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NOMENCLATURE

proportionality constant

“electric field

light beam intensity

light beam intensity at the measurement station
optical path length

number of drops per unit volume

péw'or

extinction coefficient

. light scattering coefficient

scattering amplitude functions

visibility

signal \-.c'»ltage levels

dioﬁ fédius

drop diameter

laser beam diameter at transmitter lens
beam waist diameter

focal length _
squares of the moduli of the amplitude functions
imaginary number‘ o

wave number

refractive index

number of particles in size class

polar coordinate

beam spparation at the transmitter lens
time

cartesian coordinates
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size parameter

beam intersection angle

fringe spacing

phase due to optical path length
scattering angle -
lasekr wavelength

3.142

combined phase due to focal lines, optical path, and reflection

light ray incident angle to the surface tangent
refracted ray

phase shift of the Doppler signals
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A research program was conducted to evaluate an innovative concept for spray drop
size and velocity characterization. This program was motivated by the i increasing demands
on diagnostic techniques which have accelerated with the need to form spray drops bhaving
controlled size distributions, spray patterns, and mass flow rates. The goal of this program

is to develop an instrument for fuel spray combustion applications. However, the required

capability of efficiently and accurately characterizing sprays is associated with a much

larger range of technologies. These applications include coal-oil and coal-water slurry -

combustion, nuclear reactor safety, aircraft icing, agricultural sprays, meteorology and a

,vanet) of industrial processes.

The development of advanced laser-based instrumentation remains of importance to
the progress of experimental research and predictive code development in fuel spray com-

bustion. Increased knowledge and understanding of the fluid dynamics and combustion

chemistry are required in the development of aircraft engine combustors to enable con-

tinuous and efficient burning of fuel at high rates with a minimum of soot and other

pollutant formation. Presently there is considerable interest in obtaining measurements

of the fuel and air motions within the spray droplet-combustors. It is known that the tur-

bulent motions influence the reactions by increasing the oxygen supply to the burning fuel.

The relative velocities between the gas phase and liquid droplets not only provides oxvgen
to the burning drbplet but also serves to remove ibej products of combustion and hence,

affects the evaporation and burning rates and the poilutant formation. Thus, the droplet

size distribution and velocity are important data to be obtained when cbaractewzmg the

combumon process.
Basic research has also been conducted on two-phase turbulent jets!*34 to furnish

a.bas’i_s for the development of predictive codes that may ultimately describe the fuid

" dynamics of spray combustion. This work has revealed that the turbulence structure of the

continuous phasc is altered by the presence of the dispersed phase. As may be expected,
the dispersed phase reduces the turbulence spectra) intensity, in particular the higher

frequencxes since the dxspersed phase dropletx do not track the turbulent eddy ﬁuctuatmnc

_ and thus, increase the dissipation of turbulent kinetic energy. Experimental xm’eshgatlons

1
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have been carried out to measure the turbulence characteristics with solid monodispérsed

particulate. The need to obtain a complete data base using monodisperse and polydisperse

" liquid droplets requirés a reliable means for drop size and velocity measurement and for

‘the separation of the gas phase and liquid droplet velocity measurements.

The need for simultaneous size and velocitv measurements has been recognized even
for the general characterization of sprays. This is eépecis.lly true when studying nozzles
that generate droplets that are moving at a relatively high velocity and subsequently relax
to the ambient flow speed in accord with their initiai. momentum. The differing flux of the
various size classes can aflect the measured size distributions depending on the method of
measurement ’

- In general, droplet sizing imposes unique constraints upon the techniques that may be
utilizp«‘dj_ Dréplets are deformable, break up under serodynamic forces and collisions with
probes, contaminate surfaces, and are often present at high number densities. Sampling
and other material probe methods are therefore less desirable for implementation in spray
measurements. Optical methods consisting of imaging and laser light scatter detection
have been applied with varying degrees of success. The ‘relative success of a method is
largel\' dependent upon‘the measurement environment, d.m')}et size and number density,

type of material formmv the droplets, and other physical constraints of the test apparutu\

| Instrument limitations are dependent upon the physxcal concepts incorporated mto the

measurement device and how these concepts are affected b) interaction with the surround

_ ing spray, aerodynamic and temperature fields. Techniques that have proven reliable in

one measurement situation have produced erroneous results in otbers

: Because of the high droplet pumber densities involved, most light scattering methods
classified as single particle counter systerrrs will not function properly in spray environ-
ments. Basic methods utilizing absolute light scattering intensity measurements will ex-
perience significant errors due to partial extinction of the laser b.eam and scattered light.
For these reasons, the small angle scatteridetection methods developed by Dobbins et

al.5 and Swithenbank et al.® have been favorably received. Unfortunately, instruments

- based on these concepts can only measure the Sauter mean diameter (SMD) directly.

Furthermore, these measurements are made over the entire exposed path of the laser beam
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which results in poor spatial resolution. The methods cannot produce information on the

droplet number dénsity or the velocity.

Simultaneous measurement of the droplet size and velocity has led to the combination
of the laser Doppler velocimeter (LDV) with particle sizing methods. Particle sizing

interferometry developed by Farmer’

was a significant attempt in achieving this goal. The
method utilized a standard LDV optical akrgngement with on-axis light scatter detection.
Signal visibility was processed to obtain information relatable to the particle diameter. The

method was however, limited to very low number density particle or droplet environments.

Yule, et al® attempted to make simultaneous size and velocity measurements using an LDV

with small off-axis angle scatter detection. The droplet size information was obtained from
the amp]itude of the scattered light intensity. The difficulties involved with the Gaussian
beam intensity distribution notwithstanding, the measurements were also affected by the

‘partial extinction of the laser beams and the qcattered light.

Bachalog described a method that eliminated many of t_he aforementioned difficulties

by producing a rigorous analysis of the dual beam laser light scatter for large off-axis
receiver angles. By using large angle light scatter detection, the measurement region couid
be reduced by as much as two orders of magnitude compared with the on-axis approach.
This contribution suggested that the measurement of the size and velocity of individual

droplets might be possible in dense sprays. Use of the light scattered by reﬁecfion and

refraction allowed the measurement of droplets as large as several millimeters in diameter.

“The Droplet'Sikzing Interferometer based on the technique proved to be successful

in producing droplet size and velocity and size-velocity correlations measurements under

limited spray conditions. However, because of the Signal processing methods used. the

systerr had some serious limitations. These included the need for extremely careful

: alxgnment a size ranfre sensitivity of a decade or less with reduced size sensitivity at the

small size end of the range a narrow Doppler frequency response range and sensitivity to

-laser beam qualxt) and relative intensity of the two beams.

Because of the significant potential advantages of the light scattering interferometry

method, a new means for processing the interference information was derived. This

3
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innovation promised to increase the dynamic range of the system while reducing the
possibility of measurement error resulting from imperfect alignment or beam intensity

differences at the probe volume. The concept resulted in a linear response to the drop size

with a relatively uniform sensitivity over the entire measurement range. A measurement

range of over a factor of 30 can be attained while a factor of 100 may be possible without
optical adjustment but with only a change in photodetector gain. |

In the following sections, a theoretical description of the concept is presented ahd the
experimental setup of the device is described. The test procedures used to evaluate the

method are outlined and test results are presented.
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2.1 Light Scattering Theory

The scattering of light by homogeneous dielectric spheres of arbitrarj’ size is described

exactly by the well-known Lorenz-Mie theory. However, even with large computers, the

computation time required to calculate the scattering coefficients for a range of drop sizes -
can be prohibitive. The number of terms needed to be computed in the series solution is

proportional to the size parameter a = =d/\. Fortunately, for drop sizes greater than '

the light wavelength X, simplei' asymptotic theories may be used. For spherical scatterers
that can be regarded as small spherical lenses or mirrors, the geometrical optics methods

produce accurate results.

- van de Hulst!? showed that for spheres much larger than the light wavelength and
with refractive index sufficiently different from the surroundings, the amplitude functions
derived from the geometrical optics approach were, in the asymptotic limit, equal to the
Mie ‘amp]i!u'dé' functions. Comparisons have been made to."_tl_he‘ exact Mie theory by a
number of researlc'h’ér;s”"{m to demonstrate the accuracy of the geometrical optics methods.
Very good agreement was demonstrated by Glantschnig and Chen!? for drops as small as
5 micrometers. van de Hulst demonstrated that for a > 10, the scattering of light can be

separated into the simplified theories of diffraction, refraction, and reflection.

" Scattered Intensity

Ligbt scattered by diﬁ'raction which is deseribed by the following expression

Jl(asm 9)] (1)

Sd'Ua o)ﬁéﬁr { ‘asin f
nhere Jy is the Bessel's function and 6 is the scattennv aLgle is concentrated in a lobe
centered about the transmitted beam. This forward scattered light becomes more intense
by the diameter squared and smaller in angular distributio%n with increasing drop size.
Hodkinson and Greenleave:‘." have shown that for a > 15, diﬁ}action becomes insignificant

at scattering angles greater than 10°. For spheres of reftactive index m = 1.5 and

diameters as small as 2 mxcrometers diffractive scatter is less than 10% of the total light
~scattered at 45°, Thus, the hgh; scattered by diffraction can be avoided when desired, by

' ’prop.ér placement of the receiver.

- o
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Light scattered by reflection and refraction is best described in terms of rays and the

use of the simple laws of reflection and refraction. When a ray impinges on the surface of -

a transparent sphere it produces a reflected and refracted ray, figure 1. The direction of

the refracted ray follows from Snell's law: -
coS7 = mecos7 | ' (2)

~ where 7 and, 7' are the angles between the surface tangent and the incident and refracted

~rays. respectively. The par‘titioningbof the energy into the two rays follows from the Fresne)

“coefficients.

The emerging rays are characterized by two parameters, the angle 7 of the incident
ray and the integer p of the interface from which it emerges. That is, p == 0 for the first

surface reflection. p = 1 for the transmitted ray and p = 2 for the ray emerging after

one internal reflection. The energy in the remaining reflections is insignificant. The angle . . . .

between the incident ray and the p'" emergent ray is given by

§ = 2(pr' — 1) . : (3)

The fraction of the incident intensity contained in the emergent rays can be obtained from
the Fresnel coefficients. The details of derivation of the closed form 6-dependent intensity

‘functions are given in Glantschnig and Chen and only the results will be quoted here.

In the notation of van de Hulst, the scattered light is described in terms of two

amplitude f'unctions, Si{a,m,0) and Sa(e, m, 6) for the perpendicular (to the scattering
plane) and paralle] incident polarizations, respectively. van de Hulst demonstrated that a
.large-‘spbere scatters over 80% of the incident light in the forward direction with $9.5C¢
of the forward scattered light emerging from the first two interfaces (p = 0 and p = 1).
Thus, only fhe first two terms of the series describing the rays emerging from the various

interfaces need be considered for most practical applications.

Glantschnig and Chen obtained the following expressions for the amplitude funcﬁonl

6
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doéciri‘bing-.th'o rays reflected from the first surface of the sphere:

‘ g 2ol
q( )((, ,” 0) = ¢ - ln _,)~_:- m ___:;f:(_):(‘r: = :x) (‘Xp[}(z + 20’ S”) 5)} . (')
«mq+ m--cogf),- < “
'_'(l) m?sin ¢ — ey Ve 0 i
Sy a,m, 0) = o~-—~-“— st s eXpy | o+ 2asing ) (5)
‘ m sin .‘i + < =13

~where superscript 1 implies the p = 0 reflection and subscripts I and 2 represent to
* perpendicular and parallel polarizations respectively. The amplitude functions for the ravs

emerging from the second surface after refraction by the sphere are given as follows:

: (\;(é)( .0)‘ | 1+ m* "m o (i m=sin g(m cos ‘é - 1)(m — cos'f",) :
Sy (aom 8) = ol ~ . = - R A SRR

1'—m*

-y

| 3= [ S : e 6
oy — 21+ m= = 2incos 5
2 9 |

(6]

X exp

'Sg'));(n. 771.0)"= ol -t —— =

(l + m* )(‘oq g "m m2 Sin'g(m COS (7 - )(m — COx ()
A (m~~_-1)cosg. \

2sin 0(1 + m- — 2mcos (’}
. Zr{ : , _nf,w_;,_-;f.,,:,.\ T
X exp - —2a\[1+ m=—2mcos 5

- Summing the amplitude functions, the total for forward light scattering is given as

(7)

',S"'j(o,171‘0):Sd,-ff(a,ﬂ)—f-S}(n,m.ﬂ)ﬁ-S:‘;’(n.ni.ﬁ) J=1,2 (%]

The dimensionless intensities ¢; are simply

ila m, 0) =[S {a,m 0 o)

7
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These expressions produce accurate results with the exception of scattering at grazing or
» nearly grazing incidence and for scattering into the rainbow angles as indicated by van de
Hulst. The geomefrical optics results can be used for values of @215 depending upon the

information (what scatterin‘g angles) and accuracy required. Comparisons of an example

~ caleulation with Mie th_eory (from Ref. 12) are shown in figure 2. The agreement for the.

5pum diameter droplets is very good even though this is near the minimum size wherein
the geometrical optics approximation applies. ' |

For spheres large enough {(d > 3um]) to satisfy the above criteria, the scattered light
intensity appears as an obvious means for size analysis. T_hé square of the diameter of the

spherical scatteref can be assumed to be proportional to the scattered light intensity,
Licat(d,m, 0) = C(m,0) - ¢ (10)

This relationship is correct provided that the receiver f/no. is small enough to form an
average over the angular fluctuations resulting from interference hetween the reflected
p — 0) and refracted (p = 1) light.v The measured light intensity ‘is also dependent
upon the incident intensity [, which is multipled by the scattering coefficient, Q,qq;.
In practice. the optical collection efﬁci‘ency and losses in the systera are determined by
calibrations ‘using spherical particles or drops of known éize. Unfortunately in realistic
dropliet environments, the droplets will attenuate the transmitted beams and the scattered
light b‘y én indeterminate amount. »
For example, the light intensitybscattered by a cloud of drops is

. k '
Qsca(..’\’ = Z ni{diMseatn, 0,d;) (11)

=1

where the n; are the number of particles of silzbe d;. The loss of power due to {ransmission of
the beam through a droplet field of pathiengih, L is given by the well known Lambert-Beer

law as

dP = ~key1Adz o (12)
8 ‘ '
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‘and the intégrition over the path length L gives

- 1 ) '
I == Ij . exp(— 0 keredz) ' (13)

where [}, is the incident intensity where z == 0. It is known that for large a the extinction

coefficient approaches the value of 2 asymptotically.. That is,
ali—-‘:]go Qezt =2 B (14)

This is often referred to as the extinction anomaly since large spheres would be expected

to block the light falling on there cross-sectional area. However diffraction wbick is an

“edge effect also scatters light proportional to the drop cross-sectional area. In the absence

of any absorption,

: : . " i
_kgrt =: NQz7a E (15)

.9
= 2Nra~

where a is the average drop radius in the field. Hence,
I, = ],-,,Cexp(—-‘.lA\"L:raﬂ) {16)

‘where .\ is the number of droplets per unit volume and Lis the optical path length through
the spray. Fovr é\'ample a ~pra‘. with a mean drop size of 30/1m at a number density of 100
dropc/cc and a width of 20 em will have an attenuatlon Of Io/line = 0.92. x-‘*.ssummcr that
ng is proportlom] to d*, the error in the determination of d is approximately 47¢. At a
‘droplot con(ontranon of 500 drops/cc, the measured drop size would be 18°¢ smaller than
it actually was barring any other attenuations in the optical path. The number densities
uqed in these e\'émples‘ are not atvpical of those found in actual sprays. Thus, the simple
‘use of scdt'ered light intensity may not be a reliable method for measuring sprays. Lven
with frequent cahbratums these uncertainties due to attenuation by drops m the tram

will occur. ' \

Phase Due to Optical Path

The light rays emerging from the sphere will have different path lengths depending

upon the angle of scatter and the path lengths throu'gh the sphere. For this reason, the

9
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.intensitiebs of the outgoing beams cannot be added directly. The beams wb_ich'au originated

from the same coherent incident wave must have their complex amplitudes added and the
squared modulus then becomes the correct intensity. '

In order to compute the phéses from ray op‘tvics, van de Hulst references the actual ray
o a hypothetical ray scattered without a phase lag at the center of the sphere. Neglecting
phase shifts of 7 at reflection and phase shifts of #/2 at focal lines (all of which cancel

from the subsequent analysis), a simple geomemc anaiysxs results in the expression

7 = 2a{sin 7 —pmsin7) _ - (17)

for the phase shift with respect to the reference ray. It is of interest to note that the phase is
“directly proportional to a = de which implies that the number of extrema in the scattering

‘pattern is also proportional to the dimensionless size, a. The change in phasé which is

independent of the incidert intensity or scattering amp»l'i‘t;,udes but is directly proportional
té the drop diameter is a more practical means {of obtaining the size information.
Dual Bearn Light Scattering ‘

One approach for extracting size information from the phase shift is to utilize the
dual béam scattering arrangement of the familiar laser Doppler velocimeter (L’D\') figure
3. Assummg linearly polanzed light, the amphtude functxons assocxated with scattering

from beams 1 and are

S“ m, 6 d) == \/—e).p (jo) ' ' (18)
Sya(m, 6,d) = \fizexp(jos) - (18)

where the double subscript indicates only polarization 1 is considered, j is the imaginary

value jQ‘ = -] and ¢ = 5 neglecting phases shifts of 7 due to reflection, #/2 due to focal

lines and the Fresnel coefficients. When a spherical particle passes through the intersection

of the t'_wt.j beams, it will scatter light from each beam as if the other beam was not there.

Thus, the scattered light waves may be described as

10
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: ¢ ,
Eyfm, 0.d) = Su(m,0,0) 2L Il (20)

exp(—gkr + jwol)
Jkr

Eglm,6,d) = Sio(m. 8, d) (21)

The total scatter is obtained by summing the complex amplitudes from each beam and

then d.etermining the intensity which is
I(m, 6,d) = (|E;[* + |Eof* +2}ElnEnlcosa) (22)

were o Is the phase difference between the scattered fields. In this expression, the cross

product term 2|E |{Eq| cos o corresponds to the sinusoidal iptensity variation of the fringe

pattern while the IEllQ + |Ea|? terms are the d.c. or pedestal components. The visibility

of the scattered fringe pattern is simply equal to the ratio of these two terms.

__ 2B ||Eaf coso

= 5 s 23
Er[°+ [Eo° (23)

_ Confusion can occur here by the use of the terms visibility and signal visibility. In f11c=
. former tase, Michelson's deﬁnition is implied.which 1s a measure of the diétinc;ness of the
fringes formed in the spacé surrounding the drop, figure 4. If a point detector was moved
normal to the resultént fringe pattern, a signal proportional to the local light intensity

would be produced é.nd the visibility of the resultant sinusoidal signal would be

r

Jmax ‘mjp_

24
Vmax + ‘min (24)

The s;gnal visibility is the relative modulation of the signal received through the detection
' 'optxcs and photodetector. This is usually pxoduced by the integration of the scattered
fringe pattern over the area of the receiver lens. In general, the signal visibility depends

on the receiver aperture, drop size, the beam intersection angle, and lizht wavelength as
. 11



well as other parameters and will always be less than or equal":t,o the‘séattered: interference
fringe visibility. ' |

Since the rayé from beams I and 2 intérsect at a small angle, 4( <I 10°), at the sphere,.
the scattering angles 8; and 82 for these pairs of rays reaching a common point in épace
and interfering are a_pproximatély equal. Thus, the amplituae. functions S and S» are
also approximately equal. From equations 20, 21, and 23, it follows that the visibility of
the fringe pattern is approximately unity. The spatial frequency of the fringe pattern is
determined by the re'lrative phase difference, o of the interfering light waves scattered from
beams 1 énd 2. | ‘

Signal visibility has been used as a means for determining the drop size [7] When
‘the drop moves through tae mtersectmg Jaser beams the fringe pattern that is produced
appears to move at the Doppler difference {requenc?. The Doppler difference frequency is

a function of the beam intersection angle, light wavelength, and the velocity of the drop.

The spatial frequency of the vl’ringe pattern is dependent upon the angle of observation, .

drop index of refraction, beam intersection angle, laser wavelength and the drop diameter.
~ Placement of a receiver lens to collect the scattered light will produce a Doppler burst
‘signal as shown in ﬁvure 5. The lens, in effect, acts as a length scale to measure the spatial

frequency of the scattered fringe pattern. Integration of the {ringe pattern over the receiver

aperture produces a Doppler burst signal with a sigral visibility that may be related to

the drop size. This relationsbip is shown in fgure 6. o
Although the method based on measuring the signal visibility partially eliminated the
problems associated with intensity measu'rem‘_ents, provided a means for the simultaneous
measurement of the drop size and velocity, and did this with high spatial resolution, it
. has severél shortcbmings. As previously mentioned, the visibility of the scattered fringe
pattern will be equal to unity if the scattered intensities from each beam are equal. Since
the measured signal visibility depends on this being true, the incident laser beams must
be of equal intensity in sddition to having the same linear polarization direction and being
coherent. ‘These requirementé. may be {rustrated by optical imperfections_. and alterpate

attenuations of the beams by large drops. Because of the Bessels function relationship

between the measured signal visibility and the dimensionless drop size, the error produced

12
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can be relatively large at the small size end of the measurement range. Another difficulty
- associated with the instrument response function is the limited size range of a factpr of 10
or less. Typical drop size distributions extend over a factor of 30 or greater. Because of
the need to have equal intensities from each beam incident upon the drop, the aligament

of the system is also very critical.
2.2 Phase/Doppler Spray Analyzer Technique

As afo:rgmentioned, the spatial frequency of the interference fringe pattern produced V
by the scattered light is linearly related to the drop size. The mathematical description of
the interference pattern which includes the effects of all of the optical parameters, is then
required before this information may be utilized. Wit.b the complete theofetic,al description
of the scattered fringe patterns for the appropriate parameters, there is nb longer any need
to bcalibra‘te the system for each measurement task. The drop size measurement can then
be obt.éainéd from the accurate measurement of the spatial frequency of the interference

fringe pattern.

The theoretical description of the {ringe pattern was derived and software was generated

“to compute the fringe patterns at any selected optical parameters and to plot the resultant
interference fringe pattern. Three scattering regions of practical interésl were considered;
forward sca'tter 10° < 8 < 50°, backscatter 130° < 6 < 170° and 8 = 90° where 6 is
measured with respect to the transmitted beam dxrecuon nght scattering b\ a combina-
tion of refraction and reflection at similar mtensn) will occur at some angles and under
certain parametric conditions. Where this occurs, the spatxal fringe pattern is no longer a
pure sinusoidal intensity variation Bécause‘of the mu'lti-component scattering interference.
That u, additional interference between the refracted and‘reﬂected rays will occur and
produ e sxgmﬁcant errors. Such errors can be minimized or eliminated with tbe proper
selectxun of detectxon and processing methods The computatxonal schemes were able to
accurately represent these phenomena graphically and thus, allowed the development of

the-optics to avoid these possible error sources.

- An example of the computed interference fnnge pattern is given in ﬁgure 7. The

sinusoidal frmge pattern was computed for a plane normal to the beam directions. Only
13
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the upper‘ half of the symmetric fringe pattern was reproduced. As observable on the figure, -

the fringes are hylperbolic curves showing a decreasingspatial frequency with distance from
the beam axis at z = 0,y = 0. The pattern is also symmetric about z = 0. Thus, ihe
spatial frequency of the fringe pattern is dependent on where the measurement is made.
Measuremenvt of the fringe pattern would be relatively easy if the fringes were of
relatively hiéb intensity and of low temporal frequency. Unfortunately, the temporal
frequency of the fringe pattern is essentjally the Doppler difference frequency that will
vary according to the speed of the drop. This frequency may be as high as 2 MHz in spray
environments. The scattered light intensities will be low and will vary over several orders
of magnitude. A receiver lens and either photomultiplier tubes or solid state detectors are
required to provide the necessary sensitivity. ‘
- The scheme used to measure the spatial frequency of _the scattered fringe pattern
‘ reqﬁires the use of two or more detectors sepé.rated by fixed spacings.: As the arop passes
throug’htbe beam intersecﬁion region the fringe pattern dppears to move past the receiver
at the Dopiﬁ]er diﬁerénce fiequency. A Doppler burst;'sighéll similar to that shown in figure
5 will be produced by each detector but with a phase shift between them as illustrated
in figure 8. The signals in this figure have been kigh pass filtered to remove the pedestal

component. The phase shift 'is then determined by measuring the time between the zero

croésings of the signals frorn detector 1 and 2 and dividing by the measured Doppler period. -

" That s,
61-9 = 122 ¥ 360° | (2
(93 : . : .

where the measurements are averaged over all the cyclés in the Doppler burst signal.
Measurements of the phase shift are ithen related to the droplet size using the linear
relaﬁionéhips shown in figure 9.

In figure 8, the effect of changing the optical parameters which include the laser
beam intersection"angle, collection angle, drop index of refraction, laser wavelength, and
scattering cbmponent» detected is to simply changé the slopes of the linear response curves.
That is, only the size scale is changed for the same range of phase angles since the curves

all must pass through the origin.

Lanir el w
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Three detectors are tequired to ensure that measurement ambiguity does not occur.
When measuring polydisperse sprays without knowing the approximate size a priori, phase

shifts of greater than 360° could occur. Such occurrences would be measured as being

-less than 360°. The third detector provides a logica'i test to identify and eliminate such

uncertainties. Proper selection of the detector spacings also provides two sensitivity ranges
shown as curves ¢1-» and ¢;-3 on figure 8. The two phase measurements will allo#v the
.additionév] testing of ﬁbe measurements in the overlap region and extends the size rénge
sensitivity at one optical setting to a factor ’of_appr(.)x{?hately 100.

The dynamic range which refers to the ultimate size range measurable at one setting

including the range of the detectors is somewhat less than 100. Because the drops scatter

‘light appfoxirﬁately in proportion to their diameter squared, the detector would require a

dynamic response over a factor of 10 or greater. A factor of 10% is realistic. However,
the detector gain can be easily set to select the optimum sensitivity without requiring any
optical adjustments aﬁd realignment. ' '

Thus. the method has several potential advantages for obtaining drop size and velocity

data. Because of the range of validity of the scattering analysis used, the overall size

- range is 3 micrometers to 2000 provided the drops remain spherical. Both the drop size .

and its velocity are measured simultaneously. This capability is useful in providing a
complete description of the spray drop size distribution (including both the spatial and
temporal distributions). Measurements of two-phase turbulent flows which requires the

determination of drop size-velocity correlations and the gas phase velocity based on small

particles is an important capability of the method. With the use of highly focused beams

and off-axis scatter detection, these measurements can be made with very high spatial

. resolution.

In the following sections, a summary of the experimental evaluations of the method

are discussed alohg with a presentation of the results.




3.0 EXPERIMENT

The experimental effort was directed toward the verification of the theoretical analysis,
evaluation of the phase processing method, and investigation into signal quality effects. The
early stage of the experiments was concerned with validating the predicted signal phase
shifts. This validation was necessary before any effort was expénded on signal proceésor
design and development which would be a major task in itself. As a result, initial phase
measurements were obtained from individual oscilloscope traces of the détector outputs.
Although tedious, this method proved satisfactory in providing the necessar-)” verification
to justify continuation of the experiments. Fbllowing the'successful validation of the phase
shift theory for a limited number of cases, attention was given to the development of an
electronic signal processing method. A breadboard processor was designed and constructed
allowing the accumulation of large data records at a relatively fast rate. The addition
of the signal processor permitted further veriﬁqation of the theory over a wide range of
sv}'stem parameters. Also investigated was the effect of _sigpal degradation on the measured
phase shift. Sour.cesl'of signal degradation :kno';vrn té adv‘ers"ely affect similar droplet sizing

schemes were examined to determine their effect on the phase shift method.

3.1 Description of the Apparatus

The basic hardware and equipment needed for the experimental phase of the project-

included: transmitting optics, receiving optics with detectors, electronic signal amplifiers,
filters, signal processor, oscilloscope, data management system, and a droplet source.

’Alth’oﬁgh the configuration of the vsystem changed at times and components were added

or omitted as necessary, the basic arrangement remained the same. A photograph of the

apparatus is given in ﬁguré 10 and a description of the components follows.
Optics

The optics are divided into a transmitter and receiver package. Each was assembled
independently on an optical rail which allowed reconfiguration of the light scatter geometry

to any desired collection angle. The primary configuration was the arrangement shown in

figure 11 which was the 30° off-axis forward scatter collection geametry. A majority of the

~ data was obtained with this arrangement.’
' 16
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The transmitter package consisted of a low power He-Ne laser operating at a wavelength
of 0.6328 micrometers, a beamsplitter (BS) which allowed for a variable beam separation,
and transmitter lens (L1) with focal lengths of either 220mm or 100mm. The beamsplitter

produced two parallel beams which were caused to intersect by the transmlttmg lens The

beam crossover is the point at which measurements are made and is referred to as the

‘probe volume’. Interference between the two incident laser beams occurs at the probe
volume resulting in the formation of planar interference fringes parallel to each other and
separated by a distance known as the fringe spacing given by:

b=—2 M o (28)

’ 2sin(%) 8

- where 6§ = fringe spacing, A = laser wavelength, 7 == beam intersection angle, [ =

transmitter lens focal length, and s = beam separation at lens. The number of fringes

within the probé volume is given by:

R du' -

N = 5 ‘ (2«)
N

I e ’ 28

kdu' nd, ’ ‘ (28)

»v.'he're N = number of fringes, dy = beam waist diameter, and dy = laser beam diameter

o at, transrmtter lens. \/ananons in the above values are obtained by adjustment of the beam

. separation, §, or tran«rmtter lens focal length, f

The receiver package was comprised of a lens assembly (L2, L3) which collected light
scattefed by droplets within the probe volume and focused it onto the pinhole. The pinhdle
acted as a spatial filter blocking the light scattered from other than the probe volume.
Lighi which pbasvsed't,he pinh.olevwas dirccted by mirrors M1 and M2 to detectors D1 and D2.

The mirrors were adjusted so that light from different, well-defined areas of the receiver

*lens was directed to either DI or D2. This resulted in an effective detector separation

across the face of the receiver aperture. The separation was variable and referred to as
17
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the slit separation. The receiver package was modular and thus, could be placed at the
selected angle of collection, #, measured from the bisector of tlie'intersecting laser beams

(transmitter axis).
Electronics and Data Managenient

Although physically a part of the receiver package, the detectors deserve additional

- consideration. Solid state silicon photodiodes were initially selected to act as detectors. The

quantum efficiency of silicon photocells can approach 80% at the HeNe laser wavelength.

The photodiodes are rugged, easily mémageéb]e, require only nominal (-156 VDC) operat-

ing \'()1iages, and can be obtained with integral pre-amplifiers. A good deal of time was

spent developing silicon photodiodes to act as detectors for the phase measurement sys-

tem. Unfortunately, background noige levels could not be lowered enough to provide the

required signal dynamic range of which the instrument was capable. It is felt that silicon
photodiodes or lower noise silicon avalanche photodiodes could be enginecred to perform
satisfactorily bul such development was beyond the scope of this effort. A decision was

made to employ photomultiplier tubes (PMT) as'signal detectors for the duration of the

‘experiments.  Although more fragile and bulky than solid state devices, PMT's exhibit

almost negligible background noise levels and provide enough signal gain to overshadow
their lack of guantum efficiency. They also provided a convenient means of signal level

selection by adjustment of the PMT high voltage.

Additional instrumentation utilized in the experiments included variable high pass

ﬁvlyt‘e’rs and logarikthmié;ampliﬁers for each of the two channels. The high pass filters removed

the pedestal component from the burst signals while the log amps provided compression

of the wide range of signal amplitudes. A dual channel oscilloscope was used to monitor

the signals at various points along the signal conditioning path.

As mentioned, initial phase measurements were obtained from individual oscilloscope

traces which were manually analyzed (figure 12). As confidence in the theory increased.
several automatic processing »chemes were considered. Among them were analog phase

determination using a signal mixer, cross-correlution techniques, signal digitizing using

analog-to-digital converters, and digital processing schemes. The close association of the .

- 18
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phase technique with conventional LDV systems provided a basis of existing digital signal

processing techrology. The addition of phase determination circuitry to this type of

processing scheme was deemed most suitable and straightforward. A prototype processor

was developed which incorporated two parallel channels of Doppler period determination
and a relative phase measurement. = Signal validation included amplitude comparison

(threshold and conventional three-leve] logic) circuitry designed to eliminate erroneous

| signal scoring. The prdcessor also included the ‘variable N’ capability. The nu.mb‘er of

fringe crossings needed to produce a valid signal was not fixed as some processing schemes
require. The minimum number of cycles was user selectable, but the processor was designed
to utilize all available .signal cycles in its period and pvhase determination. This capability
guarantees that the most accurate central cycles of each signal burst are included in the

measurement. Subsequent testing proved this to be a highly desirable feature of the

- processor. Individual signal period and phase determinations were output by the processor

to the data acquisition system.

An IBM PC microcomputer was programmed to yac_c'e‘pt input and manipulate data
from the signal processor. Calculations of droplet size and velocity from the raw phase.and
period data were executed by the computer. A real time display of the size histogram was
also provided by the computer. Upon completion of data acquisition, linear mean diameter
and, when appropriate, Sauter mean diameter were caleulated for the accumulated data.

An accompanying printer provided a hard copy record of the reduced data.
Drop Sources

Drops necessary to evaluate the system and verify the theory were generxated from

three different devices.

The Berglund-Liu generator!3 device produces & stream of monodisperse drops. The

range of useful drop sizes obtainable was roughly 90 to 160 micrometers which cften

depended upon the operating peculiarities of the generator. Since the device was operated

off the manufacturers recommended conditions, the drop stream would sometimes become

unstable producing a scattering of drop sizes instead of the desired monodispersity. Not

only could this device pfoduce a known-sized, variable, monodisperse drop field, but the
| 19
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streamwise nature of the drops also allowed them to be selectively directed through specific -
- parts of the probe volume. The Berglund-Liu was the only drop size standard used for the

phase measurement experiments.

The highly controllable nature of the Berglund-Liu device was necessafy for verification
of the theory, but did not represent the true environment of most drop fields. Polydispersions
of drop sizes and a certain' randomness of drop traject.dry, velocity, and arrival at the
probe volume are more characteristic of a spray environment. Unfort.\jnately, there are no
‘calibrated’ dfop sources of the type described, due in part, to the lack of instrumentation

_.capable of porﬂ’ofming such calibrations.

To bet‘ter simulate the actual spray environment, several spray ﬁozzles were used.
The water supply used in the laboratory had a maximum line pressure of 80 psi. The
pro#éﬂré wa.s‘regulated to produce varying spray characteristics. The nozzles used were
Ir,m“to. moderate flow rate (.5 to several gallons per hours), solid cone type. Garden variety

7 nozvz_les wor»é §_om:cti‘m‘os us(’d' to produce larger drops ip'a hollow cone spray pattern.

A spinning dise atomizer was utilized for one set of tests. This device is used for room
humidification and is known to generate very small (~ 4-30 pm) drops in a very narrow
distribution. Both of these features were used in estimating the performance of the phase

measurement system.
3.2 Experimental Verification of the Theory

Experimental data ﬁ‘ere obt‘a-inod to validatg ‘\he theoretical predictions. Of particular
’im'po’rtance was the verification of the linear relationship between measured signal phase
shift and drop size. Parameters other than ‘drop size which were known to affect the
measurerﬁent include fringe spacing. receiving léns geometry, and receiving angle. Each of
_these parameters was investigated individually. The system response to more realistic spray
environments was (trested using a series of spray nozzles and the spinning disc atomizer.
Droplet Size Variations

The systenr \i’ﬁs aligned into the 30° bforwnrd_ scatter configuration (figure 11). The
m’onodisperse.’droplet generator was the drop source. The generator could be tuned over

a range of operating frequencies to produce drop sizes from $0 to 160 micrometers in
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diameter. This narrow spread in drop diameters was limited by.the droj)let generator and
represented iny a small part of the dypamic range of the instrument. To test the method
at both the upper and lower ends of the size range, the eflective detector separation was
changed to double the maximum drop size thus lowering the phase shift for the drops
produced by the monodisperse generator. The individual data listings are given in figures
. 13 thru 18. This size data has been converted to pha.sé angle and is compared to the theory

in figure 19 showing excellent agreement.
Fringe Spacing Variations

The resultant size range sensitivity for the phase measurement instrument is a func-
tion of fringe spacing, detector separation, receiver collection angle, and drop index of
refraction. The fringe spacing was changed with the accompanying size range variation in

* the pext series of tests. Each change in fringe spacing also incurred a proportional change

“in sigoal frequency, number of fringes, and signal amplitude. Again, the Berglund-Liu v

. e

r@é

‘monodisperse generator was used to produce drops of consistent size and velocity so thats: vt o

fhe above changes could be anticipated as the fringe spacing was varied. A cbahge in signal
frequency required a similar change in the high pass filter cutoff while a variation in signal
‘amplitude required a detector gain adjustment. Compensation for the change in number
of ffinges also affected the high pass filter setting. Every Atte‘mpt was made to minimize

the effect of these secondary factors during these tests. The fringe spacing was varied from

10.7 to 44.9:microméters by adjustment of the beam separation at the beam splitter. Data

listings for one representative test are given in figures 20 thru 23. These data are converted

to phase angle and plotted against theory in figure 24. Further substantiating data from |

similar tests are also shown.
Lens Geometry Variations

‘Scélttered light intercepted by the receiver lens was selectively directed to each of
the two detectors emp)oye‘d in the experiments. This was accomplished by masking the
receive"'r lens into two separate regionls such ‘that mirrors could be used to separate and
direct light to respective detectors. Since the receiver masking determined .the,eﬂ’ecti:\‘e
detector sépéraﬁén,’ this parameter was very important in fixing the size sensitivity of the

21
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instrument. In fact, size sensitivity is linear with effective detector spacing. Thus, size
sensitivity could be conveniently varied by changing the receiver lens masking without

changing other signal characteristics.

To test the response of the instrument to effective detector spacing, a series of receiver

masking geometries was employed. The centroids of the rectangular apertures were taken

- as the detector centers. The size sensitivity was varied over a factor of six by chang-

ing the receiver lens mz;sking from 12.7mm centroid spacing to 76.2mm centroid spac-
ing. Except for some variation in the signal amplitude due to changes in receiver lens
f/number, no changes other than receiver masking were necessary to vary the size sen-
sitivity. Representative results of this testing using the monodisperse droplet generator

are given in figures 25 thru 28. Receiver masking geometry is shown overlayed on each

data listing with the éentroi‘d spacing specified under the parameter ‘SLIT SEPARATION'..

Measured Idrop size agrees very well with Berglund-Liu drop size ('B-L SIZE') in all cases.

It was assumed that the centroid of the masked srea was the appropriate choice
for detector location.. To test this assumption, several masks were designed with similar
centroid spacings but dissimilar geometries. typical results from these tests are given in
figures 29 thru 31. Again, mask geometries are overlayed on the data histograms. In
each case the centroid separation was fixed at 50.8mm. Changes in lens aperture resulted
in changes in signal amplitude which were corrected by detector gain adjustmert when

necessary.
Spray Nozzle and Atomizer Tests.

This series of tests involved the measurement of polydisperse droplet spray fields
produced by industrial spray nozzles using water. Although the signal processor and
data acquisition system lacked much of the sophistication necessary to make accurate

measurement in this type of flow, the data obtained show remarkably good agreement with

other rmeasurement sources. In particular, signal rejection based on Doppler frequency and .

signal amplification over a dynamic size range greater than 35 were not available with the

breadboard systern.. Nor Was't_he third detector required for additional signal validation
“and ambiguity available. '
' 22
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The vméjority of the spr'éy testing utilized spray nozzles from the Delavan Inc wit-fx flow
capacities ranging from .5 to 1.0 GPH. Typical resulkis for two different flowrste nozzles
at 60 psig are shown in figures 32 and 33. These particular spray conditions were selected
because of comparative drop size distribution information provided by Delavan{!4), Figures

34 and 35 show the phase Doppler measurements overlayed with the Delavan data.

Several other spray sotrces were used including gafgien variety nozzles and hand or
finger operated pumip buttles. Results from these tests were not included as no corroborat-

ing data was available.

A spinning dice stomizer was used to test the small drop sizevsensvitivity of the
instrument. A typical distribution is shown in figure 36. As expected the size distribution
prod,uced by the atomizer was very narrow with the majority of drops less than 40
micrometers diameter. The distribution of ﬁgure 36 can be compared to those of figures 37
and 38 in which the size sensitivity' of the instrument was varied in an attempt to shift the
location of the measured phase information. The sell-consistency of these measurements
©can bé'seen \«'He‘nw‘t‘hevyﬂé're bx'erla)'ed with normalized ordinates as in figure 39. The data
presented in these tests is in the ‘raw’ form with no probe volume corrections even though

this type of correction is believed to be necessary at the small size end of a given size range.

The atomizer used in the above tests produces a spray field of moderately high droplet
pumber density. Simultaneous dropl_et probe crossings (multiple events) were observed

from time to time on the oscilloscope. Although this path was not pursued.‘ the svstem

response to multiple events does not appear to preclude its use in high droplet number -

density environments.
Backscatter

In.many applications, access to a spray field under test can be obtained from oply

one side of the test rig. At other times it is desirable to locate transmitter and receier

packages next. to each other to provide system rigidity. In some situations the droplets »

themselves may be opaque to visible light (e.g. liquid metals) such that refractive scatter
does not exist. In all of the above cases, the measurement of backscattered light could be

utilized: The backscatter configuration involves arrangement of transmitter and receiver
23 |



such that light scattered back toward the source (9 == 150° in this case) is collected and
analyzed. For the situation involving opaque drops, this light would be scattered by first B
surface reﬁections. For non-opaque drops, ‘backscatter may slso involve light scattered

from secondary internal reflections which complicate the analysis.

Calculations of relative scatter vintensities were performed prior to expéfim_e-ntation.

The results showed that the light scatterixig intensity from the droplet surface (first surface
reflection) of pure water drops was actually less than the light scattering intensity from
light refracted into and internally reflected out of the droplets in the same backscatter
direction. It was believed that if the relative intensities of light scattered between the two
‘modes were sufficiently different, only ihe dominant mode should be detected. To support
this ascumption, phase shift calculations for the internal reflection mode (6 == 150°) were
“completed a;)"d found to be nearly identical to the forward scatter refraction mode (6 =

- 30°).

A water baged dye was used duriog these experirﬁents to vary the opacity of the
droplets and suppress the internal reflective scatter by absorption of the incident light.
Pure dye used to form droplets eliminated all internal refections allowing only first surface
reflection. Results involving pure dye are shown in figure 40 to accurately fbilow the
prediction for first surface backscatter. Results using pure water gr}d the prediction for
internal reflection at § = 150° are shown in figure 41. Wher the dropiet opacity reached

~ a certain value the results fell between the two extremes of figure 40 (essentially 100¢%

‘ opaque) and ﬁgnre 41 {nearly trans'pa'r‘entv) a‘n‘d often contained dgta from both modes.
3.3 Signal Quéiity Effects

Several sources of possible signal degradation were investigated to observe their effect
on tke phase measurement scheme. These sources were identified by the investigators based
on previous experience with similar light scatter instrumentation. The two categories into
which these possible sources fall are bptica.l alignment and incident beam interference.
The probe volume of the phase measurement method is physically limited by the beam
intersection region and the receivexf vinhole. Only light ‘which enters the pinkole will reach

the detectors and this light must originate from the beam overlap region. This critical
th .
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alignrﬁent between transmitter and receiver can be affected in ways which 'could possibly
produce deleterious effects on the size measurements. Perhaps even more crucial to signal
phasebmeasu'rements is the quality of the incident beams which form the probe volume.
Incident beam quality directly affects the quality of the interference fringes. Beam drop-out
or selective attenuation can alter fringe formation and contrast. The phase measurement
technique ‘wa.s promoted because it was potentially less sensitive to loss of signal Qua!ity

than existing instrumentation.
Alignment

During these evaluations, light gathered by the receiver lens was brought to a focus
and passed through a pinhole spatial filter whose size was selected to match the beam waist
at the probe volume. The purpose of the pmbole is two-fold: first, it prevents light from
other sources (other parts of laser beams or background light) from reaching the detectors
and second, it guarantees signal coincidence at both (.‘i'etgc‘t“gxs.v Pinhole misalignment can
result in ‘receiver aperturing’ which alters the character of the detector signals. The
monodisperse generator was especially useful when studying pinhole effects as its droplet
stream could be directed through select parts of the laser beams effectively s’cattering light
from a single ‘point’. When ﬁrét apphied in the receiver package, tests were conducted to

verify that the pinhole did not adversely affect the drop size measurement. The results of

. onesuch test is shown in figures 42 thru 45. A range of pinhole sizes was used including the

smallest which was not expected to transmit all of the focussed light. No appreciable shift
in measured size could be detected although the smallest p‘inbole produced a broadened

distribution which may have been indicative of aperturing problems.

A second series of tests were run to observe induced aperturing effects on size measure-

" ments. These tests involved intentional focussing errors at the pinhole plane. Due to the

.nature of the focussed light, selective aperturing of light intended for individual detectors

could occur. This aperturing led to signal distortions with the potential for errors and
were, in fact, processed as erroneous drop sizes. A set of data from one such test is given
in figures 46 thru 48. The errors induced in these tests were much more severe than those

expected in practice. - e
25
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The effect of receiver alignment on other than the center of the probe volume was
investigated. At the extremes of the probe volume, a Ihyperba‘lic spreading of the inter-
ference fringes may take place. The monodisperse droplet stream \Qas centered on the beam
crossover and then moved to the detectable extremes of the crossover regfon. The receiver
pinhole was removed for these tests. Figures 49 thru 54 show the data from these tests. A
combin'ation. of loss of signal intensity and signal distortion determined the detectability
limits. No appreciable change in droplet size was observed, although broadening of the
distributions did occur and was attributed to the decrease in signal-to-noise ratio.

Beam Quality

Fringe contrast at the measurement probe volume is dependent upon relative beam

TR mﬁmmwpmme
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intensity, beam polarization and coherence. Loss of fringe contrast is disastrous for sizing

techniques based on signal visibility since this quantity is directly related to the fringe
_contrast or visibility. Although {ringe contrast is easily affected, fringe spacing is not. The
phase. technique is directly dépendent upon fringe spacing but not upon fringe visibility
~and thus, should not suffer from losses of contrast. To verify this, tests were conducted
in which the fringe visibility was intentionally lowered. The monodisperse generator was
used as the droplet source. Figure 55 shows results for the case of 100%¢ fringe contrast
in which incident beam intensiiies were neafly equal. A neutral density filter of optical
density 1.0 was then inserted into one of the two beams changing the intensity ratio from
50:50 to 91:9 and reducing fringe visibility to only 20%. The test was repeated with the

results given in figure 56. The size measurement was not affected.

- Losses of beam intensity and fringe visibility do not occur as cleanly as was suggested

by the previous testing. In a spray environment, droplets pass randomly through the
incident beams scat.texjing light away from the incident direction, affecting both beafn’
intensity and coherence. Droplets with sizes comparable to that of the beam diameter can
csuse beam drop-out. The combined efiect of many small droplets in the incident beams
can result in a severe decrease in signal-to-noise ratio. The oscilloscope trace of figure
57 shows a typical beam attenuation due to droplet interference. Since each of the two
incident beams is affected similarly, but not identically, by droplet passage, the character

of the beams which intersect at the probe volume at any instant cannot be easily predictéd.
' 26
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Spray interference effects on droplet measurements was investigated by introducvi’n'g a Spray
into the patb of the incident beams while measuring the monodisperse droplet stream.
S'x'nceqdroplet size to beam diameter is ap important parameter in this test, iwo spray.

droplet distributions of widely differing mean drop sizes were used. Spray interference will

also affect light scattered from the probe to the receiver lens. This interference, however,

is not as severe as beam drop-out. The results of a spray interference test is given in

figures 58 thru 60. In each case the interfering spray was judged to contain a moderate

~to high droplet number density. Test results show that mean size measurements did not

change although some broadening of the distribution did occur and is attributed to loss of

signal-to-noise ratio and spray interference directly with the monodisperse droplet stream.

27
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4.0 UM\&ARY AND CONCLUSIONS

An inpovative approach for spray drop sue and velocxty characterizations has beea
descnbed. The method, which obtains the drop size information {rom the interference
fringe patt_erd produced by the scattered light, has been shown to have several advantages.
Perhaps the most significant advantage is the relative insensitivity of the method to un-

certainties in the scattered light intensity and fnnge vxsxbxhty which occur when the laser

. beams are attenuated by the droplets or other optical contamination. The linear relation-

ship between the measured signal phase and the dimensionless drop size simplifies the im-
plementation of the method and creates a uniform. size sensitivity over the measurement
range. The dynamic size range of the tec‘hniquebis essentially limited only by the dynamic

range of the detectors and the prevailing signal-to-noise ratio.

Monodisperée drbplet streams were used as a basic test of the theory and to test sus-
ceptibility of the method to practical effects expenenced in the application of the method.
These effects mc]uded optical imperfections, envxronmental conditions and sunple align-
ment errors. In terms of the operating requirements and errors produced, the operation

was analogaus to the conventional laser Doppler velocimeter.

- Methods for size range selection were descfi,bed‘ and tested. Either the beam intersec-
tion angle {fringe spacing) or the detector spacing can be changed to achieve the same
resuh The detector or slit spacing was easy to implement, did not require rezlignment

and did not change the Doppler difference frequenc'y “&Jso tbxs method has onl} a minimal

effect on the nrobe \o)ume

Sprays were measured in this preliminary assessment of the technique. Comparisons

~ of the measurements to other methods were presented and the results showed reasonably

good agreement. However, this cannot be used to make conclusions about the relative
measurement aCCuracy. Measuvements at different size range selections were also made
to determine the self- -consistency of the method. The availability of & “standard spray”

would I'acihtate the evaluation of these new diagnostic techniques.

- Although the tests conducted usmg the breadboard processor were as extensive as
possible, further tests are required using the more advanced prototype processor currently
; . ‘ 28 .
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under de;elbpmeht. The processor will produce two simultaneous phase measurements
to prevent ambiguity and to reject spurious signals that may occasionally pass the noise
rejection logic. Testing of the processor’s automatic setup functions and signal qualification
logic will be the first p.riority in the future work. The processor will be capable of a data
rate greater than 10,000 samples per second so that tests on the probe volume effects and
mass flowrate determinations can be considered.

In summary, the recognized potential characteristics of the method are:
o linear relationship between the measured phase angle and drop size
e size range of 30 or greater at a single optical setting
o overall size range of 3 to 2000 microns .

e simultancous size and velocity measurements

o relative insensitivity to beam or light scatter attenuation
e high spatial resolution

‘s operation is similar to an LDV

o adaptable to existing LDV systems
e can distinguish between gas phase and droplets..

e reduced sensitivity to misalignment

o can perform measurements independent of refractive index.

A patent app]ication has been filed.

29
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