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ABSTRACT

An eagy and flexible optical method for simullaneous meagurements of
sizes and velocataes of spray drorlels has been developed, The method 1o
based on the Dopvler-llei combination technivue. Emphasis 15 focussed on the
sctablisiment of a correction procecure of the errors wnich inevitably ¢c—
cur in measuring resultm of droplet si1ze distributions using laser beam
optical systems. Also a =tatistical data reduction technique to derive the
correlatbion between 31ze and velocity of spray droplets has been developed.

The wethod has been applied for measurements of velocity and size
distributicns of dromlets o2f a confined spray jn)ectec from an ultrasenic
acomizer, Also counterpart measurements cf droplet =12e di1strabution have
been carriyed out using the magnisium oxide method. ExFer:mental results
show that droplet si1ze distribution obtained by this method are in far
agreemenc with those obtained by the magnesium oxide methed in diameter
range Dbetween 15 and £0um. It was also found that velocities of droplets
are distributed over a wide range regardless cf their sizes.

1. INTRODUCTION

Simultaneous measurcments or the s1ze, velocity and concentration of
spray droplets constitute an impor-ant step For obtaining more and
detailed information aboult the flow characteristics for optimizing the
Processes 1n a Wide varjety of orprratacna! facilities. Also. 1t is des:red
that thcse measurements he obtasned locally with fine diserimination  Dut
wmithout diasturbing the two—rhegss tlow-f1eld. Optical methods consisting of
imaying and laser Jlight scatter have been appPlled with varviug degree of

success. The relative success of a method is largely dependent upon the
measuring envaronment. crop s17f distrabutiosn anc numher densaty and other
Physical ccrncepts o1 the test apparatus. Instrument limitations are decpon-

dent _upon the physical concepts ancorporated into the measurement device
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and how the concepts are affected by the interact:ion with the surrounding
spray, fluid dynamica and temperature fialdnm.

The double flash, direct photography technigque |1] and the doubla
pulse. 1in-line holography technique |2] are suited for observation of the
size distribution. population density and velocity vectors of draplets in
large volumes of the flow field. By these techniques, howevmr, 1t is a1t
ficult to process data automatically due to the difference in effective {o
cal depth between droplets of different sizes [3]).

During the last few vears a number of different methods for measurj
ing size and velocity of 9pray droplets by means of laser-Doppler—
techniques have been developed. Drop sizing interferometry is used in con—
junction with laser Doppler anemometry. Real time, in 8itu, gimul taneoua
size and velocity measurements of a droplet are made using crossed—beam
interferometry. The grinciplies and practice of laser Doppler anemometry
are described in the book by Durst et al [4).

Iinterferometric techniques for particle =3izing based upon light
scattering have been developed using the concepts of wvisibility (5&6]),
peak amplitude (7] and angle ratioing (8&9). Simultaneocus measurements of
size and velocity distributions of spray droplets have been obtained using
Jaser Doppler-visibility technique (10&11), Phase—Uoppler technique (12-
14) and Doppler-Mei combination technique [15-17]. These techniques Show
locally fine discrimination and are suited to statistical data Processing
requirements.

Chigier and his cowarkers [(16] have develored a single-particle-
counting, forward scattering laser-Doppler velocrimeter technique for ap-—
plication to burriny and nonburning sSprays. This 1s a kind of Doprier-Mea
combinat:on technique. They determined the sizes and velocities of spray
droplets sgimultaneously for droplet diametera larger than the fringe spac—
ing in the measurement contro) valume. The technique is an {nteresting and
useful one. However, some d)fticulties are stal! left unsolved, 1.e.:

1. The control volume 1s confined to the aintersection of the field by a
vertical slit. Since the control volume 38 surrounded by sharp bouhaaries,
the droplets partialily peneirating the valume =hould be considered 1n adda-
tion to the intensity dastribution ot the incident beams,

2. Some kinds of atomizers make Sprays having size distributions that are
raot well represented by an algebric function like the Rosin-Rammler dis-
tribution function.

3. The forward-scattered light-intenszity lobe hae characteristics more
complex than the compcnent at another angte [13).

The a1m of the present 1nvestigation 15 to deveiope an easier and
more flexible technique for determining the sizes and velocities of spray
droplets simultaneousiy. Emphasis is placed on the egtablishment of a cor-
rection procedure for size distribution whaich 1s applicable to any size
digtribution type as well as Lhe development of a statistical data—
reduction technique to drive the correlation between size and velocity of
apray droplets,

2, OPTICAL SYSTEM AND CONTROL VOLUME

The optical system is composed of a laser Doppler velocimeter system
of dual-beam forward-scalter type and an additional subsystem to detect the
light scattered in the direction perpendicular to the laser beam ag shown
in Fig. 1. The beam from a !5 mW He-Ne laser 15 split i1ato two parallel
beams by a beam splitter BS, then focused by a lens L, at the objective
point. The laser generated beam has a wave-length of 632.8nm and a beam
diamg}er of 1.0mm, The spllated beams cross each other at ap angle 2y of
11.11 . comeposing a DoppPler siqnal control volume as shown in Fig. 2. The
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{Cimensions in um)

Fig., 1 Optical system. Fig. 2 Control Systems.

woiat diameter (p), and the Jlenath of control volume (£ are G.2mm and
2 .08mm respectively. and the fringe spacings are about 3.3um.

Tha light scattered forward by a dropiet located 1in this control
volume 13 <collected by lenses Lz and La and detected by a photomultiplier
apparatus Pp through an aperture A,. Meanwhile. the light gcattered at 90
is collected by a lens L. and detected by a photomultiplier apparatus Pa
rhrough an aperture A,. S5ince the view f:eld of the photomultiplier Pa. 29
of 20D pm diameter at the objective point. the control volume for the HMe:
scattering subsystem 13 the part of the Doppler slgnal control volume
penetrated by view cylinder of 200pm diameter.

The Doppler 9igna! of forward scattered light detected by the
photomultiplier Pp, from which the pedestals have been removed by a hiah-
pags filter. 15 converted .nto velocity signal in proportion to the Doprler
frequency fpo by a frequency tracker. Meanwhile. the Mel sianal of §¢' scat-
tered 1light detected by the photomultiplier Ps 12 averagecd over Inore Lhan
one cycle by a low-pass filter and amplified by a preampiifler.

The Doppler sagnal end ¥ea =ignal are converted ynto digital sagnalse
and read alternately by a signal microprocessor (Model 1%8DE counter type)
and @gtored in 1ts memory. Since the laser beams have radially a Gaussian
distribution 1n 1ntensity, the Mei signal shows a peak every 1nstant a
droplet passes through the horizontal plane involving the center of the
control valume. Msanwhile. the velocity =ignai holde the fast value until
the next droplet enters the contro!: vo:ume. After a series of read-in
cycleg. the =ignal microprocessar pickg up every prak value 1N the Mel s1g9-
nal stored and the carresponding value i1n velocity sienal in a pair.

Fack pair of s1ze and ve:oCity data 19 classgifjed intc groupa and
accumulated in the biatogram area of memory of the signal microprocessor.

Then the next series of read-in cycles 13 started. fhi1s signal-processing
cycle 13 continued wuntil the number of sampled pairs reached the preset
value of about 2x104, A threshold level 19 set up for the Me1 ajignol )Hust

abovae the nols=e level. and the peaks below this level are omitted to avoad
the confu=ion of noi=e with signais.

2. CAUSES OF FRROS_AND CORRECTION QF SIZE DISTRIBUTIQN DATA
Rccordang to Lorenz—Mel theory (9], a droplet 1llumirated by an in-

cident beam having a uniform intensity., [y, scotteres light in the perpen-—
dicular darection., the intensaty I.. of which observed at a fixed distance
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ia repregented by the following relation:

lea = £ () . Y; . d2 = Kk.d2 = e (1)
where a is the size parameter defined as "d/,, d ia the droplet diameter
and ) iB the wave length.

Since. 1n the present case. two laser beams having a Gaussyan dis-—
tribution of intensity. the center line intensities I., and the ua;st
diameter (b). as shown 1n Fig. 2, are croszing at a small angle 2Y with
each other. the 1ntengity distrabution in the Doppler control wvolume 2118

reprenpented by tho (ollowina oquakion [10]:
Iy = 2la [cosh (Yyz/h2) + cos (2YKy — a) )
X exp [=2(x2 + y2 + y¥z2) ; b2) e (2)

where K 15 the maanitude of the vectors of incident beams and g 1s a func-
tion that account for relative phase difference between them. Therefore.,
the intensity l,;. averaged over fringes. is repregented by:

Ty = 215 exp (=2 (x2 + y2 +y22z2) 7 b2] x cosh (yyz/b2)  ........ (3)
The intensity Tip, in the z, x plane 1s given by the next relation:
Tie » 2l exp {=2(x% + yE22) / D21 e (4)

Hodkinson and Greenleaves [18) have developed a technique for cal-
culating the intensity of light scattered by a transparent =pherical par-
ticle on the basis of classical diffraction and of geometrical scattering
by axternal reflectaon and francmiiaion, AMardlyanag thie technyaqae L Ui
pregent situation r(u) 1n Eg. (1) 13 approximately represented by the fol-
lowing relation:

f(a) = ¢ (e + 0.1012 / u ) e e e e e [5)

where c 15 a constant and e is calculated from the reflactive index (m)
using the next relation:

2 . vy 2
1 [1 -y2(m2 - 0.5)% 1 m2 - /2 (m2 - 0.5)’7‘

—_— +
8% | 1 4+ V3I(m2z - 0.5)2 87 | m2 + /2 (m2z - 0.5)%

..... (6)

Since the present optical system deviated from the standard Lorenz-—
Mei theory. errors may occur for the followling reasons:

1. Two droplets or more. wihich enter the Mei control wvolume simul-
taneously, are misinterpreted as one larger droplet.

2. A droplet. a part of which is outside the control volume, is misin-
terpreted as a smaller one. '

3. Since the laser beams have radially a Gaussian dizstribution 1n inten-—
sity, the 1intensity of scattered light deprends on the location of the
droplet center.

4. A larger droplet can contact the Me: control volume for a larger dis-
tance, g0 that the effective control! volume depends on itz size. There—
fore, the population density calculated on the basiz of the Mei control
volume should be corrected for droplet size.

The errors resulting from reason (1) are diminished by reducing the
control volume. On the other hand. the errors resulting from reasons (2)—
{4) are diminished by enlarging the control volume.
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9.1, Ervors Besulting from_ Reason (1)

The probability Pa that n droplets exist in a volume V simul-
tanecusly is represented by the relation

Fa = e™=  m /n! A e e (&2

vhere m = H.V and N is the average population density of droplets. Tha Pn-
values calculated for the Present Mei control volume (~6x10—2 mm®., gsee Fig.
2) are stown 1n Fig. 3. Note that the velocity signal is meaningless for n
22. It may be noted from Fig. 3 that Pa <C P, for N <K102*/mm?®, where P; and
Pax are the Po—values ror n=1 and 2. respectively. Since coexigtence of two
droplets or more can be easily recognized from the shape of the correspond-—
ing peak in Mei rsignal (twin or multiple peak). 8such data are simply
omtted automatically.

2.2, Errors Resulted from Reasons {2)—(4)

Since these errors are nither recognized nor evaluated from the Mei
gignal. the location must be made theoretically. The following assumptions
Are made to that purpose:

1. Drorlets have a uniform probabiliaty of paszage through any part of the
z,x plane reyardless of their sizes or velocitaies.

2. The mean peak intenaity Tae OfF light scattered by a droplet can he
estimated by substatuting the T,,-value at the droplet center for I, in Fa.
(1)} . whether or not the center is located within the waist diameter , (b)

control vclume (droplet A or C in Firg. 4). If however. the droelet pasges
partially through the view field of the photomultiplier P, {(droplet B 1in
Fig. 4). the Tao-value 1s reduced by the fraction r of droplet prodection

area geen by P, at the instant the center passee through the z.x plane.

The procedure for correcting the size distribution under the above
assumption 13 as follows. The relation between the mean peak 1ntensity .o
of scattered light and the mean intensity 1,, of 1ncident light at droplet
center 1n the z,x plane 13 written as follows:

Yoo = r f10) o . A2 = r Ko d2 (8)
where f(a) 1s the fian)-value averaaed over the span of variration of amd

Y i3 the fraction ot droplet projection area.

1.0
oa\ ~—-— N=|0 drops/mm? z
: '\ —— N=)0%qropgs/mm?
0.6F\ I
c
a
0.4 = e ol :{A*
I A e~
‘/OIBII z
0.2 }4 7%
0 2 -
n-droplets
Fig. 3 Frobability of coexlstence Fig. 4 Grid COqfxguratlon for
ot n—droelets 1n the Mej correction grocedure.

control volume.
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The average kp—value at the origin has been determined so that the
eize distribution corrected jn the manner described herv reaches best
agraement with the counterpart data obtained by the magneslum-oxide
method. Ae a result. Ko.-value of 1.3x10-3pyA/Um2 has been obtained for the
uged keromine injected spray as the intensity Tep, of the scattered Llight
i3 rerresented by the output current of the photomultoplier Pa.

Then gride of 2z and x intervals are placed on & guarter of z, x
plane 8s shown in Fig. 4, and lyp,—valuee are calculated at each grid point
uging Eq. (4). The apparent diameter @ of a druplet whose real diameter 13
d, 18 calculated at each grid point from the relation:

A3 @ Tag /7 €FG0) . Taol e

where 1o is the f;p—value at the origin. Notice that d=d, only at the
origin,

Relative probabjlities of Pe(d)/Pe(d,). Ps(d)/Pe(dw) and
Po(d)/Pe(dy) are estimated tollowing the above procedure. P.(d) dernotes the
probabiiity that a droplet. whose real diameter 1s d» has an apparant

diameter d, whach 13 divided into two parts. Pjstd) and Patd). Py (d) for
droplets whose center 13 located within the Mei1 contro)l volume, while Pg(d)
for droplets whose center 1S outside the Mei1 control volume. Thia proce-

dure 3 repeated increasing the d.-value byad,., A typical example of the
result 13 shown in Fig. 5,

Assuvming that the reaj 3
diameter of any droplet does not
exceed the maximum observed diameter P (d)/P (d )
dmax. the diameter range between £ t' o m
dwan 8Nd dmax 15 divided into m —_— Pl(dJ/Pt(dr)
PR— Po(d)/Pt(dr)

groupos, where duy;» i3 the minimum
apparent diameter observable. Using
the curves ot normalized probability
densitiea as shown in Fig9. 5. the
number( ANm.»), of droplets whose ap-
parent diameter belongs to the 1th
group (i=1,2,....m) whereas its real
diameter belonge to the m -th group
ia subtracted from the number Ao n,
of droplets whose apparent diameter f };
belongs to the ith group and the AN T
number {8n..,)s of droplets whose 0 I 4™ L
center 13 located within the Mei 50 100 150
conrtrol volume 15 added to the num- d, Gum)

bder 4, Nm Of droplets whose apparent Fig. 5 Normilized probability
diameter Dbelongs to the m-th group. densities of underestima-—
Here: tion of droplet size.

T
r
T

d =50um d =100pnm
r T

P(d)/P(d )

—
T

(Anm..l)t -Ao Nem - Pt_ (dl) / Pt_ (dm) ....................... (10)
(ARm.1)t =846 Nm . Py (dy) 7 Pe tdm) oLl e (11)

The number ‘4; ni of dropiets helonging to every sSize group 15 as
follows after a series of such correction has been excuted:

4 ny 280 ny - BNm.)e. BSM=1) . oo . (12)
A m=-1
T > (L O I G (13)

1=]1
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Note that A4,; n,, reprezsentd the number of dropleta whoze real diameters
belong to the m-th group,

The same procedure followed for the mth group can be followed for
the (m—1)=th group. and the number 4a Nne1 Of droplets whose real
diametsrs belong to the (m—1tlth group 15 obtained. By repeating the proce-—
dure for the remainder down to the gecond group, the numbers 43 nm, B a Nm-
1- ++-v 8m—y N3, 3aNnd B -1 Ny Of droplets whoas real diameters belong to the

respective groups are obtained.

One <¢f the advantages of thig correction procedure 1s that the
threshold level for the Me1 signal hes only slight Influence on the Bsize
distribution resuiting from the correction procedure. eapecially in the
larger size range. Since if a large dreplst makes a small peak in the Mes
gagnal, then the drorlet cepter i3 located outside the Mel1 control volume
and should simply be omitted. Therefore, the noise level has an effect malnly
on the minimum detectable droplet diameter.

4, DATA_CORRECT]ON AND_MANAGEMENT START

Since the data obtained by  _ 3
the 32ynal processipng Ssystem are
paira of apparant diameter and Read in and eators the intensity
velocity, erroneous correlation data 91909l of latteraly scattered light
will resuit unleas corrections are and the output eignal of [requency
made However . pairs of real tracker 1n a time- JINAring mannar,
diameter and velocity cannot be _/’,,i:~§“\
derived directly frow the data, and NO s lhesxgnafi:::::?
tnis correctton must be done statlsa- i————-<<:::E§i:ngarea of memoy

_filled up?._

tically as follows;

Drorlets are class)fied 1nto YES
velacity groues, the size distribu- X {
tion for each velocity group is cor- Ansiize _the plored aignais to
rected by the method described in __’obteun diameter—-velocity couplpw.
Section 3.2. If for each velocity
group and specific size the prob- Garerste the histogram of the dia-—
abilsty density for that size s metar-valocity coouplss and store
selected Erom the corrected a12e 1t yn the hiatggram aera 1n a

cumulative menner,

distributien curve, the probability
density distribution  curve of ‘TT‘—f:]:\\“‘
velocity 18 obtained for the size. ag the number o

Thas procedure i8S repeated for each iametar-velocity couples excaad
of the size group. The correction the oreeset valus
coef{ficient between diameter and
valocities also obtained since the
probabilaty density for any pair of
diameter and velocity is Known by ek e
the above method ralation coefficient.

A microcomputer utilizing a "‘“—'}-’—I——
8080 macroprocessor 1s used for the

data handling and reduction. The END

flow chart of the cailcuilatyon

program is shown in Fia. 6. The sys-

tem produces histograms of the Fig. 6 Tlow chart of the
droplet gize and velocity a=s the calculation program.

data is accumulated.
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Sampla time and number of samples are recorded. When a preset number

of samples have been measured, tha tabulated results can be printed or
atored on {)oppy dieks. Two floppy disk units ara eprovided., one for
softwara storaga and the other for data.

3. APPLICATION AND RESULTS

5.1, Experimental Arparatum

The present described technique hae been applied for pimultenous
measurements of size and Velocity distribution of droplets of a kerosine
spray atomized by an ultrasonic atomizer. A schematic diagram of the ex-
perimental apparatus 18 shown in Fig. 7. Kerosine to be atomized 1s fed to
the atamizer from the reservoir through a calibrated transfer pump 2.
The transfer capacity of the pump has been adjustea at 10 cm®/man. The
electric power to derive the atomizer is fed from the ultrasonic oscaillator

through the 1mpedance transformer while the frequency and the power
supplied are measured by the electronic counter and high frequency watt-
meter , resgpectively. (For more details of ultrasonic atomization. see
Refs. (19) and (20)). The resonance frequency of the ugsed atomizer fo=70
kHz. Seray is ibjlected downward through a transpartent duct of a =aquare
cross—section area of 2B80mmx2B0mm. A plate of wire gauze (10 mesh) 1A
placed around the atomizer to ensure a relatively flat distribution of the
entrainment air at the entrance gection of the injection duct.

The figure also shows the diagramatic arrangement of the optical
gyatem components An accurate traverger is used to define the location of
ths objective control volume with the use of light smoke to trace lacser
beam inside the transparent injection duct.

For the sake of the technique calibration as well as to compare
obtained measuring results. counterpart measurements of drop s51ze distribu-
tion has been measured by the magnesium oxide methed uslng the sampling
device shown in Flg. 8.

Freq.-&
watt

Ultrasaniec
oscillaceor

meter Fuel Fuel
¢ pump —[tank

/
Ampl{fier

— t (%S Atomizer
/J_I : [~ G
h e auze
Transparent { !
duct — :
1
I .
L 7
Laser BS P
L 0
1 Shutter
2 Inner tube
Z 3 Slide glass
4 Suppart
Fig. 7 Experlmentallépparatusl Fig. B Droplet 5amplin§
device. .
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Fig. 9 Velocity and Mei signals
S5.2. Resu.ts and Discumsigns

R typical example of the velocity =i1gnal and Mei1 9ignal for a sample

control volume located on the axis of the sSpray at 100mm balaw the tip of
the atecmigzer 1= shown in fig. 9. The figure shows that a few twin peaks

are observed 1n the Me1l sianal., which corresponding to the condition that
two lropleta enter rhe #Mer control volume Si1nulaneously.

Results of measured size distraiburyons at two dirferent axial dis-
tances frcm the atomizer tip plane on the axis of Lhe spray are chown  1n
Fig 10. The number of dronlets somplcd is Zx1D+* (or the optical method and
500 for the mawnesium oxide method. Aareement betweenh results of the opti-
cal method with the counterpart obtained by the magnesium oxide method 1t
shown 1n the fagure

T T/ [
’-6 —— Optical method 61— ~——— Optical methoud
e ~——- ag. oxide methoo _ ~—r- Meg.oxidemethod
~ = £
= X 100 mm 2 = 20¢ mm
-~ , &€
st - 4
) =)
< 2
< x
<|z
< ol =
L 5
G [:" 3
4:17. [ (8] i e | l
0 109 150 200 a 150 200
(um)) cum)d

Fig. 10 Size distr:bution of droplets.
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Fig. 11 Histograms of velocity distribution.

The probability densities for droelelts of small sizes are higher in
optical methed results rather than these of the magnesium oxide method. al-
though the maximum dilameters c¢oyncade Thys 18 probably because the col-
lection efficiency on a magnesium oxide coated glass slide is low for

minute droplets -

Measured velocity distributyons at two different axial distances
Irom the atomizer tip piane ar» shown 1n Fig. 11. Velocrty distrirbutinns
for droplets of various s1zes at an axial dastance of 100 mm Lrom the
atomizer tip plame are shown 1n Fig. 12. It can be noted that the shape of
the velocity distribution dees not chanoe greatly with droplet size. Also
velocities of droplets are dixtributed over a wide ranze regardless of

their sizes.

0.15_°

0.10-

100, (Sum.en/s)

c

[=4

vh
-

Av

TR

An /A,

Fig. 12 Velocity distributions for droplets of various sizes.
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6. CONCLUSIONS

ARn easy and flexible method for simultanecoum measurements oOf g1zZe9
and ve|gcities af spray droplets has been developad. The method 13 based on
the Doppler-Mei1 combination technique. Emphasis is placed on the estab-
lishment of a cerrection procedure for aizZe distribution as well as the
developmont ot A statlstical data-reduction technique to derive the cor-
relation between sSize and velocity of spray droplets. The technique hag
been applied on a kerosine spray injected from an ultrmsonic atomizer,
Based on the resultu of tha experimental observation and measurements. the
following conclusions are offered:

1. The Noppler-Mei combination technique 13 a powerful]l diagonistictool for
measurements of spray droplets. This technique enables us to obtain the
distribution of size and velocity as well as their mutual corretation of
gpray drorlets.

2. The droplet g1ze range arplicabvle in this worx is 15~80um. The velocity
range depends on the sameling speed of the aignal processing system used

3. The lower limit of size range can be lowered further by replacing Eaq. (1)
by more regrous one. as well ad replacing the Ne-He lager with an Ar-ion
lager which shows a high power in the short wave range. The upper limit
of the size range (one third of the waist diameter of the laser beams)
can De expanded to some extent by replacing the assumptions used in the
correction procedure with more regrous ones.

4. An enlarged conttol volume 1hcreses the probabilty that two droplets or
more enter the volume simultaneously. The beat strategy againat this
diff:culty may be to use 1pcident beams of uniform intensity.
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