confirm the accuracy of the developed PDA system, measurements of reference
particle size were carried out. Transparent glass spheres with a refractive index 1.51 were

here was attached to a thin pin mounted

employed as the reference particle. The h]ifa/s

on the optical rail as shown in Figure 6.5. ‘ r of transparent glass sphere was
. o _

determined from microscopiGed = ken by & SER.¢amera (Panasonic, wv-CP2401G)

and processed by an ifiag ptogram (Image Pro V.30). Such microscopic

analysis was employed for gt "Hméaipﬁhg results of the developed PDA system.

AL
.‘F'l
U
- — oS
ANIANNFIUUBRTIIVIEINA S
F '.:: L b E- E:‘ #Li L'“-l J L | ' " l:}lll ' "
%Figure 6.8 The photograph of the glass sphere attached to a thin pin at

the measurement volume.
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(c) 65 micron

Figure 6.9 Microscopic image of glass spheres of different size.
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The measurement results shown in Tables 6.2, 6.3 and 6.4 are obtained from the
investigation using the glass spheres of 60, 62 and 65 u#m. The measurement exhibits the
glass sphere diameters which are different from the microscopic results. It is possibly
owing to the imperfect spherical shape of the glass spheres and some defects on their
surfaces, which lead to the wider scatiering s nal.. This discripancy will be discussed in
more detail in section 6.4. Figure 640 & ‘ &e of the recorded signal from the

o —

developed PDA.

LN

Circular concentric /gltage.to iu \ tigle diameter (micron)
diffraction array ;\ | u

rement Reference

74

Track 3 3 75




Table 6.3 Diameter of glass sphere No. 2 measured with the developed PDA.

' Circular concentric

~ diffraction array

| Voltage to tum

| e cwonilar ™ |

Particle diameter (micron)

Measurement

T Reforone |

Track 1

Track 2

Track 3

':ZF |
AULINENINYINS
ARIAATAUNINGIAY
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Table 6.4 Diameter of glass sphere No. 3 measured with the developed PDA.

Circular concentric

diffraction array

Voltage to turn |

the circular (V)

Particle diameter (micron)

Measurement Referen;:a | i

Track 1

Track 2

Track 3

AULINENINYINS
ARIAATAUNINGIAY

136



137

AUEINENINYINT
ARIANINNIING Y



138

6.3 Verification of the Developed PDA System using Liquid Spray

An experimental investigation of the reliability of the developed PDA instrument was

conducted by comparison of the measurement results with those of the commercial PDA

instrument (Dantec Ltd., Figure 6.4). Befare presenting the investigating result of the two
instruments, it is worth to co of the two instruments given in Table
6.5,
Table 6.5 The specifica
- fir
Parameters W
Laser wavelength ( 4 m) ' 0.488 |

Intersection angle** (deg.) 5.44
Track 1
Track 2
Track 3

. Fringe spacing®* ( 5.42

Track 1

Track 2

Track 3 ﬂ i ) :
| Beam waist (M)

Off-axi§ angle (deg.) 30 40

Elevation angle (deg.) 3.34 1.93
Detector using 2 4

Remark: ** The response of the developed PDA instrument will be illustrated using track 3
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Water droplets were generated by a binary nozzle which was the Wide - Angle

round spray model (Pawin Engineering Co., Ltd.) as shown in Figure 6.11.

AUEINENINEINS
oV 3N r19b gl (I 04
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6.3.1 Velocity Verification
The experimental comparison of the droplet velocity measured by the

developed PDA instrument and the commercial PDA instrument was conducted under the

following conditions:

and 0.10 N.me

Ilam:l} and at 18° C (France)

e -3 : Q\ zzle tip
. ean velocity and their standard
deviations obtained from t - d APDA instrument at three different

\ l

water flow rates are shown i 642. Meanwhile, the comparisons of

the velocity distributions are ‘ 6.14_for the applied air pressure
0.05 and 0.10 N/mms.fe & fair agreement between the
T

]
velocity distributions memured by using the commercial PDA instrument and the developed

PDA instrumanﬂawa% Eﬂq %:Wﬂﬁ}'ﬂﬁw modes at almost the

same value, Re?lhva differences of tie mean and slandard deviation,are less than 15%.
The me’%umr] a\ﬂﬂ!im m:;]og,mtﬂ murmas with the

increasing water flow rate, which is consistent with theoretical expectation.
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Table 6.6 The experimental results of mean velocities and their standard deviations

obtained by the commercial PDA and developed PDA instrument®.

Applied pressure | Water flow rate ‘ Velocity (m/s) !
2 {mm I&ec} - ]
() y || Jgeyetoped POA Commercial PDA
LY Z Lt instrument
11.48 +0.5
0.05 16.33 £0.7
2014 +£04
0.10** 3514 +25
Remark: * The experiments which cahducliic e AR M1 had besn repeated three imes.
*+ Bacause of the limitation of feediepufmn; i s conducted here is limited 1o only a water flow rate

I;‘

¥

ﬂ'lJEl’JVIEWIﬁWEI’]ﬂ’i
’Qﬁﬂﬁﬂﬂ‘iﬁuuﬁﬂﬂmﬁﬂ
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Velocity (m/s)

Figure 6.12 Campanscmpf ean velocity Ob@'lﬂ‘d by the devm‘aped PDA instrument and

ﬂuﬂmmmmm
’Qﬁmﬂﬂ‘iﬁuuﬁﬂﬂmﬁﬂ
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Velocity (mfs)

(a)

(b)

()

Figure 6.13 The comparison of the velocity distributions obtained by the developed PDA

instrument and the commercial one by using air pressure 0.05 N/mm’ and water flow rate

(a) 250 mm’/sec (b) 416 mm /sec (c) 500 mm /sec.
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70
60 500 mmfsac
0.10 Nfmm?

¥ 50
ry
g 40
=
(-3
£ 3
s
=
8 20

10

0 o N

0 4 44 48 52 56 60

Figure 6.14 The con ained by the developed PDA

trument

by using air pr 0. 10CN/mimas i afflow rate 500 mm /sec.

inlet size measured by the

]
developed PDA instrum l t and the commercial PDA instrighent were conducted under the

following m"d'ﬁau El ’J VI Bﬂjw El/] n ‘j

- Atomizing air pressure: 0. E and 0.10 N.F
AW Rhdbla b3 Y88, EL ¢ (France
- Flow rate: 250, 416 and 500 mm /sec
- Distance: 50 mm away from the nozzle tip
The results of the mean diameter of the droplets and their standard

deviations obtained by the commercial and developed PDA instrument are shown in Table
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6.7 and in Figure 6.15. The comparisons of the droplet size distributions are illustrated in
Figure 6.16 and 6.17 for the applied air pressure 0.05 and 0.10 N!mmz. respectively. The
results indicate that there is a reasonable agreement between the droplet size distribution

measured by using the commercial PDA instrument and the developed PDA instrument.

Similar to the velocity measurement, drn size distributions obtained from both

instruments exhibit the modes.; scepta walue. The relative differences of the
T

droplet mean diamete(_ dard Hevialiof™are less than 25 and 30 %,

respectively.

Table 6.7 The experimefta! gir standard deviations

\ ‘ triment®.
- w\

obtained by the commer

Applied pressure | Water flow £ Particle diameter ( m)
"'-.I
2
LR Commercial PDA
instrument
; ; 4449 +26
— o
ooff] LRI I 1Y) T WRIBN) Y oo 20
4
50588 +2.4 Qr47.07 +25
W ~N a0 :
LK TN TN, .

Remark: * The experiments which conducted from the developed PDA instrument had been repeated three times.
**Because of the water limitation of feeding pump, the experiments conducted here is limited fo only water flow

rate, 500 m’-‘uc, for the case of applied air pressure 0.10 Nimm'.
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—_—— Commercial PDA, 0.05 Nfmm®
—m— Developed PDA, 0.05 Nimm’®
A  Commercial P

b

Diameter {(micron)

F LEGHERT R0 A
ARIAATAUUNINGIAY
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Figure 6.16 The comparison of the size distributions obtained by the developed PDA

instrument and the commercial PDA instrument by using air pressure 0.05 Nfmm’

and water flow rate (a) 250 mm'/sec (b) 416 mm’/sec (c) 500 mm’/sec.
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6.4 Sources of Discrepancies in the Experiments

Some possible sources of discrepancies in the instruments and in the comparison

procedures can be specified as follows:

1) The loss of some of thel Sms roplets due to the emitting light source.

Whereas, the commercial PDA I & with a 2000 mW of Ar laser the

developed PDA instru ; ower emitting e of 17.0 mW of He-Ne laser. In

1994, DANTEC [2] studied y measurement which indicated

that the absolute intensityfof propcrrtlmally with the square of

NN
1}\

ﬂld-l i'

the particle size. HowevgF, | ' \
the fourth to sixth powes of h?ﬁ 5 \ onsequently, the scattering light

sattering intensity is proportional to

intensity obtained from the “de daptd PDA s work would result in the error of small

o o N
(ORI

droplet measurementy

2) The Imea e
e “FT’EI‘BW YIRS o o

instrument andithe commercial ane are 251 and 140 um, respacwa!y} It might be

o @ GRS SR RAH A s e e

droplets pasaing through the measurement volume if the measurement volume is too large.

Y]

plels due a‘:he large measurement volume,

Additionally, the large measurement volume is a possible source of uncertainty for
detecting the fringes in parallel. The fringe spacing varies with the frequency of the

Doppler burst. This will cause a larger standard deviation in the frequency estimation of
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the peak. The effect of uncertainty for the fringes in parallel is illustrated in Figure 6.18. It

is indicated that the relative errors of the mean diameter is more than 40%.

25

Eu 4
£
= 15
;
=
310
(5]

5 . :

' —&— unparalie!
0 |
0 90 100
Figure 6.18 The co ‘: arison re EF meastirement for the unparallel fringe

AUt INBTENTNS
ARAINTUNRIINYIA Y

3) The measurable ranges obtained from both the developed PDA instrument and

commercial PDA instruments are limited. With the used configuration, the developed PDA

instrument limitation is in a range of 10 — 198 um. However, using more detectors will



151

help extend the measurable range beyond these limits. The commercial PDA instrument

has a broader range than the developed PDA instrument.

Figure 6.19 shows the diagram of the phase/diameter response which is calculated

from the Geometrical optic theory [16] for each track of the circular concentric diffraction

mode. The response will be illustrated by using 1"

refraction mode. Thereftre yeloped PDA instrument can be

summarized as follows:

eRaoy: ¥
A
Track 1: fringe spacifg »' i, 4 or'Size range is 198 um.

Track 2: fringe spacing™ f‘.‘? “ size range is 141 am.

S0 is 82 um.

1y

tlﬁ.nircuTar concentfig’ diffraction array which affects the fringe
spacing must u

B AL LA L o s
o QL TN YN e

could be generated. As the particle becomes larger than the fringe spacing, the signal

Track 3: frin *7’}""—_

modulation is reduced and the scattering intensity received by the photodetector would

become distorted. It should be noted that the minimum size is limited by the law of
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geometrical optics. This method is applicable under the size range lower than 44 (4 is

the laser wavelength). The commonly accepted lower limit is about 5-10 xm [15).

4L_...;.--.-; .--..;H..-.:.

il ;...- RS IR

R
'4.‘""'- - ..:- - ':"""l
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(b)
o 8 ..E"J' M - "k .
L —wmrlhdh
' 7 — by
A 3 g
= fT" .“‘-‘: T e
B 4: - e i
: --"-?--.---;.'_ﬁ - g : ""'“.
- 10 204 '
! "
Figure 9 L . re for each track of
the circular concentric difi ] ck 1, (b) track 2 and (c) track 3.
Remark: The tgspor : illustrated by using track 3.
4) Since the megsyrem ents ound by the two instruments were not performed

s.mulmnmusﬂuu ﬂ g\mﬁamﬂ nﬂﬁﬁﬂblr present. Though the
LMD IELVE L 110177

close bit still not identical.



CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

7.1 Concluding Remarks

The aim of this research work n o dev PDA instrument for measuring droplet
velocities and their sizes. ' SnsuUre. re bl ¢ and"ac u*remy,.r of the developed PDA
instrument, comprehensive I
made according to the expe Al 3 E developed PDA and the

commercial PDA instruments_

1) The agreement j@Mre d from the signal generator of

the developed s of the developed software and

the signal recording.

2) The fair agr ; .: by using the developed

T
strument could also confirm the accuracy

= grs e Sy e

pmcessi when different m%jhuds of sugnal processing are amployed It is

Q‘M‘q a‘@'ﬂ"iww qﬂ% %&F’}'ﬁ H:uld be taken

|ntl:| account.

b |
software with -Z! commercial PDA
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3) The verification result of the developed PDA instrument with the transparent
glass sphere demonstrated insignificant difference compared with the results of

microscopic analysis.

4) The velocity and size of water droplets which were measured by the developed

PDA and the commercial PDA ins

rruments could also exhibit fair agreement.

This implies that there exis 2 50U oidiscrepancies in the experiments.

In addition, the particle.size™*ahge of|the PDA“mstiument developed in this work

can be concluded in Table

ed PDANnstrument.

Table 7.1 The partic I I & ‘\\\ \

Circular cogifeq 7 e uppe \" mit of particle

diffraction dfray=— + 2 \ gje (micron)

N

99

Mmm@uuamamzﬂann;MdMWM
e T T VT I E TY

ie, D>> 4 . where D is the particle diameter and A is the wavelength of the light. The

lower limit for the developed PDA instrument is about 2.53 micron. However, the
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commonly accepted lower limit of the particle for the standard PDA instrument is about 5-
10 micron [15].
Moreover, the developed PDA instrument can be constructed for only 1,200,000

baht of 10,000,000 baht for the commercial PDA instrument [2].

7.2 Recommendations

while four Phﬂtﬂdﬁmtﬂ'm are
.-\1\ \ otodetectors used in this

developed PDA system resull , , he surahla particle size range

because the particle size can & efmine rﬁeranl::a between these two
ﬂ.lu-l ‘ \

photodetectors. To extend jfie sasir: ﬂ“ range by maintaining the

measuring resolution three or e _:“., !:f-; r ommended. Additionally, more
photodetectors might alloy measuifin “refiective hich could in turn be used to

determine the compositiof of ¢ Ul drent,

[y ]

Meanwhile, it should ‘aisn be noted th t the measurement size range of the

N mm:m&mw $ANT
”W*T%Wﬁ’i“m URIAINYIAY

2) cHanging the transmitting lens to obtain the other characteristic of the optical

probe in diameter, the number of fringes and the fringe spacing.
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Furthermore, it is recommended that future study should modify the software to
compute the validation of the measurement in order to indicate the accuracy of the

measurement resuits.

-
A
¢

AULINYNINYINT
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APPENDIX A

THE FAST FOURIER TRANSFORM (FFT)

A.1 Background

Today, the Fourier transform Wyany areas of Physics and other

sciences, particularly as a wakeiG-analyze ro arise in the processing of

electronic signals, in optics an

The invention of the g algoit _ Aoy as s Fourier Transform (FFT)
in the mid-1960s opened up thefpogs| e of the FT in computational
physics are frequently evaluateddprigei , ;;" F ¢ L - perform the FFT algorithm,
and many special computers or ade Qi cards are ble'to perform the FFT algorithm at
ultrahigh speed. The FFT alqorithiieis @i a0 odern technologies, from

Q"d ismology, to telephone
'|
|

medical imaging system, }Tjoul

networks and radio mmmunmtion links,

A2 Intruductinnﬂ :ur-g!mer mansfyrr]nﬁ w El ’] ﬂ ‘j
Al bl N 105182308 AR,

some quantity s as a function of time ¢, e.q., h(r), or else in the frequency domain, where
the process is specified by giving its amplitude H (generally a complex number indicating

phase also) as a function of frequency f, that is H(f), with —ew<f<w. For many
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purposes it is useful to think of A(r)and H(f)as being two different representations of the
same function. One goes back and forth between these two representations by means of

the Fourier transform equations

H(f) = j‘h(r]em“df (A1)

(A2)

-

N
-\'x,_" .
A0S ,,".J

If ris measured in secongds is in cycles per second, or

Hertz (the unit of frequency). & Withwother units too.

A.3 Sampling and the Sary

Frequently, the functio }; { ;_ £ sp&cified continuously, but rather is
measured at fixed intervals of time, is measured at the discrete times

iven by e . ——
s v. b d

it
14

|
) 6, = kb k=..-3542,-1,0,1,2,3.. (A3)

where A s known aﬁ%éﬁﬂ%% %ﬂ{]’] ﬂ i
AININTHAMINGEY  »0

and A, is a discrete representation of A().

The function A(r)is said to be band limited if its Fourier transform H(f)=0 for

|f]> f.. where f, is a finite critical frequency. A function may be band limited because it
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has been passed through a filter (e.g., an FM radio signal must be restricted by the station
operators to the allowed band), or perhaps because it is generated by a process that has

an upper limit to its frequency content (e.g., human speed)

The sampling theorem is very important, and states that a band-limited function

f(r)is completely specified by the sa

interval is no longer than
(A5)

For a given sampli en known as the Nyquist

frequency. The sampling 4 inction sampled at a rate
higher than twice the Nyquist flely reconstructed from these

samples.

A.4 The Discrete Foufier fransform %

en sampled onk

o mmwwwmﬂw i
ammmm Pt iITbL

where Ni |5 number of samples. The Discrete Fourier Transform (DFT) is then defined

Suppose that the fu ‘m h(t)has be “at the discrete times ,

(A.6)

as

A=
H, = H(f,) = LAY k= (A7)
k=l
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where the frequencies f, are given by
Jfo = — n==— —-—-=1,.,—-1,

(A8)

This implies that the first frequency is f ., =-1/A, the central one is f, =0and

the last is f,, =1/A.. This corresponds jta N +1 points, but the first and last are

indentical.

=

A.5 The Fast Fourier Tran

The DFT requires

(A.9)

where W =exp(2ri/N). A _ at least N’ multiplications to generate

all N of the coefficients H . he summation may be broken into

—_—
ST TR PP M PP o — W —

two parts, one over the gyt

ard the other over the odd-

numbered elements (k=1, :| - i sach one o ﬂ'lesarts can be broken into its

even-numbered arﬁe{; dgfw Ejgslﬁ ? continued until the
e divided into 1

summation has be -pnﬂnt Fourier transfun'ns This repestad dissection of

v o PR AU ARV o

reversing 1he bit-pattern of the addresses of the data elements. After this is done, the
required N values of K can be generated by making a sequence of 2, 4, 8,... point

summations. The total time for the operation scales not as N’ but as NlogN, so that for
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large transforms there is an enormous saving in time. This idea of bit reversal can be
exploited in a very way which, along with the Danielson-Lanczos Lamma, makes FFTs

practical as shown in Figure A.1.

As a consequence of the bit-reversal process, the application of the FFT to a

vector of data in a computer leaves the resulting components of the transform in a rather

mixed-up state.
Ve
000 ﬁ\ 000
001 f:\\ 001
010 : ‘N\ 010
011 % 'ﬂ\\\\ o1l
100 < ﬂ\ | 100
101 ‘ 101
110 B 110
¥ i 1
(a) ®)

o} YY1 PRI G

(a) between two @rrays, versusefb) in place.
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APPENDIX B

CALCULATION OF THE FRINGE FREQUENCY
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As the circular concentric diffraction array tums, this causes the fringes in the

measurement volume to move at a constant speed in the U or -U directions depending on

Voltage

(V)

2.0

2.2 341,793.88

24 390,625.00

26

28

3.0 488 231@

3.2 537,100.38, 48828125 |

34 ~ j

x| eusnm

3.8 634,765.63 634765.63

& T8t 3 Bhédesli
732,421.88 732,421.88

44 732,421.88 732,421.88

46 781,250.00 781,250.00

48 830,078.13 830,078.13

50 878,906.25 875,906.25

of rotation of the circular concentric

to the voltage of the motor

2.8.1, B.2 and B.3 for track 1,

tric diffraction array.

Average
325,520.83
341,795.88
390,625.00
406,901.04
439,453.13
488,281.25
108, 520,833.33
. 4‘5' 537,109.38
mn 585,937.50
684,765.63 - 0.634 765.63
G4t ) Bobnrs
732,421.88 732,421.88
732,421.88 732,421.88
781,250.00 781,250.00
830,078.13 830,078.13
878,906.25 877,906.25




Table B.2 The fringe frequency for track 2 of circular concentric diffraction array.
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Voltage Fringe frequency (Hz)

V) 1 2 3 Average

2.0 537,109.38 585,937.50 585,937.50 569,661.46
2.2 634,765.63 683,593.75 683,593.75 667,317.71
24 732,421.88 732,421.88 732,421.88 732,42188
26 830,078.13 830,078 830,078.13 830,078.13
28 927,734.38 ' 927,734 .38 927,734.38
3.0 976,562.50 976,562.50
32 1,025,390.6 1,057,942.71
34 1,123,046 .68 1,123,046.88
36 1,220,703 1,220,703.13
38 1,318,359 38 1,318,359.38
4.0 1,367,187.50 1,383,463.54
4.2 1,464 84 1,464,843.75
4.4 1,562,500.04 1,546,223.96
4.6 1,660,156.25 1,627,604 .17
4.8 1,757,812.50 1,741,536 .46
5.0 1,806,640.63 1,806,640.63

AULINENINYINS

PMIANTUAMINYAE



Table B.3 The fringe frequency for track 3 of circular concentric diffraction array.
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AULINENINYINT

Voltage Fringe Frequency (HZ)

(V) 1 2 3 Average

2.0 1,269,531.25 | 1.269,531.25 1,220,703.13 1,253,255.21
22 1,367,187.28 | 1,318,359.38 1,367,187.50 1,350,911.39
2.4 1464,843.75 | 1,513,671.88 1,513,671.88 1,497,395.83
2.6 1,708,984.38 1,708,984.38 1,708,984.38
2.8 1,855,468.75 1,806,640.63 1,839,192.71
3.0 2,001,953.13 301,953.13 2,001,953.13
32 2,246,093.75_ 2,197,265.63
3.4 2,392,578, % 2,360,026.04
3.6 2,539,062,58 2,571,614.58
3.8 2,734,375.00f 2,734,375.00
40 2,929,687.50, 4 2,897,135.42
4.2 3,076,17 488 3,059,895.83
4.4 3,271,484.38 3,222,656.25
46 3,417,968.75 3,401,692.71
4.8 3,515,625.00 3,515,625.00
5.0 3,662,109.38 46 3,678,385.42

I
iF |
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The variation of the fringe frequency with the voltage to turn the circular

concentric diffraction array in each track shows in Figure B.1,

4,000,000.00

3,500,000.00

3,000,000.00

2,500,000.00

2,000,000.00 407978x - 240790

Frequency (Hz)

1,500,000.00
1,000,000.00

500,000.00

4.00 5.00 6.00

L
- -

Figure B.1 The varia iaf o) # e to turn the circular

] conconERRISIEETSy. )

AULINENINYINS
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APPENDIX C

CALCULATION OF THE INTERSECTION ANGLE

For three tracks of the circular concentric diffraction array the distance between the

incident laser beam and the center of the circular array corresponding to each track of this

(&), is also changed.

To illustrate this Fig

left from the circular con gy aray nd crossed at the focusing

point of the Plano-convex glassd

quﬁﬁwsw%ﬂawns

Y HARIDIUURINEIAL. e

(2) A 300 mm focal length and 85 mm in diameter of Plano-convex glass lens.
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Referring to Figure C.1
a2

2

tand = (C.1)

where ¢ is the intersection angle and 4 is the distance between two laser beams

corresponding to each track of the circular concentric diffraction array. In this work the

distances (d ) measured are 10.5, for track 1, 2 and 3, respectively.;

and F, is the focal length of the.

(C.2)
For track 1 the intersection afigleds:
(C.3)
3 - (C.4)
Similarly, for track 2:
(C.5)
And for track 3: [
= 242 (C.6)

AULINENINYINS
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APPENDIX D

CALCULATION OF THE ELEVATION ANGLE

The elevation angle (y ) can be defined by a mask which allows the parallel light

beam to pass through to the photodetectors as shown in Figure D.1.

Figure D.1 Optical*syystem geometry for calculation of ¥ite elevation angle:

20 B pET R g e ey s s

with two slit madk; (2) A 300 mm fm:al length and 95 mm in d}amter of Plano-convex

AR TRIANI T e

symmetric-convex lens; (5) Photomultipliers.



174

Referring to Figure D.1

any = = (D.1)

(D.2)

For example, if d is 35 mm sleivalion angléeanbe bbtained as follows:
(D3)
7 X (D.4)

AULINENINYINS
ARIAATAUNINGIAY
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APPENDIX E

CALCULATION OF THE PHASE-DIAMETER RELATIONS
(SLOPE/PHASE DIAMETER)

The operational principle of PDA system to size particles can be explained by using

D = Sy (E1)
The parameter ¢ depend 3 g e \ }
For reflection (P =0) : 2 s
| Sk /51t cos Ueos p cosy ) ‘ (E2)
ot = . 12 ’
' 3 (i SCOSIP'DDS-'}J’}

and for 1" order refractiof, [F

i |
y
W

ﬂHBWHWﬁWﬁMﬂm ] €9

+m* =2m( sm&smwi-cmﬂcosgmsw}vi

ARIRNNTIUANTINGIAE

where AQ is the phase difference of the scattered light, D is the particle diameter, 1 is

the wavelength of the light, & is intersection angle, ¢ is scattering angles or off-axis angle,
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w is the elevation angle of one photodetector and m=n, /n,, is the ratio of the refractive

index of the particle (n,) to that of the surrounding medium (n,, )

The following are the important parameters used in this work for calculating the
phase-diameter relations;

- Light wavelength (nm)

- Intersection angle dJ

For 1" order refraction ;~ =} and track

\7%

| |
= 2{[I+[I.33}1—[ 2 J133)(1 +sin(1)sin(3.34) 5 cos(1)cos(30)cos(3.34)) | } -

AL PRHRTNEIAGT
oo G T BRIN A i & e

as follows:

A

1.78D (E.5)

Similarly, for track 2
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AD = 1.85D (E.6)
And for track 3

AD = 1.64D (E7)

AULINENINYINT
ARIANTAUUNINGIA Y



	Cover (Thai)
	Abstract (English)
	Abstract (Thai)
	Acknowledgements
	Contents
	Chapter 1 Introduction
	1.1 Purpose and description
	1.2 Objectives of present study
	1.3 Scope of study
	1.4 Obtained benefit
	1.5 Description

	Chapter 2 Survey of applications
	2.1 Categorization of measuring techniques
	2.2 Applications on PDA techniques

	Chapter 3 Basic optics and laser
	3.1 Light as electromagnetic radiation
	3.2 Geometrical optics
	3.3 Interference
	3.4 Diffraction
	3.5 Gaussian beam optics
	3.6 Polarization of light waves
	3.7 Laser
	3.8 Light detectors for PDA

	Chapter 4 Basic principles of laser doppler anemometer (LDA) and phase doppler anemometer (PDA) techniques
	4.1 The doppler shift
	4.2 Model of LDA and PDA techniques
	4.3 Probe volume
	4.4 Laser doppler anemometer (LDA)
	4.5 Phase-diameter relations
	4.6 Phase doppler anemometer (PDA)

	Chapter 5 Design and set-up of the PDA system
	5.1 LDA system components
	5.2 PDA system components
	5.3 Signals and signal processing
	5.4 Experimental Set-up

	Chapter 6 Results and discussion
	6.1 Experiments for verifying reliability of signal processing system
	6.2 Verification of the developed PDA system using stationary object
	6.3 Verification of the developed PDA system using liquid spray
	6.4 Sources of discrepancies in the experiments

	Chapter 7 Conclusions and recommendations
	7.1 Concluding remarks
	7.2 Recommendations

	References
	Appendices



