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ABSTRACT

A method to measure the size and velocity of individual particles
in a flow is discussed. Results are presented for controlled
monodisperse sprays and compared to flash photographs. Typical errors
between predicted and measured sizes are less than 57%. Experimental
results of the probe volume size are satisfactorily compared to a
theoretical algorithm. A very simple optical apparatus is described and
used to characterize a spray produced by a simplex nozzle. The size
distribution and the Sauter mean diameter of this spray are presented as

a function of position and pressure.
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1.0 INTRODUCTION

This second annual report describes the work conducted under Con-
tract No. F49620-83-C-0060 during the period 15 January 1984 to
15 January 1985.

During this second year of the contract all the work has been
conducted with the “"maximum intensity technique”, since it was concluded
that this technique was far superior to the visibility/intensity for
spray measurementsS. A modified version using beams with normal polari-
zations was introduced and tested with several types of sprays. The
probe volume algorithm developed last year was verified experimentally,
and is shown to be an important aspect of the measurements.

The experimental evidence substantiates that the "maximum inten-
sity technique” is a powerful technique for measuring the size and velo-
city of droplets.,

Included as an appendix are two papers which resulted from this

work. These papers have sections of references to relevant works.
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2.0 STATEMENT OF WORK

The statement of work as shown in the original proposal and con-
tract is included here for the three years of the contract. Next to
each task there is an asterisk (*) or a triangle (A), the asterisk indi-
cating completion of the task and the triangle indicating that some work

was done during this year.

2.1 Year 1 - Droplet Measurement Research

*Task 1.0 - Evaluation and assessment of previous results to provide a
basis of departure for the present research.

*Task 2.0 - Plan the research to study two advanced droplet sizing con-
cepts (V/I and IMAX) both analytically and experimentally.

*Task 3.0 - Theoretical definition of the two concepts based on funda-
mental scattering theories.

*Task 4.0 - Breadboard experimental setups to test and study both tech-
niques.

*Task 5.0 ~ Experimentally determine the intensity of the light scat-
tered by droplets immersed in a Gaussian beam. Compare
these results with present scattering theories and correla-

tions.

*Task 6.0 - Explore signal characteristics of the two techniques under
ideal conditions, and establish optimum regions of valid-
ity.

*Task 7.0 - Analyze above data and compare to the theoretical descrip-

tion obtained in Task 3.0, to determine optimum selection
of parameters.

*Task 8.0 - Report the results of each of the program tasks and develop
a publication for submittal to a referee journal.
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2.2

*Task

*Task
*Task
*Task
*Task

Task
*Task

Task

*Task

2.3

*Task

ATask

*Task

ATask

ATask

-
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Year

2 - Droplet Measurement Research

Evaluate and assess previous year's results and recent rel-
evant developments and re-establish the direction of the

Plan the research for the second year based on information

Formulate an analytical model to compute the optical probe

Explore the signal characteristics of a monodispersed spray

Evaluate how regions of established validity under ideal

Formulate statistical analysis to predict the effect of

Define and establish a processing method for the concepts

Analyze above data and compare to the statistical model ob-
tained in Task 6.0 to reassess the validity of the optimum

Report the results of each of the program tasks and develop

Ev "uate and assess developments and the results of the
first two years and redefine the critical aspects of the

Plan the research for the third year based on available in-
formation. Consider alternative methods or new concepts.

Perform measurements in real sprays and explore the signal
characteristics and establish the limitations of the tech-

Test processing methods chosen during second year, in the
presence of real sprays, and develop corrections if neces-

100 -
proposed investigation.
2.0 -
obtained to this point.
3.0 -
volume and check experimentally verify the result.
4.0 -
when laser beams are interfered by a real spray.
5.0 -
conditions are affected by beam blockage.
6.0 -
spray blockage on signal characteristics.
700 -
studied. Perform preliminary spray measurements.
8.0 -
parameters obtained under ideal conditions.
9.0 -
a publication for submittal to a referee journal.
Year 3 - Droplet Measurement Research
1.0 -
research.
2.0 -
3.0 -
niques.
4,0 -
sary.
5.0 -

I I T
R L .

Compare the results obtained with the various methods for
the same spray under various spray conditions.

-3- 85-2286-12/20




Task 6.0 -

ATask 7.0 -
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Analyze above data in conjunction with statistical models
to establish the limitations of the techniques.

Report the results of the entire program and develop a pub-

lication for submittal to a referee journal.
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3.0 DESCRIPTION OF OPTICAL TECHNIQUE

The method discussed here bases the size measurement on the
absolute intensity scattered by the particle crossing the probe volume,
and the velocity measurement on the classical Doppler signal. In situ
single particle counters are limited because of the nonuniform profile
(typically Gaussian) of laser beams. Under this condition a particle
crossing the middle of the beam will scatter more light than a similar
particle crossing through the edge. Therefore, the relationship between
size and scattered light is not unique.

To circumvent this problem, two small beams of a given wavelength
or polarization are crossed in the middle of a larger beam of different
wavelength or polarization identifying a region of almost uniform inten-
sity and, therefore, removing the Gaussian ambiguity. The crossing
beams will interfere and a fringe pattern will be formed in the middle
of the large beam (Figure 1). Signals exhibiting an ac modulation cor-

respond to particles that cross the fringe pattern and therefore, the

middle of the large beam. Both size and velocity of individual é
particles can be extracted from this signal. This method was presented ;i
in great detail in the 1984 annual report for a two-color laser system i}ﬂ?
(the IMAX technique). It is shown here that the technique can be imple- ii}
mented with a single-color laser by dividing its polarization into two .]
normal components. For simplicity and as an extension to the IMAX it is j’fi
referred to as PIMAX. ;
If we refer to the small beam as 1 and the large beam as 2, the :;;ﬁ
intensity profiles in the probe volume can be separated by their polar- ) {j
ization and given by: :;z
i

-5- 85-2286-12/20 @ 4
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Typically Rl is .04 to .08 for ISL= 3 to 6. This will result in i{
a size error of 2 to 4%. Obviously this error can be reduced by fﬁ
reducing ISL’ this, however, will impact the signal to noise ratio of
the SPMT which establishes the detectability of the signal. R, was neg- ;J
ligible in all the experiments yet one must be aware that it would in- E
crease by reducing ISL' Finally, it should be noticed that the cube }%
polarizer (CP) of the receiver will influence the above results. It is EE
 §
987 efficient for linearly polarized light, and 50% for unpolarized 4;
light. Thus, any unpolarized scattered light will be split into S and P g
components and be measured by both PMTs. If a beam splitter was used, r;
the unpolarized scattered light would be unpolarized after the beam- :?
splitter and most of it would be rejected by the polarization filter in i;
front of the PMTs. The tradeoff is that each PMT would collect only 50% %j
of the polarized light (compared to 98% with a CP). 3?
R
In summary unlike the IMAX technique, the PIMAX is subject to ji
crosstalk which need to be considered in the optical design. In our ‘d
configurations this crosstalk was about 4 to 8% resulting in a 2 to 4% ?i
error in the size. This error could be virtually eliminated by placing E€
the receiver on the plane of the laser beams thus reducing the ii
ellipticity of the polarization. ;i

y—-_—
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the axis of the receiver. This direction was about 2° ott the horizon-
tal which is roughly half the crossover angle. Similar measurements of
the light scattered from the large beam indicated that the principal
direction of polarization was still vertical.

Notice that the change in the polarization described above can be
virtually eliminated by placing the receiving cptics on the plane of the
laser beams. That is, elevated an angle 8 from the optical table.

The next set of measurements consisted in analyzing the scattered
light with the receiver. The PIMAX method presumes that the light scat-
tered from a beam with S polarization can be separated from the light
scattered from another beam with P polarization, and both can be separ-
ated and measured in separate photomultipliers. In our configuration
(Figure 2) the photomultiplier referred to as BPMT is intended to
measure only S polarized light, while SPMT only P polarized light.
Referring to Figure 2, the light scattered by the particles crossing the
probe volume is collected and focused by lenses Lg and Ly and separated
into its two polarization components by CP. To test the crosstalk be-
tween the two polarizations a string of monndisperse droplets flowing
through the probe volume was measured. The large and small beams were
alternatively blocked and the signal was measured in both PMTs. Thus,
we established how much of the light scattered from the small beams is
measured on the BPMT and vice versa. The parameters of interest are the
ratio for the pedestal of the small beam to the pedestal of the large
beam as measured on BPMT (Rl) and the inverse ratio measured on SPMT
(RZ)' Notice that these ratios will be directly proportional to the
relative peak intensities of the small to large beams in the probe

vo lume (ISL).
~19- 85-2286-12/20
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values were 18U for the small beams and 8000 for the large beams.

Values in excess of 100:1 are adequate. To study the effect of particle
interference a spray was used to block the laser beams. The attenuation
of the beam was up to 307%. The polarization ratio of the small and
large transmitting beams going through the spray was measured again.
These values were typically 180 for the small beams and 400U for the
large one. These results indicate that there is no measurable unpolar-
ization of the beams transmitted through a droplet field. This is not
surprising since the light scattered along the transmitted beams will
have the same polarization as the incident radiation. The second reason
and their causes of depolarization were difficult to separate and were
combined in the measurements.

In our present configuration the large and small beams form a
plane perpendicular to the optical table. The receiving optics are on

the optical table such that the scattering plane, defined by the large

beam and the optical axis of the receiving optics, is parallel to the
optical table. Since the small beams cross at the angle (y) the scat-
tering plane of these beams is at an angle with the optical table. The
polarization of the large beam is perpendicular to the optical table,
and the polarization of the small beams is parallel. This configuration
will result in some ellipticity in the polarization of the light scat-
tered from the small beams. The light scattered from the large beam
will be linearly polarized along the diameter of the receiving lens
parallel to the optical table. It will be slightly elliptical anywhere
else. The principal direction of the polarization of the light scat-

tered from the small beams was measured with a polarization filter ulong

18- 85-2286-12/20
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Figure 3 are the average of Ysmall and ylarge’ and the theoretically
predicted value. It can be deducted from this figure that there is a

good agreement between the theoretical and the average experimental

values.
]
3.3 Polarization Crosstalk Zi;i
T
The accuracy of the PIMAX technique can be reduced if the scat- %;;3
tered light is elliptically polarized and the polarization separators ;:;i
are not efficient. In a two-color system the separation of the colors jlﬁi
is trivial and the problem of crosstalk need not be considered. In the ;ifz
two-polarization system care must be exercised to minimize this cross- ?i;j
talk. There are three reasons that can unpolarize the signal, there- iaij
fore, reducing the separation. They are: 1) particles disturbing the i%;;
laser beam; 2) scattering plane can be at an angle other than 0° or 90° ii::

with the incident polarization; 3) polarization separators are inef-

ficient. This crosstalk was shown to be very small in the PIMAX system
accounting for about 3% error in the particle size and have no measur-
able effect in the velocity.

Several tests were conducted to establish the reasons and level
of the crosstalk. First the PIMAX transmitter was carefully aligned and
the optical elements were free of stress which could introduce birefrin-
gence. The polarization rotator (PR of Figure 2) was carefully aligned
by observing the interference hetween the large beam and any of the
small beams. In the absence of fringes the polarizations of the large

and small heams were normal to each other. The polarization ratio of

the small beams and the large beam were then measured. Typically these f}ﬁ,
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Comparison between experimental and theoretical probe
volume characteristic dimension.
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A very difficult part of this experiment was determining the edge
of the probe volume for any particular size droplet. Theoretically, the
edge of the probe volume is calculated by the expression given for y.
Experimentally, there is a region near the edge of the PV where the rate
of acquistion drops off. That is some of the signals (droplets) are

processed by the electronics and some are not. The electronics impose

an upper limit on the data rate of about 6 KHz, while the drops can be Lﬁ'
generated at a frequency of up to 60 KHz. ;.nf

In defining the edge of the probe volume the data rate of signal

acceptance was observed. One criterion corresponded to the location
where the data rate dropped to about 907 of the maximum rate. Another
criterion corresponded to a data rate very close to zero. Notice that
in principle all the measured droplets are identical and traveling
exactly through the same trajectory. Therefore, the data rate should be

either zero or have a fixed constant value. In actuality the droplet

trajectory can change by a few microns, therefore, causing some droplets
to cross inside the probe volume while others cross outside. In
addition, the droplets could vary in size, although we have no evidence

of this.

The droplet generator was traversed from the position of peak in- 2 [3
tensity to the position of 90% data rate, and then zero data rate. The

respective relative movements were recorded in each case. The Y0% data ;;_j

.o |

rate corresponds to a conservatively small probe volume referred to in \;gk

Figure 3 as y .1, while the zero data rate corresponds to a conserva- 1

-

tively large probe volume and is indicated as Ylarge® Also shown on ;jxj
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i. The outputs of the photomultipliers are input to an electronic
breadboard which measures the Doppler period and the peak intensity of
each scattering center. A descripton of the electronics was given in

the 1984 annual report.

3.2 Experimental Determination of the PIMAX Probe Volume

- In optical probe volumes with nonuniform intensity distribution
I. droplets that scatter light with large modulation are detectable over a
larger region than those that scatter light with little modulation. As
a result, the probe volume or region of detectablity is a function of
droplet size. The derivation of the equation that relates the size
dimension y of the probe volume to the droplet diameter d was given in
last year's annual report on the IMAX system. This equation restated

here, is now experimentally verified. It is given by:

- 2
-b 2
e 0 I d 1+V
1 mi 2
y <\/ 2 2‘“[21 - (_%] ( o]] by
max

M 1

To experimentally measure the y dimension of the probe volume in the
scattering plane and perpendicular the transmitted laser beams, the
Berglund-Liu droplet generator was used. This produced a steady and
stable string of monodispersed water droplets as was also previously
discussed in last year's report. The droplet generator was mounted on a
precision x~-y micrometric traverse so that the droplets could be posi-
tioned anywhere in the probe volume. The orifice of the B-L generator
was placed as close to the probe volume as possible to minimize errors
due to wander of the string of droplets; data was also repeated several

times to reduce errors even further.
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S Probe Volume BPMT

Lg L7
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“ \ Is Y72 ‘ \l’
/o] B | i
[ v J IRROR

RECEIVER
TRANSMITTER

Achromatic Lens Focal Length (mm)

L1 35 CP: Cube Polarizer

L, 220 DG: Diffraction Grating
500 100 lines/mm

L, 112 PR: Polarization Rotator
Lg 16

Lg 300

Ly 500

Figure 2. Schematic of PIMAX system with compact transmitter,
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parameter m. This expanded beam is then split into two beams with a

compensated beam splitter. The transmitting lens Lj focuses and crosses
these two beams (which will be referred to as small beams because of
their size at the probe volume relative to the third beam), thus forming
an interference pattern of fringes in the middle of the big beam.

The scattered light collected by the receiver is separated into
the P and S components by a cube polarizing beam splitter and is focused
on pinholes in front of two identical PMTs. Interference filters are
used to eliminate background light from other sources. To simplify the
alignment a second, more compact breadboard was also built.

Figure 2 shows a schematic of this optical system, which consists
of a transmitter and a receiver positioned 5° off axis. The transmitter
uses a 5 mw He-Ne laser which is focused on a diffraction grating (DG)
by lens Ll’ and the three major orders are collimated by lens LZ' The
zero order beam goes through a beam compressor formed by L4 and L5 and
its polarization is rotated by PR. Lens L3 focuses and crosses all
three beams to form the probe volume. The light scattered by particles
crossing the probe volume is collected by the same receiving optics as
shown on Figure l. The scattered light is collected by L6 and focused
onto the photomultipliers by L;e. A cube polarizer (CP) divides

efficiently the scattered light into its two polarization components.

In addition, a polarization filter was placed in front of the PMT which
looks at the big beam (BPMT) to reduce the cross talk between the two

polarizations.
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TABLE 1. INTENSITY VERsys srzg (Continued) »
dr dr I (av) Lpay(mv) =8
max min min max -_f'-_i
6767 6620 346 361 e
<6914 6767 361 377 R
7061 6914 377 393 —_
«7208 -7061 393 410 et
7355 .7208 410 427 e
7502 7355 427 444
7649 7502 444 461
<7796 <7649 461 479
7943 <7796 479 498
8090 <7943 498 516
.8237 .8090 516 535
8384 .8237 535 554
.853] .8384 554 574
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TABLE 1. INTENSITY VERSUS SIZE o
=2
BIN NO. d'max d'min Imin(mv) Imax(mv) .
1 .0886 -0739 4 6 o
2 .1034 .0887 6 8 o
3 .1181 <1034 8 11 -Q
4 .1328 .1181 11 14 -
5 <1475 .1328 14 17 L
6 .1622 <1475 17 21 L
7 .1769 .1622 21 25 ;;;j
8 .1916 .1769 25 29 »
9 <2063 .1916 29 34 R
10 «2210 <2063 34 39 Tl
11 2357 2210 39 44 ]
12 . 2504 2357 44 49 -]
13 2651 2504 49 55 )
14 .2798 2651 55 62 .i?ﬂ
15 .2945 .2798 62 68 -
16 .3092 .2945 68 75 e
17 .3239 -3092 75 83 ]
18 .3386 .3239 83 90 e
19 .3533 3386 90 98 SR
20 .3680 3533 98 107 L
21 .3827 .3680 107 116
22 3974 .3827 116 125
23 L4121 <3974 125 134
24 4268 4121 134 143
25 L4415 <4268 143 154
26 4562 <4415 154 164
- 27 4709 4562 164 175
4 28 4856 4709 175 186
2 29 5003 . 4856 186 197 .
30 .5150 <5003 197 209 R
S
31 .5297 5150 209 221 ]
oY 32 5444 5297 221 234 S
* 33 .5591 <5444 234 247 °
- 34 .5738 <5591 247 260 T
) 35 .5885 .5738 260 273 S
- ‘_‘J_.w
- 36 .6032 5885 273 287 S
. 37 6179 6032 287 301 R
9 38 6326 6179 301 316 K )
- 39 6473 -6326 316 330 ]
; 40 6620 6473 330 346
jj.': q
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beam and their scattered light can be inverted to size since the
Gaussian ambiguity is removed. In Equation (4) the exponent can there-

fore be approximated as unity and we get

1., =1 K.G . (5

To obtain the particle diameter, d, it is necessary to know the

functional relationship of K, (d,n,8,2,X,S) as given by Equation (12) of
the 1984 annual report. The relationship between d and KZ is programmed pi;}

in a tabular form into a PROM in the computer interface. Table 1l shows

]
the values contained in such PROM. There are 53 bins in the size histo- u::ﬁ

gram. These bins are defined by déin and dj, . which represent non-

dimensional diameters: d' = d/6CF, where § is the fringe spacing and CF

a calibration factor. The last two columns show the minimum (Imin) and

maximum (Imax) pedestal intensities of the corresponding bin.

3.1 Apparatus and Experimental Facility

Two different breadboards were designed and built to test the
PIMAX technique. The first is a natural extension to the two-color IMAX

breadboard used previously. A schematic of this breadboard is shown on

Figure L. A helium-neon laser provides the light source with wavelength

of 6328 A. A Wollaston prism splits the laser beam into two beams with

v

S and P polarization. The intensity ratio of these two beams can be

|
N 'l

adjusted with a polarization rotator placed just before the Wollaston

Py
D]

prism. One of these beams is then expanded with the use of lenses L}

and Lz, which act as a beam expander, thus achieving the bear ratio
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as it was shown in the 1984 annual report for spherical droplets much ;2;
larger than the wavelength, K can be approximated by the laws of dif- {?g
fraction, refraction and reflection. Therefore, it is given by Equation 2?
N
(12) of the above report. Here it is assumed that the small beams have ;i;
a polarization parallel to the scattering plane while the polarization :ﬁ!g
of the big beam is perpendicular. G is the gain function of the instru- &gﬁ
ment, and V is the visibility of the measured particle. Iiii
A
It should be pointed out that even though the visibility is a »;;:
limited function to obtain the particle size it must be taken into ;;?
account in any interferometric technique. The reason is that the :ia
visibility combined with the pedestal establish the ac modulation with- f%!?
out which the particle would not be detectable. The size of the probe
volume for a given particle size depends on its visibility. In simple

terms the larger the visibility for a given pedestal, the larger the
modulation and the larger the probe volume. Since the number of
processed signals depend on the probe volume, the visibility must be

reasonably well known. Note that the imposition of accuracy is less

o severe since an error in the visibility will not affect the size but it
will affect , to a much less extent, the number of processed signals in
Bl any size class.

Equation (3) gives the signal response of the laser Doppler velo-

Lff cimeter which will establish the detectability of the signal. The

[’ processing logic will be the following: signals exhibiting ac modu- .
:1' lation will have crossed the fringe pattern which is located in the .
;:- middle of the large beam. Therefore, signals validated by the laser
“' velocimeter correspond to particles crossing the middle of the large
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: tmxsin(Y) :i
I, =21 exp (—Ezj[x +y2a2?y 2/4] . [cosh (Z%EI) + cos —_—_i—_é_ » (1) R
1 bo bo ~
1 | ~'_";.
and :ﬁ
A
I, =1, exp[-— (x* +y°)] . (2) v
2 0 2 NC
2 b0 T
2 o
A
Where I0 is the center intensity, y is the intersection angle, bo the N
3 waist radius, A the laser wavelength, and x,y,z the coordinates. The 2z -
T dependence of the large beam is negligible. If we also assume i:
FFE zy . R L
- that 5 = 0 (which is an excellent assumption since a pinhole in the .
- receiver will limit the value of z), the intensity scattered by a spher- :f
ical particle is given by: ;;
A
I =20 K,(d,n,0,2,1,P)G, exp[(- —)(x>+y%)][1 + cos 2 XX . v] , (3) =
s 0 1 sl U g0t sA 1 2 Y 1 -
1 1 b -
0 -
:!
and g
~
~
2 2 2 -
I, =1, K,(d,n,6,2,1,8)6, exp [(- 5)(x"+7)] (4) AS
2 2 b |
0
1
»
where :

» . - .. .
] OO '
I PRI e
AL

K is the scattering cross-section. In general K is a complex function of

size d, the index of refraction n, the collection angle 6, the solid 73

angle of collection Q, the wavelength A and the polarization. However ;;

N
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4.0 EXPERIMENTAL RESULTS

4.1 Pre-Calibration Procedure

The calibration of the PIMAX relies very heavily on the accuracy
of producing a reference size droplet. These droplets were produced
with a Berglund-Liu generator, and their size could be predicted knowing
the flow rate and droplet generation frequency. To test the accuracy of
the Berglund-Liu generator the droplets were also photographed and their
size obtained from a magnitied negative. The droplets were measured
with PIMAX before and after photographing them to insure consistency.
The procedure for this experiment was to first produce a string of large
monodisperse droplets to calibrate the PIMAX systems These large mono-
disperse droplets are normally formed by smaller, unstable droplets
colliding into each other in the first 2 cm of the droplet string.

Since the dispersion takes place at the orifice and the droplets are
still in an unstable mode at that point, there can be no stable droplets
in the dispersion spray for these large droplets.

Smaller droplets were then produced by increasing the frequency
of the orifice vibration. These were stable and monodisperse at the
point of inception and produced a well-behaved monodisperse spray with
the aid of dispersion air which could then be measured with the cali-
brated PIMAX system.

The PIMAX system could not be calibrated on a string of small
droplets directly, because there are always several droplets in the
probe volume for the high frequency condition.

For the spray produced with the assistance of dispersion air the

angle was about 10° and the number density typically 500/cm3, The PIMAX

~21- 85-2286-12/2v
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optical configuration consisted of a transmitting lens of 71! mm, small

- beam diameter of 80 pm, receiving angle of 20°, and receiving lenses of
300/495 mm.

The photographic system (Figure 4) consisted of a stroboscopic

light source which illuminated a string of monodisperse droplets

produced by a Berglund-Liu droplet generator. The scattered light from

this string of droplets was collected by a 55 mm Olympus f 1.2 lens.

The collected light was then relayed to a 490 mm lens which focused the o

image onto the film plane of an Ulympus OM-2 body. PR

The Olympus camera was mounted on a rack and pinion rail for

o[

1
‘

focusing. Since this was a constant magnification system, the movement o

"

of the camera did not affect the magnification of the droplets. The

Ll e

oo

total system magnification from the droplet to the image on the film

plane was approximately nine. A resolution chart (U.S.A.F. 1951) was

Sy,
T T Ry

:; also photographed with the same system and used as an absolute scale to ;¥Ei

| calculate the droplet magnification. It also served to determine the ;;ij

resolution of the optical systems The smallest element of the last fggﬁ

. group (2.2 ym) was easily visible through the camera. The minimum reso- g

LE lution was obtained with the formula: }é
4

.- 2  Rf 2
X R = ‘Al.ZZ Xx A x F no.) + 'S

where )\ is the wavelength of the strobe (assumed .5 uym for white light),
F No. refers to the collecting lens which is 1.2, Rf is the resolution
of the recording film of 3 pym, and M is the magnification = Y. lhe mini-

5 mum resolution is calculated to be 79 um.
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Figure 4. Schematic of Photographic system

2 a4 4

Therefore, it was concluded that the resolution is less than :g

2.2 ym but larger than .8 uym due to noise in the system. The photograph :i
=

of the resolution chart (Figure 5) shows a resolution of only 2.5 um ;J

(7th group, 5th element). This is attributed to both the problem of the

film lying flat at the plane of focus, and to a lesser degree, the reso-~

lution of the paper the negative was printed on.

l“ =

=

'lln-—mw"' '" ~
=M

LR XS

=M A

s 2Mm
AT

Figure 5, Photograph of resolution chart,
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A Gen Rod 1539 stroboscope provided the source of illumination to

the droplets for photography. It was used on its highest frequency set-

ting, having a flash duration of 800 ns at 1/3 of the peak intensity.
This exposure time was short enough to “freeze"” the droplets which were
traveling at about 6 to 10 m/s. The decay of the strobe flash left a
faint “"ghost image" of approximately 3 droplet diameters. The procedure
for the flash photography was to open the shutter in a darkened room,
remotely fire the stobe once, then close the shutter. An 8" focal
length lens was used to focus the strobe light on the droplet stream to
maximize illumination.

The film used was Kodak Technical Pan Film 2415 which is an ex-
tremely fine grain film (320 lines/mm). The film was given an exposure
index of 50 and developed for 12 minutes at 75° in D-76 developer. This
developing time was used to produce optimum optical density of .5, as
measured on a densitometer, and a contrast index of 2.5.

The method of measurement was to place the negative in an en-
larger and project it onto a white sheet of paper. The edges of both

vertical and horizontal diameters were carefully marked and then those

points measured through a 10x eyepiece with a reticle scale. The

lengths of these diameters were averaged and then divided by the magn-

b, -
} ification factor of 132 which was obtained by measuring a negative of Tf:H
& 1
E the resolution chart at the same magnification. The accuracy of measur-

J. tl;f.:j _ﬁ.i"jﬁl}ﬁn f

P R W Y

ing the droplets in this way is * 1.5 uym. Two size droplets were photo-
T graphed: an 80 um droplet string produced with a flow rate of 0.3

|

p

P .

‘fn' cm3/min and a frequency of 18.6 KHz, and a 52 uym produced with the same
F

B
y flow rate and a frequency of 69.4 KHz. The corresponding sizes obtained f;
. photographically are 78 ym and 50 ym. Figures 6a and 6b show the photo- -
RN
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string,

Figure 6a. Photograph of 80pm droblet

Figure 6b. Photograph of 52um droplet
string.

Figure 6c. Photograph of 52um droplet

spray.
~25~

85-2286-12/20

- PO DR Y Gy UGN PR TP U P I P aneatala

Bl

.

PRIY

A

{
At

Aad o 4 4 s i

3

]




graphs of the corresponding droplet strings. The 52 ym droplets were
then dispersed with air to form a monodisperse spray. Here the photo-
graphic technique was more tedious since very few particles were in
focus. Figure 6¢c shows a photograph of two of these droplets. The
estimated size was also 50 ym. We could therefore conclude that the
Berglund-Liu predicted size is photographically confirmed to 4% error.
The corresponding PIMAX histograms are shown on Figures 7a and
7b. The 81 um size shown on Figure 7a is the calibration point obtained
with a string of droplets. The spray of 52 um droplets was then
produced and the results shown on Figure 7b. Notice that the measured
size was only 43 ym which implies that PIMAX under predicted the size by
20%. This error was repeatable and extremely consistent. It pointed
out that there was a problem in the system which needed correction. We
found that the problem was the result of using an 800 ym round pinhole
on the BPMT which limited the ability to focus the image. In addition,
BPMT was fixed, therefore, the alignment was performed prior to CP thus
affecting both PMTs. Two corrective actions were taken. First the pin-
hole was substituted by a 150 ym x 3 mm slit, and the entire PMT
assembly was mounted on traversing stages. Thus, the alignment of the
large beam could be perfected after aligning the image to the SPMT.
After the above improvements were implemented, the system was
used to acquire additional data following the same procedure as
before: calibrate with 80 um droplets, and measure smaller droplets in

a string or spray mode. The results are shown below.
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Figure 7a. Size and velocity histograms of a monodisperse
string of droplets measured with PIMAX.
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Figure 7b., Size and velocity histograms of a monodisperse

spray (with some doublets) measured with PIMAX,
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dpredicted dmeas. error
Droplets Mode (um) (um) (%) Series/Run
Monodisperse String 59 60 +1.7 SLIT/14

Spray 59 58 ~-1.7 /148
String 54 53 -1.9 /15
Spray 54 53 -1.9 /158
String 52 51 -1.9 /23R
Spray 52 49 -5.6 /23S

A look at the percent error column indicates that by introducing a slit
in the big beam scattered light, the string of small droplets can now be
measured and that a more accurate measurement of a spray of monodisperse
droplets can be obtained. Typical errors achieved with these improve-
ments done to the receiving optics are within 57.

Typical histograms (size and velocity) for the monodisperse spray

are shown on Figure 8. They correspond to the run SLIT/14S.

|

58um ;

- - - L !

|
7
[
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=
o
(8]

T T -

10 55 100 7.6 15.5 23.5

DIAMETER (um) VELOCITY (m/s)

Figure 8., Size and Velocity histogram of a mono-
disperse spray of 58um droplets,
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4.2 Dynamic Size Range

The dynamic size range is defined as the ratio of maximum to
minimum size measurable by a system with a given single configuration.
The actual values of the extrema can change depending on the chosen con-
figuration. For fuel sprays, as an example, the dynamic size range
should be about 30:1. Therefore, an instrument with a narrower dynamic
range would need two or more configuations to resolve the spray.

To establish the dynamic size range particles of various sizes
should be measured and so should their signal to noise ratio. Thus, the
minimum measurable size is established for a given upper limit.

In the present experiments the variety of sizes that could be
generated was limited. Therefore, the approach taken was to simulate
different size particles, given a stable droplet string. First, it is
important to recognize that the scattered light signal is characterized
by its amplitude and visibility. Both of these parameters were indepen-
dently controlled during this experiment, primarily by masking the
receiver and attenuating the laser beam. The S/N was estimated from the
velocity histogram given that the stable droplet string produced a
single velocity value. The signals of the simulated small particles had
optical noise which was interpreted by the electronics as a broad velo-
city distribution. Using the velocity broadening as the criterion for
signal acceptability, the maximum dynamic size range was estimated at

100:1 for a 25 mW He-Ne laser.

4.3 Spray Measuremeants Procedure

The procedure for acquiring spray data {s presented here. This

procedure starts with aligning the optical breadboard as shown in
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Figure 2. The associated electronics are then checked and calibrated
using a Berglund-Liu droplet generator. This calibration depends
heavily on the stability of the droplet generator and its associated
equipment as will be discussed. The final alignment of the receiver
with respect to the transmitter is performed with steady stable signals
appearing on the monitoring oscilloscope. The electronics are then cal-
ihrated to the known droplet size for the desired size range. Finally,
the droplet generator is replaced by the spray nozzle and the measure-
ments begin. A detailed discussion of the alignment procedure now
follows. Upon completing a rough alignment of the transmitter, the
probe volume is inspected by projecting it onto a screen with a 20X

microscope objective lens. This allows careful adjustments of the

transmitter before the droplet generator is in place. The droplet gen-
erator is then placed on an xyz traverse and a string of droplets {is
aimed at the center of the probe volume.

The light scattered from these droplets is collected by the re-
ceiving optics and imaged on two photomultipliers. The signals out of
the PMTs are analyzed for amplitude, sharpness, symmetry, and visi-
bility. The PMTs are mounted on traverse stages which allow very pre-
cise focus of the scattered light onto pinholes placed in front of
them. A varfable mask placed in front of SPMT permits the continuous
change of the visibility associated with the produced droplet size.

Notice that the calibration of the visibility is not critical since it

is not used for sizing. However, the interferometric detection method
requires the presence of ac modulation in the signal. Therefore, it is f‘4
important that the visibility be nonzero for any particle in the

meAasurement range.
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The scattered light signals can also be used to fine tune the
position of the polarization rotator to minimize crosstalk. Figure 9
shows an oscilloscope trace of signals corresponding to a well aligned
system. The top tracer corresponds to the large beam while the bottom
tracer coreresponds to the crossed small beams. The gains of the PMTs
are then established to correspond to the measured droplet size. Notice
that all the measurements are made relative to the calibration point.
This calibration is not arbitrary for it must conform with the limita-
tions of the electronics. Namely, the largest measurable particle must
not saturate the electronics, and the smaller must be above the estab-
lished threshold. Signals beyond these limits are ignored and would

have to be measured with a different configuration.

Figure 9. Oscilloscope trace of signals produced by a monodisperse
string of droplets.
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Upon completion of the alignment and calibration, the nozzle is
located in place. The spray nozzle is mounted on a traverse stage to
allow the measurement at different parts of the spray, as well as to
permit very careful repetition of the nozzle position. A plumb ball
hung from a fine string was attached to the tip of the nozzle. The
nozzle was then traversed until the string intersected the optical probe
volume. That position marked the (geometric) center of the spray. The
nozzle was also oriented in the same way in every test. This was impor-
tant since the spray proved to be nonsymmetrical. A pressure regulator
controlled the water pressure to ensure the repeatability of the
spray. Data were then acquired as a function of pressure and radial
position. At the end of each day the nozzle was cleaned with ethyl
alcohol and dried, with compressed Freon and lubricated with a few drops
of fine oil. At the beginning of each day, the nozzle was cleaned with
ethyl alcohol in an ultrasound bath.

4,4 Spray Results

A Parker-Hannifin simplex spray nozzle (Part No. 6730051M7) was
characterized with the new PIMAX system. Three aspects of this work are
described here. First, the effect of the probe volume correction in the
size distribution is established. Two positions of the spray (the
center and a radial position of 10 mm) were chosen for these studies.
Second, the system's self-consistency is illustrated by acquiring and
displaying the data in two overlapping size ranges (10 - 100 pm and 15 ~-
150 uym). Third, the spray is mapped as a function of radial position

and pressure for an axial position of 50 mm.
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Figures 10a and 10b show the raw counts and probe volume cor-
rected counts of the size distribution of droplets in the center of the
spray for a pressure of 50 psi. Both the raw and corrected counts are
normalized by the time of collection and the size bin width. Notice
that this latter is just proportional to the size range in question.

The corrected counts are, in addition, normalized by the weighting func-
tion of the probe volume. Two key ideas are conveyed in these

figures: First, probe volume correction is needed to unbias size dis-
tributions obtained with nonuniform intensity laser beams; second, broad
size distribution can be resolved with a series of overlapping ranges.
For instance, the size range of 10 = 150 um is here resolved with the
ranges 10 - 100 ym and 15 - 150 um. Obviously, the ideal case would be
to measure the broad size distribution with a single instrument range.
It was shown earlier that with a 25 mw He-Ne laser PIMAX could resolve a
size range of 30:1 given the proper electronics. In the meantime, how-
ever, these broad size ranges could be pieced together with several nar-
row ranges taking the probe volume correction ianto account,

It should be noted from Figures 10a and 10b that very little cor-
rection is required for the large diameters. This is not a general
statement and it depends on the ac modulation (given by the product of
the pedestal and the visibility) associated with any size droplet. In
the reported experiments, we chose a size versus modulation dependence
which would make the large droplets less subject to threshold
variations. Nevertheless, there is a consistent error in the corrected
counts of the large droplets, showing that the number of large droplets

measured in the 10 - 100 ym size range is larger than the equivalent
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'ig. 7. I nax measurements of a string of monodisperse droplets.

ring of large monodisperse droplets to calibrate the
strument. Smaller droplets were then produced by
creasing the frequency of vibration of the orifice, and
ith the dispersion air a spray of these droplets was
rmed. The spray angle was ~10°, and the number
:nsity was typically 500/cm3. The optical configura-
on consisted of a transmitting lens of 711 mm, m =7,
ue waist diameter of 100 um, receiving angle of 20°,
id receiving lenses of 300/495 mm. The calibration
»int was provided by a string of 110-um droplets pro-
1ced with a flow rate of 0.21 ¢cm?/min and a frequency
"5 kHz. Note that the droplet size can be precisely
timated given the flow rate and number of equal
‘oplets produced. Figure 7 shows the measured size
id velocity. A spray of primary droplets of 49 um
iroduced with a flow rate of 0.21 ¢em3/min and fre-
1ency of 56.9 kHz) was then produced with the dis-
arsion air. Figure 8(a) shows the measurements of the
rray of primary droplets. Figure 8(b) shows the
easurements of a spray formed of primary droplets
1d doublets. The sizes predicted given the flow rate
1d frequency of droplet generation are 49 and 62 um.
he sizes measured with the NSPC were 46 and 57 um,
spectively. Figure 8(c) extends the measurements
"Fig. 8(b) to the presence of triplets. The predicted
zes in this case are 49, 62, and 70 um. Note that the

IMAX MEASUREMENTS OF
MONODISPERSED DROPLETS

IMAX MEASUREMENTS OF
MONODISPERSED DROPLETS
WITH UPSTREAM BLOCKAGE

-—b9 e

-—T13 um

COUNTS
L
T
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Fig. 9. Effect of beam blockage on size distribution.

diameters of the doublets and triplets measured with
the NSPC are related to the primary droplets by 21/3
and 31/3, respectively.

X. Effect of Beam Blockage on Size Distribution

The effect of a spray blocking the laser beams before
they cross on the size distribution measured with I,
was explored. A size range of 10-100 um was used in
this case, and the monodisperse droplet size was 73
um.

Figure 9(a) shows the measurement of the monodis-
perse string of droplets. Figure 9(b) shows similar re-
sults, but a spray is blocking the laser beams. Two ef-
fects can be noted: the peak of the distribution
dropped to 69 um (5%), and the spread of the distribu-
tionis +5, =7 um (+7, —10%) to the 1/e2. It should be
noted that once the high voltage is corrected to account
for the beam blockage, the broadening should have very
little effect in the distribution of a polydispersed
spray.

MONODISPERSED SPRAY (8) BIMODAL SPRAY (b) TRIMODAL SPRAY (c)
46 im
o6 m /46 . —"
3 s 3 - L
-—
L. 4 - 4 S
——b5 im
- - - - -
358 1
] ! L
1" a4 17 1" (Y 117 " o4 17

OIAMETER (ym)

Fig. 8. [Imax droplet size
measurements.
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Fig. 5. Oscilloscope trace of signals produced by a monodisperse
string of droplets.

period of sample (, and 7 is the processor’s dead time
after every sample.
The number density of size d is then given by
N(d)
AUA)T
where N(d) is the raw count of size d.

ND(d) = (25)

VIIl. Description of Apparatus

An apparatus was designed and built based on the
concepts presented earlier. In its simplest form this
apparatus consists of (1) optics (transmitter and re-
ceiver), (2) electronic processor, (3) data management
system (data handling and output devices).

Figure 4 shows a schematic diagram of a two-color
breadboard optical system. An argon-ion laser provides
the light source. The beam colors are separated by the
dispersion prism, and two of these colors (the 5145 A
shown by the broken line and the 4880 A shown by the
solid line) are used to define the probe volume. A beam
expander formed by lenses L and L, define the beam
ratio parameter m. A compensated beam splitter splits
the blue beam into two beams, and the transmitting lens
L3 focuses and crosses these two blue beams in the
middle of the green beam. The receiving optics use a
dichroic mirror to separate the two colors of the scat-
tered light. The probe volume is imaged on pinholes
in front of two PMTs, and interference filters are used

to perfectly separate the two colors. The outputs of the
two PMTs are then inputs to the electronic processor.
Figure 5 shows these outputs for a series of monodis-
perse droplets. This electronic processor consists of two
major components: a frequency counter and a pulse
height analyzer. The frequency counter uses the same
principles as a LDV processor, and in this case it is a
modified VP-1001 (SDL). The output of the blue PMT
is the input to this processor. Its functions are to

(1) establish the threshold /,,in;

(2) measure the time of N fringes with I, 2 I,in;

(3) regulate the PMT high voltage; and

(4) bandpass the signal to reduce unwanted noise.

The output of the green PMT is input to the pulse
height analyzer. As can be observed in Fig. 5, this signal
has a simple Gaussian profile as given by Eq. (4). This
pulse height analyzer is triggered by the frequency
counter when signals exceed the threshold I;,. It
measures the peak intensity of such a signal, and the
validation is established in the frequency counter by
measuring a preestablished number of fringes (typically
twelve). Figure 6 shows a schematic representation of
the processing logic.

The information of Doppler frequency and peak in-
tensity is digitized, and two PROMs establish the bin
numbers of a velocity and size histograms. A micro-
processor based data management system accepts this
information and handles the data. The data handling
consists of real time display of the size and velocity
histograms, data storage, analysis, and output (via
printer or CRT). One of the programs to analyze the
data computes the probe volume coordinate y as given
by Eq. (23). This is used to correct the data by the
probability of detection. Sample rates of several kilo-
hertz are possible with this system.

IX. Results

A vibrating orifice droplet generator was used to
produce strings and sprays of known size droplets. This
generator produces a string of droplets of equal size and
spacing. These droplets can be dispersed with external
air to produce a spray of monodisperse droplets, or
under some dispersion conditions the primary droplets
will collide and form doublets and triplets.l! The
procedure used in these experiments was to produce a

.’ - f*‘i.!‘.‘

PERLOD = PERIOD DATA
COMPUTATION
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Schematic representation of dual-beam probe volume limited
by a pinhole.

Fig. 8

over a larger region than those that scatter light with
httle medulation.  As a result, the probe volume or re-
gion of detectability is a function of droplet size. Al-
gorithms have been presented'” to define the probe
volume in LDV-type systems. A very simple algorithm
will be presented here for the two-color system and
off-axis collection.

Notice that only the small beams define the probe
volume in this case, and, therefore. the probe volume
will be a standard LDV -type volume. The approach
followed will be very similar to the one described in Ref.
1o,

There are twa signal levels imposed by the electronics:
the saturation /.. and the threshold /,,,. The in-
tensity to the peak of the ac modulation /e, of the
largest signal must be less than [, and the smallest
detectable signal must be larger than [, (defined
peak-to-peak):

Lpeaty = 2o Ko, d31 + Vo) < Lo, (20)

where d,, produces the largest signal within the detect-
able size range, and V) is its corresponding visibility.
Solving for I,,, we obtain

=

B Zhd et Bl et But Joos San mar maw

1
ly,=——"2—. 21
2K0,d( 1+ Vo)

This expression can now be substituted in Eq. (6) to
szlmax

obtain
—_—— 24 ,2
a1+ Vo [( x4y )I

and the detectability criterion establishes that [,,, =

I min and that sufficient fringes are crossed. If we as-

sume that the number of fringes processed by the elec-

tronics is equal to that in the waist diameter, x = b,.
Solving for y in Eq. (22) we obtain

v < ‘\/— bgl ln I'min (d0)2 (1+ Vo)
’ 2 I max

The cross-sectional area of sensntmty for an off-axis
pinhole limited signal can be approximated by

ZDP)’ / !
sinf fg

where D;, is the pinhole diameter, and f,/f; determines
the magnification of the receiving optics. The effects
of the pinhole and the coordinate system are illustrated
on Fig. 3.

As seen by Eqgs. (23) and (24) the area of detectability
(in the y-z plane) is only a function of droplet size and
corresponding visibility. This area can now be nor-
malized and provide a weighting function to size dis-
tributions otherwise biased to the large signals.

This weighting factor is given by w(d) = [A(d)]/
Amax-

The nu:aber density of any size droplet can also be
calculated by dividing the number of counts of the given
size by its corresponding sampling volume SV.

The sampling volume is a cylinder with cross section
A(d) and length equal to the droplet velocity [U(d)]
multiplied by the effective sampling time T, that is,
SVid) = A(d)U(d)T, and

(22)

ac, =

- b3,. (23)

Ald) = (24)

M

Z NTD,’ - MT(),

i=1

where TS is the total sampling time to collect M sam-
ples, N is the number of fringes, 7D; is the Doppler

T=TS-
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board system.

1 December 1984 / Vol. 23, No. 23 / APPLIED OPTICS 4379

e o i o - ol st s Ak agh Seee i i A o Sl A RrA RUR AR Rl ki ok Sl hall ARE SLA NEE &




hiCY

T

TV - M i g AR B B

SECTICN A-A
(MAGNIF1ED)

Fig. 2. Probe volume of single-color I, technique.

system: (1) fringes are formed everywhere the large and
small beams mix; (2) the pedestal of the large beam
cannot be spectrally separated but electronically fil-
tered. The intensity distribution of either beam can be
expressed as

2

Iy =1, exp l———z—(xz+_v3)l , (11)
0y
2

I =y, exp [—7(x3+)'3)l . (12)
bi,

The intensity scattered by the spherical particle can be
expressed by

Lo=1+1,,+ 2] 1, cos3-V,

where [, = IKyd?, and (3 is the phase angle; again it is
assumed that the collecting lens is on the plane of
symmetry of the two crossing beams. The pedestal is
given by P - I, + I, and the peak-to-peak ac inten-
sity

Toe = 2\ 1 1 ,Vicosg = 1) = 2y 1, 1, Vicosg = —1)

=11,V
that is,
9
P = 1y,Kud? exp i— -';-.7 (x2+vA| + 1y,Kd?
I
2
X exp l——_,(x'-'+_\‘2)] . (13)
I
. R () 2 + ..!) ( Z+ -2)
Lo = 4Ky ToTond2V exp [- e s ] L4
by b,

following the same approach as before and again ne-
glecting the contribution of diffraction for the off-axis
collection angle. If we let m = by,/by,, we obtain

-, 1
Lacrn = AR\ o]0, d 50 €xp (—l -—l (15)
m
S (b3, +¥d) (b3 + v
Tacmas = 4K In,’ogdﬂ‘ne"p [_ lb%, - 17;2b12)x ] $ 18

The variation in v will result in an error of the measured
pedestal If we can assume that m is large, the pedestal
of the large beam can be recovered by electronic filter-
ing, and it is given by the second term of Eq. (13). This
variation in v is obtained equating (15) and (16), and we
obtain

m3hi diV
.\'3=—q—‘-"—|n(—%—£)- (17
m*+1 din
The error in the size will result from droplets crossing

the pedestal of the large beam at x = 0 and y given by
Eq. (17), that is,
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Table i. Maximum Error in the Size Determination as a Function of Beam
Ratio m and Measured Dynamic Size Range ( Imex/ Coun)

2y? sy Max error
m dmax/dmin mzng 102K02d2 (%)
7 10 0.113 0.89 5
7 20 0.168 0.84 8
7 30 0.2 0.2 10
5 10 0.22 0.80 10
5 20 0.32 0.72 15
o 30 0.39 0.68 18
Isz (_2.)'2)
= . 18
ToKod? exp pTey (18)

Making similar assumptions as before dy = 0.626d ax,
Vo = 0.43; therefore,

2 2

m2b3, m2+1
The maximum errors resulting from the finite size of the
beams are presented in Table II.

It should be pointed out that the technique discussed
here bases the detectability of the signal on the modu-
lated or ac part of the scattered light. It is, therefore,
important that no zeros =re present in the visibility
function. There are two other aspects of the theoretical
foundation on which this technique is based which need
to be taken into account. First, SPCs based on absolute
scattered light require calibration at one datum point.
This calibration can be difficult when measuring dense
sprays, and a method to obtain automatic calibration
is discussed. Second, provision must be made to ac-
count for the dependence of the probe volume as a
function of particle size. These two algorithms will now
be discussed.

In

2
0.1685 (ﬁ) ] . (19)

min

IV. Self-calibrating Algorithm

The algorithm is based on measuring the visibility of
any size class droplet. Combining the visibility and
intensity® of the signal a very accurate measurement of
the size can be made. Knowing the size of the chosen
corresponding visibility one can establish the amplitude
of the pedestal of this signal by adjusting the gain of the
photodetector. The logic is as follows: for a given
visibility (chosen in the most accurate region of the
visibility function) there is an associated size and,
therefore, an intensity scattered i:.5: the large beam.
Since the intensity of this large beam is almost uniform,
the scattered light associated with the chosen visibility
will be almost constant in the absence of errors in the
visibility. There are, however, errors associated with
measuring visibility in a dense spray, and these points
are rejected by V/I.8 The process is an iterative one
where V/I is implemented by choosing several narrow
intensity bands to establish points out of control. The
gain to the photodetector is adjusted until the majority
of the points fall in the preestablished intensity band
corresponding to the measured size.

Vil. Probe Volume

The dynamic range exercise indicated that droplets
that scatter light with large modulation are detectable

.......




plane of symmetry of the crossing beams. The above
equations show that the scattered light intensity is
proportional to the square of the diameter of the sphere.
This approximation is only valid for diameters larger
than ~10 wavelengths. Note that the angle # (deviation
of incident pencil of light) to an arbitrary position of the
lens is different for both beams (except on the line of
symmetry). However, the integrated value is the same
as long as the collecting lens is in the plane of symmetry.
In this technique the ac modulation of I, is used to es-
tablish detectability of the signal and to measure ve-
locity. For a given threshold level (minimum ac signal
accepted by the electronics), the larger the dynamic size
range, the farther from the center of the beam the
largest particle can cross and still exhibit ac modulation
and, therefore, be detectable. This will introduce an
error in the measurement as will be discussed in the next
section.
The peak-to-peak ac signal is then given by

2
Lo, = 41, Ko, Vd?2 exp [(— b—l) (x2+ y2)l , (6)
0
and the pedestal is given by
P] = 210lK01d exp l(— — (12 + )2)] (7

Note that the pedestal is 51mply the sum of the
Gaussian intensities without interference.

IV. Dynamic Size Range and Error Analysis

There are two known sources of error in the IMAX
method. First is the error introduced by beam blockage
produced by other particles in the trajectory of the
beams and scattered light. This one is difficult to
quantify and will be discussed with the results. Second,
since the small beam has a finite diameter, the particles
can travel a small distance away from the center of the
big beam and still cross sufficient fringes to be detect-
able. The farther from the center it can be detectable,
the larger the error it can produce. It will be shown here
that this error increases with dynamic size range and
decreases with the ratio of the large to small beam.

The dynamic range is limited by the electronic and
optical noise. In general, we can establish that there
is a threshold associated with the minimum processable
ac signal and a saturation level associated with the
largest signal processible by the electronics. All the
signals accepted by the electronics must fall between
these two limits. Equation (6) gives the peak-to-peak

Tablei. Maximum Error in the Size Determination as a Function of Beam
Ratio m and Measured Dynamic Size Range (dm,:/ dmim)
2y2? I, Max error
m dmax/dmin h?n IIL)K;';-I (%)
7 10 2.82 0.94 3
7 20 4.21 0.92 4
7 30 5.02 0.90 5
5 10 2.82 0.89 B}
5 20 4.21 0.85 8
5 30 5.02 0.82 10

“ - ) -
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ac signal. Notice that both the diameter d and the
visibility V influence the above expression.

To simplify this analysis we will neglect the contri-
bution of diffraction at a collection angle of 30°. This
assumption is reasonable for spheres larger than 7 um
where the contributions of reflection and diffraction are
< 16%. The dynamic range is actually larger when
diffraction is included.

The minimum processible ac signal is produced by
the smallest particle (with diameter d i) crossing the
probe volume at y = 0 and crossing the minimum
nur)nber of fringes required by the electronics (x =
bo,)-

Therefore, [, = 410,Ko,d2%;, exp(—2), where it has
been assumed that the visibility of the smallest particle
is 1.

The maximum ac signal is produced by a droplet of
diameter d¢ (not necessarily da¢) and visibility V:

Tacwes = 410, K0, d§Vo exp I(' b%) (x2 + y2)l . (8)
0
The farthest from the center this particle can be de-
tected is when I, ., = lac,.., and it crosses a sufficient
number of fringes (x = by,). Therefore,

41,Ko,dE exp [(— | (b}, + yZ)l = 410,Ko,d % exp(—2).

Solving for the size range, we obtain

d() exp( 2) [2(b + \2)]
exp l I = Xp
mm bm VO
, 9 dy )2 Vo ] ,
2y = by In || —) ——]| - 263,
Y " n“dmin exp(_Z) "
which results in
dy \2
2y = b2 In 0 J l (9
mln

The error in the size will be due to an error in the in-
tensity scattered by the large beam when the particle
crosses at y > 0 (notice that the particle must cross
through x = 0). If we state that the large beam is m
times larger than the small one,

L, (-2"'2) (10)
= ex 4.
TogKogd? P \meby,

To simplify the error analysis, let us assume that the
optical parameters are chosen so that for any size renge
the visibility of the largest droplet is larger than zero.
Then the maximum ac signal is produced by a particle
of diameter di; = 0.626d 14y, and its visibility is 43%.
Substituting these values into Eq. (9), we obtain

)w

> =In ln 168‘3 "““) ]
hn, mm

The maximum errors resulting from the finite size of the
beams are presented in Table L.

V. Single-Color System

Figure 2 shows a schematic representation of the
probe volume formed by crossing two beams of the same
wavelength but different diameters. There are several
fundamental differences between this and the two-color
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Probe volume of two-color I, technique.

(3) Visibility alone cannot be used to calibrate at-
tenuation, since the very attenuation reduces the fringe
visibility and randomly modifies the phase of the beams.
Instead a combination of visibility and intensity is used®
to establish the validity of the signal and calibrate the
attenuation.

The mathematical model presented here is for
spherical particles much larger than the wavelength,
and we use diffraction, refraction, and reflection to
characterize the scattered light.? This results in closed
form solutions of the dynamic range and error.

Results are presented for sprays of known charac-
teristics.

il. Problem Statement

The method discussed here bases the size measure-
ment on the absolute intensity scattered by the droplet
crossing the probe volume and the velocity measure-
ment on the classical Doppler signal. It is referred to
as the IMAX method. In situ single-particle counters
are limited because of the nonuniform profile (typically
Gaussian) of laser beams. Under this condition a par-
ticle crossing the middle of the beam will scatter more
light than a similar particle crossing through the edge.
Therefore, the relationship between size and scattered
light is not unique.

To circumvent this problem, two beams of unequal
size are crossed so that the small beam identifies the
middle of the large beam and, therefore, removing the
Gaussian ambiguity. Laser beams are chosen because
of their spatial and temporal coherence and because of
their size. These beams will interfere where they cross,
and a fringe pattern will be formed in the middle of the
large beam. Signals exhibiting an ac modulation will
have crossed the fringe pattern and, therefore, the
middle of the large beam. Both size and velocity of
individual spherical particles can be extracted from this
signal.

At least two approaches can be used to implement the
above concept. The first consists of crossing two laser
beams of different diameters but with the same wave-
length. In the second two small beams of one wave-
length cross in the middle of a larger beam of another
wavelength. These approaches will now be explained
starting with the second.

Hl. Two-Color System

Figure 1 illustrates the probe volume of this method.
A spherical particle crossing through the fringes will also
cross through a region of almost uniform intensity of the
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large beam. The ratio of the two beam diameters will
establish the uniformity of the intensity incident on the
droplet.

If we refer to the small beam as 1 and the large beam
as 2, the intensity profiles in the probe volume can be
spectrally separated and given by

Iy = 2l exp [(— (x2+y2+ 2272/4)I

- |cosh (

X2y 47x sin(y/2)
7 | tcos——|»
0

Iy = Io, exp

2
- @ (x2+ y2)] ’ 2

where [ is the center intensity, v is the intersection
angle, by is the waist radius, A is the laser wavelength,
and x,y,z are the coordinates. The z dependence of the
large beam is negligible. If we also assume that (zy)/2
~ 0 (which is an excellent assumption since a pinhole
in the receiver will limit the value of z), the intensity
scattered by a spherical particle is given by

L, = 2I0,Ko,d? exp [(— f?) (x2+ yz)](l + cos2 % v, ®
0

132 = 102K02d2exp

(—12) (x2+ y%] ' @
bg,
wnere

Ko=— f [[c2(0 n)D(O)]refracuon

JHc sinf) } )
diff,

+ [Cz(oyn)D(o)]reﬂection l sinZ0

K is a scattering coefficient, D is the divergence, n is
the index of refraction, ¢ is the fraction of energy for
every ray reflected or refracted, d is the diameter of a
spherical particle, V is its visibility (defined as the ratio
of the modulated signal to the pedestal), r is the distance
from the scattering center to the collecting lens, and 8
is the collection angle measured from the forward di-
rection. It can be shown?® that the contributions of
these three terms are a function of angle. To keep the
following analysis simple we will choose a collection
angle 0 of 30°. Assuming that the solid angle of the
collecting lens is small with respect to 6, we can compare
the intensities scattered at the discrete angle .

The refraction or reflection terms are given by ip =
a2e2D and the diffraction by

. a® L
ip= sin_zﬁJl(a sinf),

where « = (wd)/\ is the size parameter, and J, is the
Bessel function of the first kind. Reference 9 shows
that for S polarization

i(refraction) = 1.0375a2,
= 0.0785a2,

and it can be calculated that ip(a) < 0.088a2 for «« > 49
(d = 7.6 um).

At this angle the combined reflected and diffracted
light represent 16% of the refracted light, which implies
that in general the three components must be taken into
account. It is assumed that the collecting lens is in the

i(reflection)
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Nonintrusive optical single-particle counter for measuring
the size and velocity of droplets in a spray

Cecil F. Hess

A technique for measuring nonintrusively, and in real time, the size and velocity of droplets in a spray is pre-
sented. A small beam identifies the center of a larger beam, thus defining a region of almost uniform inten-
sity, and only droplets crossing through such a center are measured. The size is obtained from the absolute
scattered light and the velocity from the modulated signal produced by the interferometric pattern. A self-
calibrating algorithm is also discussed. Results are presented for a spray of predictable characteristics.

. Introduction

A novel nonintrusive single-particle counter (NSPC)
to measure the size and velocity of particles in a two-
phase flow is described here. This method bases the
size information on the absolute light scattered by in-
dividual particles crossing through the middle of a
Gaussian laser beam. To define the middle of the
Gaussian profile, two laser beams of different diameters
are crossed so that the small beam intersects the middle
of the large beam. Thus an interference pattern of
fringes is formed in the crossover, defining a region of
almost uniform intensity in the large beam. Both size
and velocity information can be obtained from signals
exhibiting adequate Doppler modulation. An alter-
rative method consists of crossing two small beams of
a given wavelength in the middle of a large beam of a
different wavelength. NSPCs find application in many
areas where the spatial resolution of size and velocity
distributions is needed, for example, fuel spray studies,
aerosol studies, flue gas desulfurization, spray drying,
paint sprays, and sizing biological structures. They are
also very useful on in-line monitoring and quality con-
trol systems where no extraction of samples is de-
sired.

Several NSPCs using ahsolute scattered light have
been propused, and they can be divided into two groups.
In the first group! ® Gaussian laser beams are used, and
various mathematical inversion techniques have been
proposed to extract the true size distribution from the

The author is with Spectron Development Laboratories, Inc., 3303
Harbor Boulevard. Costa, Mesa, California 92626.
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0003-6935/84/234375-083802.00/0.

© 1984 Optical Society of America.

signal amplitude distribution. Several assumptions are
needed to perform such inversion, such as assuming the
form of the size distribution! or a uniform average ve-
locity for all the particles regardless of size.?

A method to account for the loss of collected light due
to particles partially masked by a pinhole has also been
described.? The second group of NSPCs uses a probe
volume of known illumination to avoid the ambiguity
of particle position. The technique described here falls
in this group. Several approaches have been pro-
posed*-7 to accomplish this task. Apertures are used
to cut off the edges of the Gaussian beam and thus
image a probe volume of almost uniform illumination.4>
One of the apertures? had, in addition, two wedges that
when properly oriented can be used to obtain the ve-
locity vector in two components (magnitude and di-
rection). Ring-shaped probe volumes have also been
produced® by a TEMy, laser and a ring-shaped aperture.
The measurement volume is defined by the intersection
of apertures in front of two photomultipliers. A
method? very similar to the two-color method described
here which evolved independently has also been used.
Four beams of two different colors are crossed forming
two fringe patterns of different size so that the small
fringe pattern is in the middle of the large one. To ex-
tend the dynamic range of the visibility technique, they
used visibility to cover part of the size range and in-
tensity to cover the rest. The term visibility refers to
the ratio of the modulated part of the signal to the
pedestal of a Doppler signal.

Some of the differences between the latter method?
and the one reported here are as follows:

(1) The technique reported here is based on a single
color, and the two-color system uses three beams instead
of four.

(2) Visibility is not used to obtain part of the size
distribution.

1 December 1984 / Vol. 23, No. 23 / APPLIED OPTICS 4375
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symmetrical. Figure 12b shows the variation of SMD as a function of
radial position for the same two pressures. As can be observed, there
is a distinct difference in SMD for the two pressures. In addition,

there is some dependence of the SMD in the radial position.

]
[

L an 4
L

a s
.

K |

L
» [
: .

~-38- 85-2286-12/20

Y S A AN P
.

RN

|
1

P
"o
e
]
»
s




TR T

]

g

A e S ~

LAt e ~Si “Sh e

TN

YT

Cauiny

o,

*qz1 2an3g

(SY4LARITIIR) NOILISOd -IVIAVY

s Vo ey
AR .-.~. .ﬂ - i

S e

L4
.,
S

Pep——

e
LIy

.

T

Y '8

EM Y At o)
[ .«
AT
st e

“l9jdwelp uesu lajnes (q) f{iajauwerp yead (e)
:@anssaad pue uof3lrsod TeIpe1 Yzim Leads jo 4931°WBTP OFISTASIOBIBYD JO UOTIBFIBA g 2andyg

o1+ S+ 0 G- ot1-
<z 1 ] ] L |
09 0$1-61 v
€ 0S 0S1-61 | |
09 001-01 A
49 001-01 ]
Sy — (15d) (SNOYDIN) TOWKS | —
JANSSIEd I9NVY 3IZIS
S5 —df D\MVAD —
D\4 V.
7T “w\\\\\\\ //////// I
|
St — \ L
l\\\\\\\l “ ///////
B
<8
! _ | | 1
0T+ S+ 0 [ o1~

124

1%

Sy

139

$9

se

S8

(SNOYDIR) YALYWVIA NVAW YILOVS

*ez1 2an31yg

(SYILIWITIIN) NOILISOd 1viavy

AP A I s

| A it

sl

01+ S+ 0 S~ o1-
sz _ _ l _ 6z
A

Ta% N——-0] v
CE — G
®
G 8§ od @ T (%4
v
®
SS . SS
09 ¢
051-61
S9 v |— <o
0§ 0ST-$1 O
09 001-01 A
Sl ]
¢ 0s 00T-01 ° — st
(ISd) JUNSSI¥d  (SNOYWDIN) 3HNVY IZIS T0TRAS
S8 sq
| | | I |
01+ S+ 0 5- 01-

ORI WP P DT

(SNOUDIW) ¥ALIWVIG IGOW

SN
Sl o

~37-~

. PRSI

-
-
LU VPR S .)

-

Py

Bk

M

WA

» . . '..‘
LN WA

B
-

i iibad




Ll e g

C

N

LWy W

e

L et S Bt gt

[H1S00CL9 °ON @I2zou ufjjuuey 1ajied e £q paonpoid) Leids e JO sjuamwaInsesw XYWId

°qIT @andyyg

°p331931100 sunjoa aqoad (q) pue pajdaiaodun (B)
:wug¢ jo uoflfsod Tefxe pue wwmQg] Jo uoyiysod Tefpea e 3e (Fsdpg e 193em YIfm

°pll 2an314

°11 2an814

071 ozt

(SNOWDTIW) WILAWY1d

001 ug u9

]

rﬂ%ld? 1

Vvy

06 1-61
001-01

(SNONDIK) 3IONVY 321S

v
]

TODiAS

SINI0D JILOu¥00

(SNOYDIK) ¥IlAKVIQ

[V321 (741 onl (331 09 oy oc
S O Y
. v ve
v vy ° ‘4 [ )
v 1
Ve v e
v v
° L B
d v ¢ g
Ve v° z
M [ ]
0s1-91 v
001-01 [ ] ¢ o0
(SNOMDTW) 3IONVY 321S 109HAS

-36~-



T

I
-,

LTS

T

Ty

Y

| e ae sntciih S o000 SN A

™

measurement in the 15 -~ 150 ym range. This was not an isolated case
limited to the reported data but was very consistent and reproducible.
We conducted probe volume parametric studies to estimate the effect of
having errors in the threshold, visibility, saturation level and number
of fringes. These studies showed that only very gross errors in the
above parameters would account for these variations in the number of
counts. It is more feasible to expect that the instrument sensitivity
differs from the theoretical one, either because of some nonlinear
effect in the electronics or optics, or due to an error in our pro-
cedure., The size distributions obtained with the two ranges are, how-
ever, very similar, and the effect of the probe volume is very
noticeable in the small size end. Raw and corrected data are also shown
on Figures lla and 1lb corresponding to a radial position of 10 mm and
the same pressure (50 psi) and axial position (50 mm) as before. Here,
there is less discrepancy in the counts of the large droplets and more
in the small droplets. The trend in the size distribution is the same
that was reported before. Namely, there are more small particles in the
middle of the spray than at the edge.

Size and velocity distributions were obtained at five radial
positions and the results are shown on Figures 12a and b. The first
shows the variation of peak diameter at 50 psi and 60 psi. As can be
observed, the peak of the distribution changes almost a factor of 2 be-
tween a radial position of zero and -10 mme It can also be observed by

comparing the data of -10 mm with that of +10 mm that the spray is not

-35- 85-2286-12/20
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Xl. Conclusions

This paper demonstrates the feasibility of using
Gaussian laser beams to perform droplet size mea-
surements using the absolute intensity of the scattered
light. This concept extends the well-established laser
Doppler velocimetry to allow the simultaneous mea-
surement of size and velocity of individual droplets
crossing a defined region in space. The results show the
high resolution with which the system can measure
droplets of different size classes. This is expected given
that for this technique the resolution is constant
throughout the size spectrum. The accuracy of the
system is satisfactory for engineering purposes (~10%),
but it still remains to be seen why the measured sizes
were consistently smaller than the predicted sizes by
~8%. Part of this error can be attributed to the finite
size of the beams, as discussed in the paper for a size
range of 10; this is ~3%.

Signal-to-noise considerations indicate that the dy-
namic size range capability of the instrument can be in
excess of 100:1. However, practical limitations in the
electronics and the need to make measurements in high
number density flows indicate that a more realistic
dynamic size range is 30:1. The capability to measure
velocity is based on the well-established LDV concept.
The big advantage offered by this system is the ability
to measure simultaneously the size and velocity of in-
dividual droplets with high resolution over a large dy-
namic range.

Also, it is expected that particles of slight irregular
shape can be measured with this system by collecting
and analyzing the diffracted component of the scattered
light.
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Spectron Development Laboratories

Abstract. A technique to measure the size and velocity of particles is dis-
cussed, and results are presented. In this technique two small laser beams of =
one color identify the center of a laser beam of a different color. This defines a j

3303 Harbor Boulevard region of almost uniform intensity where the light scattered by the individual R

Suite G-3 particles can be related to their sizes. A variation of this technique that uses i

Costa Mesa, California 92626 two polarizations of the same color of laser beam is also presented. Results i@
are presented for monodisperse, bimodal, trimodal, and polydisperse sprays _‘.“;1
produced by the Berglund-Liu droplet generator and a pressure nozzle. Size g‘-}«j

distributions obtained at three different ranges for the same spray show
excellent self-consistency in the overlapping regions. Measurements of a
spray of known characteristics exhibit errors in the order of 10%.
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6. Description of apparatus e

f lopi tronics).
6.1. Advanced Droplet Sizing System after developing the proper electronics)
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7. Results

8. Effect of beam blockage on size distribution The mathematical model is for spherical particles much larger than
9. Acknowledgments the wavelength of the incident laser beams.
10. References If we refer to the small beams as | and the large beam as 2, the

intensity of the light scattered by a spherical particle is given by
1. INTRODUCTION

This paper discusses some of the theoretical aspects and resuits
obtained with a novel technique to measure nonintrusively and in
real time the size and velocity of droplets in a spray. The method,
referred to as IMAX (intensity maximum), bases the size measure-
ment on the absolute intensity of the light scattered by individual

droplets crossing an illuminated probe volume. The velocity is X (
obtained from the Doppler signal using the standard laser Doppler

velocimeter (LDV) approach.

The probe volume of the IMAX technique is shown in Fig. 1. Two and

L" . small laser beams of one wavelength are crossed in the middle of a
k" -". - larger laser beam of another wavelength. Thus, an interferometric
G pattern of fringes is formed in the crossover, defining a region of
.- - almost uniform intensity within the large beam. The theoretical
Lo details of this technique are shown in Ref. 1. The work presented here

2
ls, = 215K, d2 exp (— ;2—> 2 +yH

0

l+c0527r—‘yxv>. 1))
A

2
Iy, = lo,Ko, d? exp <_ ;;‘) x2+yy| . (2)

02

" ‘ will show the results obtained recently with IMAX and will describe

in detail the effect of using Gaussian beams in the signal detectability.
We will also describe an apparatus designec and built based on the
IMAX technique, and finally we will discuss some preliminary work
showing the feasibility of using laser beams with two polarizations
instead of two wavelengths.

Several nonintrusive single particle counters have been proposed,
which can be divided into two groups. In the first group? -+ Gaussian
laser beams are used, and various mathematical inversion techniques
have been proposed to extract the true size distribution from the
signal amplitude distribution. The second groups-* uses a probe
Invited Paper PS-107 received March 10, 1984; revised manuscript received May 7, 1984;

accepted for publication May 8, 1984; received by Managing Editor May 29, 1984,
© 1984 Society of Photo-Optical Instrumentation Engineers.
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where 1 is the central intensity of the incident beam. K, is the
scattering coefficient, d is the particle diameter, b, is the waist radius,
A is the wavelength, V is the particle visibility, and x.y are the
coordinates. It has been assumed that the intensity variation with z s
negligible. The scattering coefficient is the sum of refraction, reflec-
tion, and diffraction terms.?

These contributions are, in general, functions of the collection
angle and the particle size.

The ac modulation of I, is used to establish the detectability of the
signal and to measure the velocity. The peak of I, establishes the size.

Equations (1) and (2) apply to the two-color or the two-polariza-
tion concepts. The difference will be established in the computation
of the scattering coefficients.
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Fig. 1. Probe volume of the two-color IMAX technique.

3. ERROR ANALYSIS

There are several sources of error in the IMAX method that must be
considered to properly design an instrument. The method requires a
single particle in the probe volume, adequate signal-to-noise ratio for
a large dynamic range, known particle illumination, and, in general,
spherical particles.

The first two sources of error are discussed in LDV papers. The
requirement of knowing the illumination on the particle is character-
istic of methods that base the size on the absolute scattered light.
There are two known sources of error in establishing the particle
illumination. First is the attenuation resulting from beam blockage
produced by other particles in the trajectory of the transmitted and
scattered light. For fuel nozzles this is typically between 109 and
307¢. and if this attenuation is known the gain of the photodetectors
can be adjusted to compensate for it.

Broadening that results from random beam blockage, however,
cannot be corrected. Interestingly enough, this broadening is not
only the result of beam blockage but also of reradiation into the
probe volume. Tests conducted with stationary targets and mono-
disperse droplets show that beam blockage produces an average
attenuation and some broadening of lower and higher amplitude
signals. In highly fluctuating sprays, however, it is conceivable that
the attenuation will change very rapidly, thus introducing errors.

In the next section we discuss a method to establish and correct
for all sources of attenuation.

The second error source is that, since the small beam has a finite
diameter, the particles can travel a small distance away from the
center of the big beam and still cross sufficient fringes to be detect-
able. The farther from the center a particle can be detected, the larger
the error it can produce. This error increases directly with dynamic
size range and inversely with the ratio of the large to small beams.
Table I shows the errors that can be incurred due to the Gaussian
nature of the smaijl and large beams.

4. SELF-CALIBRATING ALGORITHM

Single particle counters based on absolute scattered light require
calibration at one datum point. When measuring dense sprays. beam
attenuation will make this calibration difficult. An algorithm is
discussed here that will eliminate this problem.

The algorithm is based on measuring the visibility of any size class
droplet. Combining the visibility and intensity'? of the signal, a very
accurate measurement of a given size can be made. Notice that the
visibility intensity technique can be used very accurately to measure a
very narrow size range. Knowing the size of the chosen correspond-
ing visibility, one can then establish the amplitude of the pedestal of
this signal by adjusting the gain to the photodetector. The logic is as
follows: for a given visibility (chosen in the most accurate region of
the visibility function) there is an associated size and. therefore, an
intensity scattered from the large beam. Since the intensity of this
large beam is almost uniform, the scattered light associated with the
chosen visibility will be aimost constant in the absence of errors in the
visibility. There are, however, errors associated with measuring vis-
ibility in a dense spray, and these points are rejected by V/1.19 The
process is an iterative one in which V/1 is implemented by choosing
several narrow intensity bands to establish points out of control. The

TABLE |. Size Errors for Differeant Beam Ratios and Dynamic Size
Ranges

Beam ratio 4, ax” Gun Max error
7 10 3%
7 20 4%
7 30 5%
5 10 5%
5 20 8%
5 30 10%

gain to the photodetector is adjusted until the majority of the points
fall in the preestablished intensity band corresponding to the mea-
sured size.

This algorithm, however, imposes restrictions to the IMAX tech-
nique. To relate size to visibility, the fringe spacing (8) and the
collection factor (CF) (established by the index of refraction, solid
angle of collection, and wavelength) must follow the relationship

dmax

= 0.845 , 3
5CF 0.845 3)
where d ., is the largest particle of interest.

There are also restrictions associated with the number of fringes
to the e~ intensity of the small beams (typically 8 to 20).
The self-calibrating algorithm has been successfully used in the

Advanced Droplet Sizing System described in a later section.

5. PROBE VOLUME

Particles that scatter light with large modulation are detectable over
a larger region than those that scatter light with little modulation. As
a result, the probe volume or region of detectability is a function of
droplet size. A very simple algorithm is discussed in Ref. | for the
two-color system and off-axis collection. Results showing raw and
corrected data for a spray are presented in the next section.

To correct raw data obtained with Gaussian beams and off-axis
collection with limiting apertures, it is necessary to know only the
dimension (y) normal to the particle trajectory and the beam bisec-
tor, given by

b2 1. d \2(1+V)
ys\/—%tn [——"ﬂ"— (—f—) — | -8 @

2[max

where ;. is the intensity threshold and 1., is the saturation level
established by the electronics, d, produces the largest signal within
the detectable range, and V, is its corresponding visibility.

Because of the multivalued characteristic of the visibility curve,
V, should be larger than the first zero of the visibility function.
Equation (3) defines the abscissa of this function as d° = d/(8CF).
This value should be kept smaller than one; however, physical con-
straints render this not always possible. The collection factor (CF)
can be easily changed almost linearly by changing the aperture {
number of the collecting lens. In the experiments reported here this
was done by placing a mask on the path of light scattered by the small
beams. As an example, the spray data shown in Figs. 8(a) and 9(a)

correspondtol .. =0.6X 1073 Vand Imax =0.7 V (these intensities
are read directly in voits). Since very little data were measured above
160 um, the mask was chosen to obtain d’ = | at about 160 um.
Therefore,

200 200

d0=ﬁ=m=l.24. 5

Table 11 shows values obtained for the nondimensional diameter (d"),
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TABLE Il. Typical Values Obtained for the Nondimensional Diameter
{d’). Its Visibility (V). and the Normal Probe Volume Dimension (y) for
Three Sizes Ranges

Size range: 20 to 200 um

d 20 40 60 80 100 120 140 160 180 200
d 012 025 037 05 062 075 087 1 1.12 1.24
vV 097 088 076 06 043 027 012 0.02 008 0.12
y 035 09 106 114 117 115 1.03 055 105 1.19
Size range: 10 to 100 um Size range: 5 to 50 um

d 20 40 60 80 100 10 20 30 40 50

d 02 04 06 08 1 019 038 057 076 095
vV 092 073 046 02 002 093 076 051 024 0.04
y 093 12 127 122 075 093 12 129 125 095

its visibility (V), and the normal probe volume dimension{y, as given
by Eq. ()]

In establishing the various size ranges the procedure used was to
adjust the gain of the photomultiplier tubes (PMTs) until the maxi-
mum size of the range of interest (200, 100, and 50 um, respectively)
exhibited a peak amplitude I, =0.7 V. The receiving aperture was
selected to produce adequate ac modulation to ensure the detectabil-
ity of all the drops within the size range. Typically. the visibility of the
largest droplet of any size range was about 0.02. Notice that with
these criteria we must expect that the probe volume of the 20 um
droplet(as anexampie)is largerin the 5 to 50 um range than in the 20
to 200 um range.

6. DESCRIPTION OF APPARATUS

Three systems have been used throughout the work presented here.
The firstis a two-color IMAX breadboard,! the second is an appara-
tus designed and butlt for NASA Lewis (Fundamental Combustion
Section) and referred to as the Advanced Droplet Sizing System
(ADSS), and the third consists of a breadboard employing the
two-polarization signal color PIMAX (polarization intensity maxi-
mum) technique. In this section we will describe the last two systems.

6.1. ADSS

Figure 2 shows the transmitter and receiver. The transmitter houses
an argon-ion laser, which provides the light source, and all the
required optics to separate the two colors used (5145 and 4800 A) to
form the probe volume of interest. The receiver is essentially a
telescope with two photomultipliers to collect the light scattered by
particles crossing the sample volume. This beam s splitin two via a
beam splitter and a mirror system: each beam is focused on the
pinhole of the corresponding PMT housing. The colors are separated
by means of narrow-band filters internal to the PMT housings. The
outputs of the two PMTs are then electronically processed. and
information about the size and velocity of individual spheres cross-
ing the probe volume is thus obtained. An electronic processor was
developed for this purpose. and a dedicated microprocessor was
intertaced to store, display, and analyze the acquired data. Sample
rates of several k Hz are possible with this system. Figure 3 shows the
clectronic equipment used for data processing. It should be noted
that the system uses a VP-1001 processor and a newly developed
V-1 IMAX interface.

6.2. PIMAX system

Figure 4 shows the optical setup used for the PIMAX system. A
helium-neon laser provides the light source of wavelength 6328 A. A
Wollaston prism splits the laser beam into two beams with S and P
polarization. The intensity ratio of these two beams can be adjusted
with a polarization rotator placed just before the Wollaston prism.

Fig. 2. Transmitter and receiver units of the Advanced Droplet Sizing
System (ADSS) used for IMAX measurements.

Fig. 3. Photograph of the ADSS electronics.

Mo s Y

Fig. 4. Schematic of the PIMAX breadboard: (1) polarization rotator; (2)
Wollaston prism; (3) beam splitter unit; (4) cube polarizing beam splitter.

One of these beams is then expanded with the use of lenses L, and L,,
which act as a beam expander. thus achieving the beam ratio parame-
ter m. This expanded beam is then split into two beams by using a
compensated beam splitter. The transmitting lens L, focuses and
crosses these two beams (which will be referred to as small beams
because of their size at the probe volume relative to the third beam),
thus forming an interference pattern of fringes in the middle of the
big beam.

The scattered light collected by the receiver is separated into the P
and S components by a cube polarizing beam splitter and is focused
on pinholes in front of two identical PMTs. Interference filters are
used to eliminate background hght from other sources.
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7. RESULTS

Spray measurements are reported for two kinds of atomizers. The
first is a Berglund-Liu droplet generator, and the second is a Spray
Systems pressure nozzle TGO.3.

The Berglund-1.iu droplet generator was used to produce strings
and sprays of known size droplets. This generator produces a string
of droplets of equal size and spacing. These droplets can be dispersed
with external air to produce a spray of monodispersed droplets, or
under some dispersion conditions the primary droplets will collide
and form doublets and triplets.!! The procedure used in these exper-
iments was to produce a string of large monodispersed droplets to
calibrate the instrument. Smaller droplets were then produced by
increasing the frequency of vibration of the orifice, and with the
dispersion air a spray of these droplets was formed. The spray angle
was about 10°, and the number density was typically 500, cm?. The
optical configuration consisted of a transmitting lens of 711 mm,
beam ratio of m =7, small beam diameter of 100 um, receiving angle
of 20°, and receiving lenses of 300. 495 mm. The calibration point
was provided b}y a string of 100 um droplets produced with a flow
rate of 0.21 cm”; min and a frequency of 5 kHz. Figure 5 shows the
measured size and velocity. A spray of primary droplets of 49 um
(produced with a flow rate of 0.21 cm?, min and frequency of 56.9
kHz) was then produced with the dispersion air. Figure 6(a) shows

Paliir ol it i st At il At i asal geilic B SR St i - i f kel Ak ek tan il

the measurements of a spray of primary droplets. Figure 6(b) shows
the measurements of a spray formed of primary droplets and
doublets. The theoretically predicted sizes are 49 and 62 um. The
sizes actually measured were 46 and 57 um, respectively. Figure 6(c)
extends the measurements of Fig. 6(b) to the presence of triplets. The
theoretically predicted sizes in this case are 49, 62, and 70 um. Note
that the measured diameters of the doublets and triplets are related to
the primary droplets by 2! ? and 3' 3, respectively.

In the absence of a true standard spray it was difficult to establish
how much of the measured error (which was about 8%) could be
attributed to the measuring technique and how much to the flow rate
throv~h the piezoelectric driven orifice. A pressure gauge placed
bet . ..he orifice and the syringe pump showed that there existed
long-term variations in the pressure.

8. EFFECT OF BEAM BLOCKAGE ON SIZE
DISTRIBUTION

The effect on the size distribution of spray blocking the laser beams
before they cross was measured with IMAX. A size range of 10 to
100 um was used in this case, and the monodispersed droplet size
was 73 um.

Figure 7(a) shows the measurement of the monodispersed string
of droplets. Figure 7(b) shows similar results, but a spray is blocking

COUNTS
l

1l [ 117

DIAMETER (uM) VELOCITY (M/S)

IMAX MEASUREMENTS OF IMAX MEASUREMENTS OF
(a) MONODISPERSED DROPLETS (b) MONODISPERSED DROPLETS
WITH UPSTREAM BLOCKAGE
-—tym
4 - E -
@ -3 @
g z
3 L 3 - L
(5] 13
™ T ‘h— T n .
10 55 100 10 55 100
DIAMETER (um) DIAMETER {um)

Fig. 5. IMAX measurements on a string of monodispersed droplets.

Fig. 7. Effect of beam blockage on size distribution.
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BIMODAL SPRAY

TRIMODAL SPRAY

|>———46 un

It
T

COUNTS
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-—-56 um

46 /46 um
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b um

" 64 117 1
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T
117 11 64 117

Fig. 8. IMAX droplet size measurements.
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Fig. 8. IMAX measurements of a spray at a radial position of 0 mm: (a)
uncorrected size distribution and (b) probe volume corrected size
distributicn.

Fig. 9. IMAX measurements of a spray at a radial position of 10 mm: (a)
uncorrected size distribution and (b) probe volume corrected size
distribution.
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the laser beam. Two effects can be noted: the peak of the distribution
dropped to 69 um (5%), and the spread of the distribution is +5 um,
. ~7 um (+7¢, —10%%) to the 1,e*. It should be noted that once the
high voltage is corrected to account for the beam blockage, the
L broadening should have very little effect on the distribution of a
< polydisperse spray.

The following results correspond to a spray produced by a pres-
sure nozzle (Spray Systems TGO0.3 at 50 psi and 50 mm from the tip).
., These results are adequate to show trends and gross changes in the

characteristic of any optical technique (for instance, in photography
the data rate must be corrected by the depth of field).

The trend shown in Figs. 8(b) and 9(b) is the expected one. That
is, there are more small droplets in the middle of the spray than on
the edge.

In order to test the resolution of the system, data were obtained
using three different size ranges: 5 to 50 um, 10 to 100 um and 20 to
200 um. This is one of the most difficult self-consistency tests
imposed on any technique, and most available techniques will show a

T
o e .
T
F
3
A

l._i l. j. .l. A'

r e

S

FR

- distributions. However, considerable transient variations were shift in the predicted data. IMAX shows excellent matching of the et
- observed in both the size and velocity distributions. These variations data in the overlapping region, as illustrated in Figs. 8(b) and 9(b). N
- were the result of changes in the spray pattern produced by the Measurements were also made to compare the data obtained with __.
R above-mentioned nozzle. Simple visuval observations of the spray the two-color ADSS and the two-polarization PIMAX system. —-'——-.j
) pattern indicated changes from conical to flattened sprays. Neverthe- These measurements were performed at approximately the same [ ]
’ less. recognizing that a standard invariable spray is not available, we locations as before but with a time difference of one month. Notice RN
~ proceeded to make measurements that would allow us to test the that some variations are expected due to changes in the spray pat- a1
= probe volume algorithm and to compare the two-color IMAX with tern. The size distributions obtained with the ADSS system and the -:.'-:\‘-:
- the two-polarization IMAX (referred to as PIMAX). PIMAX breadboard are shown in Fig. 10(a) (radius = 0), and Fig. :"“--_:.
The first sets of measurements are shown in Figs. 8(a), 8(b), 9(a), 11(a) (radius = 10 mm). The corresponding velocity distributions are .‘:-.':-\.‘
. and 9(b). They were made at a radial position of 0 and 10 mm. shown in Figs. 10(b) and 11(b). The results of both systems agree very L]
' Figures K(a) and 9(a) show the raw data, while Figs. 8(b) and 9(b) strongly with the expected trend. That is, more smaller particles were W |

show the probe volume corrected data. Comparing the raw and the
probe volume corrected data, it is quite apparent how signal detecta-
bility influences the number of counts in the histograms. For instance,
the ability to detect a 25 um droplet with a size range of 20 to 200 um
is much more limited than with a size range of 5 to 50 um. This
change in sensitivity is what the probe vo'ume is all about, and it is
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measured at the center of the spray than at the edge. This is illustrated
in Figs. 10(a) and [l(a). Furthermore, since small particles move
slower than large ones, the average velocity of particles at the center
of the spray is expected to be smaller than the corresponding velocity
at the edge. where large particles are predominant. This can be
verified if reference is made to Figs. 10(b) and 11(b) (notice the

PaPes




L R RSe lea |

(ol deva ek iieon Dimas Bomiune s lades Jhan S IAMEE B ute Mt A SeAnitd

L pout i 2 G

T TT—— YTy oY

SPRAY CHARACTERIZATION WITH A NONINTRUSIVE TECHNIQUE USING ABSOLUTE SCATTERED LIGHT

-
2800
L o SYMBOL  SYSTEM
2400 | A - IMAX
i A O O - PIMAX
» 2000 |
=
8 r
S 1600 L o a
x
g + A
1200 { °
800 |
L é A
400 [ o 4
| s 5
M i n " » i i Y D, 0 AN
( ) 10 20 30 40 50 60 70 80 90 100
a
DIAMETER (uM)
1600
1400 A SYMBOL  SYSTEM
[o) A - [MAX
R A O - PIMAX
1200 8 5
o
w1000 b a a
z o)
=]
3 800 | A
z 5 O
¥ 600 L oA o A
A A
400 | a A
o
[} oo
200 {
o 8o
0 e 4 i i L L i 1 1 ]
3 L} 5 6 7 8 9 10 11 12
(b) VELOCITY (M/s)

Fig. 10. (a) Particle size distribution and (b) particle velocity distribution
using IMAX and PIMAX systems. Radial position of the spray is 0 mm.

change in scale). Several runs taken with both systems indicate that
the IMAX and PIMAX systems are in agreement. However, for
descriptive purposes only, representative runs for each mode are
presented.

Very good agreement in the size distributions obtained with both
systems is shown in Fig. 10(a). Slightly larger particles were mea-
sured with IMAX, which is also evidenced by the velocity distribu-
tions shown in Fig. 10(b). That is, faster moving particles were
measured with IMAX. This effect was more pronounced at the 10
mm position (Figs. 11(a) and 11(b)] and reflects a considerable
change of the spray pattern. Notice that at the 10 mm position the
size distributions [Fig. | 1(a)] are similar but the number of counts is
considerably different. This may be the result of a change in local
number density resulting from the change in spray pattern. As
before, this change is also observed in the velocity distributions [Fig.
1I{b)]. which show faster moving events measured with IMAX. It
should be pointed out that previous and extensive experimentation
with this particular spray nozzle using IMAX did indeed show some
fluctuation in the data rate. Also, since there was a time gap of about
one month between measurements taken with IMAX and PIMAX,
much of the discrepancy in data rate may be attributed to an internal
change in the spray nozzle. It has been planned at the time of writing
this paper to conduct tests with both systems within a shorter time
gap and possibly with a more stable nozzle to minimize causes of data
rate discrepancy.
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Fig. 11. (a) Particle size distribution and {b) particle velocity distribution
using IMAX and PIMAX systems. Radial position of the spray is 10 mm.

9. ACKNOWLEDGMENTS

This work was supported by the Air Force Office of Scientific
Research (AFOSR) under Contract No. F49620-83-C-0060 and the
Combustion Fundamentals Section of NASA Lewis under Contract
No. NAS3-23538.

The authors are also grateful for the technical contributions of
Anthony Smart, Tom Hunt, and Roger Rickey, who engineered and
built the ADSS.

10. REFERENCES

1. C.F. Hess,"A Nonintrusive Optical Single Particle Counter for Measur-
ing the Size and Velocity of Droplets in a Spray.” Submitted to Appl.

Opt.

A. J. Yule, N. A. Chigier, S. Atakan, and A. Ungut, J. Energy 1. 220

(1977).

D. Holve and S. A. Self, Appl. Opt. 18, 1632 (1979).

Y. Miztétani. H. Kodama. and K. Miyasaka, Combustion and Flame 44,

85 (1982).

A. Men’, Y. Krimerman, and D. Adler, J. Phys. E. 14, 747 (1981).

P.R. Ereaut, A. Ungut, A. J. Yule, and N. Chigier, Proc. 2nd Int. Conf.

of Liquid Atomization and Spray Systems, p. 261 (1982).

W. Glantschnig, M. W. Golay, S-H. Chen.and F. R. Best, Appl. Opt. 21,

2456 (1982).

M. L. Yeoman, B. J. Azzopardi, H. J. White. C. J. Bates, and P. J.

Roberts, Eng. Appl. of laser Velocimetry, Winter Annual Meeting

ASME (1982).

9. H.C.vande Hultz, Light Scattering by Small Particles. Chap. 12, John
Wiley and Sons, New York (1957).

10. C. F. Hess, AIAA 22nd Aerospace Sciences Meeting, AIAA-84-0203
(1984).

1. B.Y. H. Liu, R. N. Berglund, and T. K. Argawal, Atmospheric Envir-
onment 8, 717 (1974). o]

® N v sw N

OPTICAL ENGINEERING / September/October 1984 / Vol. 23 No.5 / 609




TE TR RTIRI P s o GO T —am e gy~

END

FILMED

10-85




