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Abstract. AHer a sLccessful app cation of tne phase Dopp er tecnnique to 
homogeneous transparent or opaqLe aspersed media, which are m a n y  used for 
mode experiments. t was the aim to artain witn 1h.s methoo SimLllaneoJs size ana 
velocity measJrements of real process f d drop ets that are opt cal y aosorbent 
andlor inhomogeneous, in order to open tne way lo n- ne measurements for 
process contro Start ng with an oplical y aosoroent homogeneos iq. a (olack 
nk). phase Doppler measurements were tanen at on-axis angles o where either 
refracted I gnt or reflecteo light dominates. Vary:ng both the sizes of Ine 
monoo sperse orop ets and tneir opt.cal absorption showed tne I m'ts of the A@-d 
relation lor aom nant retract.on ano a transition to oom'nant ref ection at an OH-= s 
ang e (9 of 30'. On tne bass 01 previous experiments ann the idea of "s ng a larger 
wave engtn of 830 nm (sem.conductor .aser) nstead of 488 nm (Ar ion aser), 
ambiguos phase aifference-panicle diameter re ationsnips due to aosorpf'on were 
avoideo In a secono step the pnase Doppler techn que was applied to 
monooisperse oroplets of inhomogeneous I.qu:ds. Ls ng the arger wavelength the 
oroad size dslributions, experimental y ach ewed by employing the Ar ion laser, 
oecame mucn narrower. It was therefore concluoea tnat me Lse of sem condLctors 
for the pnase Doppler measurements can be advantageous for dealing witn 
aosorpt on ano innomogeneities 

proves to be an indispensable means for selecting the suitable PDA set-Lp 
parameters. For inhomogeneous iqLid droplets me Mie tneory and M e  scatter ng 
computer programs can oe Lsed to descr oe an0 Jndersland their scattering 
behavio-r, if-as a preconoit on-:t is val o to ass gn to them an enect've complex 
refractive ndex. ThLs compJier aided PDh (CAPDA) measuements open the 
chance for n- ine process measurements 'n rea process liquid spraying. 

For opt'ca ly  absorbent h0mogeneot.s I qLia orop.ers. the M.e theory alone 

1. Introduction 

Compared wi th  other particle measurement techniques, 
phase Doppler anemometry (PDA) has the advantage o f  
simultaneously measuring the size and velocity of spheri- 
cal particles, and i s  therefore of interest in many indus- 
trial spray applications for quality assistance and/or 
process control. This method has so far been successful 
in the analysis of liquid atomization of water [I-31 and 
molten metals [4, 51 as well as in the diagnosis of model 
experiments with glass spheres or bubbles in water flows 
[6, 71. While all these dispersed media are either trans- 
parent or opaque, most real process fluids-for instance 
in the chemical, pharmaceutical and food industries- 
are not only simply optically absorbent but also inhomo- 
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geneous. This leads to difficulties in applying PDA to 
these real process fluids. As described in a previous 
publication [SI, we concluded that the use of a larger 
laser wavelength should reduce the problems. This idea 
was taken up for further study and has been validated 
in this article. 

2. Theory 

The basic principles of phase Doppler anemometry have 
been described elsewhere [l, 7.9, IO], with most of these 
publications based on the work of Durst and Zari [ll]. 
Since a detailed description exists in the literature [IZ], 
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we confine ourselves to a brief description of PDA and 
then direct our attention to scattering theory and geo- 
metrical optics. 

2.1. Phase Doppler anemometry 

Two laser beams focused at an angle 0 form the inter- 
ference volume of a phase Doppler anemometer 
(figure 1). As an extension of the well known laser 
Doppler anemometer, the light scattered by a spherical 
particle passing through the interference volume is 
detected by two (instead of only one) photodetectors. 
These photodetectors are usually arranged at the same 
off-axis angle cp and symmetrically to the interference 
planes with equal elevation angles $. 

T!ie scattered light registered by both detectors has 
a temporal frequency due to the interference fringesf?= 
l / T  (see figure 2) and is directly related to the particle 
velocity according to equation (1) 

Only when either refraction or reflection dominates, the 
time difference At  measurable as a phase difference A@ = 
2n At/T (see figure 2) between a pair of signals (Doppler 
bursts) can simply be measured and is linearly related 

Figure 1. Phase Doppler anemometer (schematic). 0 beam 
crossing angle; 'p off-axis angle; $ elevation angle. 

A t  

Figure 2. Phase difference A@=2n (AtlT) between two 
Doppler bursts. 
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to the diameter d of the spherical particle as expressed 
by 

where n, is the refractive index of the continuous phase 
and b a function of the geometrical arrangement. The 
term 6 for both cases is listed in table 1 as equations (3) 
and (4). The scattering behaviour of a liquid droplet 
determines the off-axis angles q where reflected or 
refracted light is dominant and where the positions of 
the photomultipliers have to be arranged. For a homo- 
geneous liquid, Mie theory [I31 usually provides a 
sufficient description of the light scattering but is not 
exact, since it assumes plane incident wavefronts. 

Equations (2)-(4) can be used without any difficulty 
for the analysis of PDA signals resulting from dispersed 
materials with simple optical properties. But for more 
complicated optical properties of the dispersed phase 
the validity of these quantities may become doubtful. 

2.2. Electromagnetic scattering theory 

2.2.1. Light scattering by optically absorbent single- 
component liquid droplets. Already by 1908 Mie had 
obtained, on the basis of the electromagnetic theory, a 
rigorous solution for the light scattering of a plane 
monochromatic wave by a homogeneous sphere of any 
diameter situated in a homogeneous medium. For 'Mie' 
parameters oc=(nd/A) > 10, light scattering can be well 
approximated by geometrical optics. This allows the 
separation into diffraction, reflection and refraction as 
well as into higher orders of scattering [14]. Quantities 
such as refraction and absorption, necessary to describe 
the optical properties of the dispersed and continuous 
medium, are used in the Mie calculations in the form of 
a real and imaginary part of a complex refractive index 
given by 

( 5 )  n =  n'-i K 

where h.=K;./4n is the' absorption coefficient, K the 
absorption constant and n' the refractive index. 

The refractive index n' is determined usually by 
means of an AbbC refractometer using the phenomenon 
of total reflection. Optical absorption in a refractometric 
homogeneous sample can give rise to errors much larger 
than the precision typical of critical angle refractometry 
[15]. This error (about 1 ~ l O - ~ i n  n' at K = I x I O - ~ )  
can, however, be ignored when using Mie calculations 
for phase Doppler anemometry. 

The absorption constant R of a homogeneous liquid 
is obtained with a spectrophotometer (accuracy 1 YO 
[16]) measuring the attenuation of light traversing a 
distance x through a particulate medium [17]: 

exp(-Kx). (6) 
lLrm~millod = 

Iinsidcnr 

Usually the attenuation, that is to say the extinction, 
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Table 1. Term b for reflection and refraction 

(3) >"'I 8 ,  8 8 8 >"'-( 1 -s in  ,sin y-cos- cos y cos 'p 
b,,,..ron=4[(l +s in  ,Sin Y-cos -cos 2 Y cos 'p 2 

8 
2 

Y +cos - cos Y cos (0 

>'"]'"I -[1 +n,- , i in"( f  -sin 2 8 s i n  v + c o s  - 8 cos y cos 'p 

2 
(4) 

is caused by absorption and scattering [U] 

where N is the number of particles per unit volume, Crbr 
the absorption cross section and Csca the scattering 
cross section. 

It should be noted that in media classified as homo- 
geneous, the dominant attenuation mechanism is 
absorption. 

2.2.2. Light scattering by optically absorbent multicom- 
ponent liquid droplets. Many process fluids-for instance 
in the chemical, pharmaceutical and food industries- 
are not only optically absorbent but also inhomo- 
geneous. Naturally, homogeneity is relative, but usually 
a medium can be treated as homogeneous when the 
difference between the refractive indices of the constitu- 
ents is small or when the constituents are small compared 
with the wavelength [17]. 

At present, light-scattering theories concerning 
inhomogeneous liquid droplets still have to be seen 
being at the beginning stages of development [18-221 
because they are capable only of calculating the scat- 
tering behaviour of drop sizes of the order of the light 
wavelength i or smaller. This is mainly due to the 
validity range of the approximations or the necessary 
computer storage capacity or the computation time that 
is required. However, to overcome this problem, effective 
medium theories were put forward using an effective 
complex refractive index of a composite medium for 
calculating absorption and the scattering behaviour of 
this medium [23-251. Several different mixing rules exist 
for calculating the effective refractive index which are 
well summarized and compared by Srivastava [26]. 

The 'effective medium' theories may serve also for 
calculating the fundamental scattering behaviour of 
microscopically inhomogeneous liquid droplets by 
means of the well established Mie theory. By using an 
effective complex refractive index for calculating the 
scattering behaviour, the liquid is treated as macro- 
scopically homogeneous. While the calculation of the 
complex refractive index-especially in the case of mul- 
ticomponent liquids-is extremely complicated and in 
most cases impossible, the mean or effective refractive 
index is measured quite simply: it is done experimentally 
in the same way as described above. 

If the liquid is non-homogeneous, the precision in 
determining the refractive index n' is reduced, not only 

by optical absorption originating from conversion of 
light into heat, but also from scattering inside the 
medium or even from both. Nevertheless, the critical 
angle refractometric technique gives fairly precise 
( A d z  +0.003) refractive index data [27]. 

The extinction determined by means of a photometer 
is a result of both absorption and scattering. For a 
better understanding of the influence of the inhomogen- 
eities on the PDA signals it is necessary to know the 
relative contributions of absorption and scattering to 
extinction, which is also a function of the wavelength. 
However, a first overview of the scattering angle intervals 
with dominant reflection, refraction, etc, can be calcu- 
lated using the measured extinction coefficient instead 
of the absorption coefficient for Mie calculations. Using 
a too high absorption coefficient enables one at least to 
check deviations from linearity of the A G d  relation for 
normally dominant refraction. So far we have not con- 
sidered multiple scattering, i.e. when the light is scattered 
several times in succession before it leaves the medium. 
It occurs when the number of inhomogeneities is very 
high and their separation very small. Equations (6) and 
(7) are only valid when multiple scattering is negligible 
~171. 

3. Experimental set-up 

A phase Doppler anemometer similar to that shown in 
figure 1 is realized as follows. The blue beam (2=488 nm) 
of a 4 W Ar ion laser is divided into two parallel beams 
of the same intensity with adjustable polarization and 
then focused to yield the interference volume of the 
anemometer. Two photomultipliers symmetrically pos- 
itioned at an elevation angle $ relative to the horizontal 
scattering plane and at an off-axis angle cp are used to 
detect tbe scattered light. In the semiconductor device 
the Ar ion laser is replaced by a laser diode emitting at 
,l=830 nm and two avalanche photodiodes take the 
place of the photomultipliers. 

The use of semiconductor components has some 
principal, i.e. independent of the liquid under investi- 
gation, advantages: it allows the construction of minia- 
turized instruments of higher robustness, better signal- 
to-noise ratios, and higher quantum efficiencies when 
compared with conventional equipment based on gas 
lasers and photomultipliers [28], 
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In tables 2(a) and 2(&) the exact geometrical para- 
meters are summarized. The phase difference and the 
frequency information of the bandpass-filtered Doppler 
bursts were obtained by FFT processing [29]. 

For testing the applicability of the phase Doppler 
technique to optically absorbent liquids, droplets of 
known sizes are necessary. Therefore a stream of mono- 
dispene droplets passing through the measuring volume 
was produced by an impulse jet technique, which is 
comprehensively discussed by Heinzl and Hertz [30]. A 
pressurized liquid jet is broken into a stream of uniformly 
sized droplets by a mechanical disturbance caused by a 
piezoelectric tube [31]. Photos of the droplets, illumi- 
nated by a xenon Rashlamp stroboscope (illumination 
time= 150 ns) and enlarged 63 times by means of a 
microscope, are taken to achieve reference values. 

4. PDA experiments 

4.1. Phase Doppler technique applied to an opticall) 
absorbent singlccomponent liquid 

Black ink (Pelikan 4001, Brillant Scbwarz) seemed to be 
a promising sample for investigating the influence of 

Table 2(a). PDA optical parameters, Ar ion laser device 

Transmission optics 
Laser wavelength (nm) 480 
Lens focal length f (mm) 1200 
Beam crossing angle 0 (deg) 
Measurina volume luml d. 564 

1 .88 

34394 
565 

Receiving optlcs 

Collection aperture diameter (mm) 52 52 

Elevation angle $ (deg) 1 35 4.00 
Sizing range: (pm) 

refraction 300 214 
reflection 239 302 

Off-axis angle 'p (deg) 30 90 

Distance from measuring volume (mm) 1000 800 

Table 2(b).  POA optical parameters, semiconductor device. 
~ 

Transmission optics 
Laser wavelength ,I (nm) 830 
Lens focal length f (mm) 1000 1185 
Beam crossing angle 0 (deg) 2.86 2.42 
Measurina volume luml d. 264 190 

10586 8985 
264 190 

d" 
4 

Receiving optics 

Collection aperture dimensions 33.4 x 40.5 33.4 x 40.5 

Distance from measuring VOlume  500 160 

Elevation angle $ (deg) 1.91 5.90 
Sizing range: (pm) 

refraction 324 192 

Off-axis angle 'p (deg) 30 90 

(mm) 

reflection 259 271 

absorption on the A@-d relation. Due to its high absorp- 
tion ( K ~ I  xlO-') it should be possible to adjust the 
imaginary part of the refractive index over a wide range 
by diluting it with distilled water. Furthermore, it was 
treated as a homogeneous liquid, as analysis of the 
particles inside the black ink by laser diffraction led to 
the result that their size is smaller than 0.5 pm. According 
to the specifications of the manufacturer most of the 
pigments should be dissolved. Even if there are still (very 
small) particles inside, absorption dominates over scat- 
tering and contributes primarily to extinction. 

AU refractive index n' measurements were made with 
a high-precision ocular Abbk instrument (ZEISS, Model 
B) at wavelengths of 488 and 632.8 nm. The absorption 
was obtained with a spectrophotometer (Hamamatsu, 
UV-2102 PC). Table 3 contains the complex refractive 
indices of the chosen ink solutions for J.=488 nm. 

At an off-axis angle 'p of 30" for water. refraction 
dominates (see figure 3) and the high scattered light 
intensities in the forward scattering (see figure 4) lead to 
good signal-to-noise ratios. Therefore, as in many indus- 
trial applications, it was at this angle that we carried 
out an investigation of the inthence of absorption on 
the A@-d dependency. 

Mie calculations showed [SI that it  should be poss- 
ible lo apply the phase Doppler technique for particle 

Table 3. Retractive indices of the ink solutions, 

Concentration (ink, water) Complex refractive index 
we a n t  Der cent ,.=a8 nm. temperatLre-ZO*C 
~ 

0 
2 
4 
7 

12 
25 
50 
75 

100 

1.33-i 
1.33-i 0.78xIO-' 
1.33-i 6 . 4 3 ~ 1 0 "  
1.34-i 9 . 0 3 ~ 1 0 - ~  
1.34-i 1 . 2 8 ~ 1 0 - ~  
1.34-i 2.49xIO-' 
1.34-i 3 . 9 6 ~ 1 0 - ~  
1.34-i 6 . 3 7 ~  IO-' 
1.35-i 0 . 8 9 ~ 1 0 - ~  

"Gain" ~~ 

103 
102 

10' 

100 

10-1 

10-2 

10-3 
0 60 120 1 

cp /% 
Figure 3. Geometrical optics for water (n= 1.333). 

'0 
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no 

Figure 4. Logarithm of the scattered light intensity as a 
function of the scattering angle for a water droplet ( d =  
50pm, n=1.33, ,?=I3328 nm). 

sizing by using parallel polarized laser light and the 
A@-d relation for dominant refraction up to an ink 
concentration of 12%. This, however, reduces the sizing 
range to 150 pm. However, for ink concentrations equal 
to or larger than 25% the A@-d relation for dominant 
reflection in combination with perpendicular polariz- 
ation has to be used. 

This could be demonstrated by applying the PDA to 
monodisperse droplets of each ink concentration over a 
range of three different diameters [8]. The generated 
droplet diameters were roughly twice the orifice diameter 
(25,50 and 100 pm). The maximum error in determining 
the droplet diameter by phase Doppler technique was 
of about 8% [32]. The vagueness of photography was 
equivalent to 3-12% (Ad= &6 pm). 

Due to a possible mass and beat transfer in spraying 
processes a change of concentration of an optically 
absorbent droplet constituent can happen, for instance 
by evaporation of solvent [33]. This means that the 
absorption of the liquid droplets vanes and that for each 
concentration a A@-d relation different from the 
assumed linear A@-d dependency is valid. To avoid this 
ambiguity the photodetector should be set at an off-axis 
angle cp where reflected light dominates, because it is 
uninfluenced by absorption. 

Figure 5 shows the A G d  relations predicted by Mie 
theory (chosen off-axis angle cp = 90') for water and pure 
ink. The results were identical to the simplified relation 
of the geometrical optics. This was verified by an excel- 
lent agreement between the droplet sizing results of PDA 
and photography [SI. 

However, it was also desirable to have a linear A G d  
relation and high scattered light intensities. Therefore we 
referred to the absorption constant of black ink as a 
function of the wavelength (see figure 6). In contrast to 
the imaginary part of the refractive index it is the 
absolute measure for absorption or scattering. Unlike 
the strong absorption in the visible region, the absorp- 
tion was very weak in the near infrared, and therefore a 

- . - rcfleotian (peon. opt.) 
ink (0-laax) -360 - 

0 100 200 300 

d / F  
Figure 5. M i e  calculations for water and pure ink. cp=90", 
perpendicular polarized light, A=488 nm. 

20 fz ,za  
BOO 500 600 700 800 900 

X [nml 

Figure 6. Absorption constant of black ink solution, c=4%. 
as a function of the wavelength A. 

laser emitting in this region was needed. This was 
realizable by means of a semiconductor laser emitting 
at 2=830 nm where the imaginary part of the refractive 
index of pure black ink was only 1 . 1 4 ~ 1 0 - ~ .  The 
calculated A@-d relation (see figure 7, pure ink, cp = 307, 
as well as the good agreement between the droplet sizing 
results of PDA and photography (see table 4), shows that 
it is possible to use the simplified A@-d relation for 
dominant refraction and for all ink concentrations. Non- 
linear A@-d relations or a shift to the A@-d relation for 

- -. refraction (Beom. opt.) 
360 

d /wm 
Figure 7. M i e  calculations for pure ink, q=3Oo. parallel 
polarized light, ).=E30 nm. 
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Table4. Sizing results, q=30", 6=830 nm, 2000 counts 

Result by Resuit by 
photography PDA 

by equation 
Ink concentration d IAdl dm IAdl (2) 
(%) (." (pm) (pm) (pm) and 

57 6 53 4.2 (4) 
101 io5 8.4 
170 185 14.8 

95 88 7.0 
152 157 12.6 

97 86 6.9 
158 159 12.7 

[I21 57 6 51 4.1 (4) 

[IO01 48 6 56 4.5 (4) 

dominant reflected light are absent. Consequently, the 
use of a semiconductor laser emitting in the near infrared 
can improve the applicability of PDA to optically absorb- 
ent liquids. However, due to its dependence on the 
absorption of the liquid under investigation in the near 
infrared, it is not a general solution. 

4.2. Pbase Doppler technique applied to an optically 
absorbent multicomponent liquid 

Solutions of instant coffee (Nescdi KSX) and condensed 
milk (Gliicksklee, 7.5%) represent typical process fluids 
since in the food industry the types of Euid are processed 
by spray drying to yield powders. The lipids and proteins 
in condensed milk were dispersed as globules of sizes up 
to 3 pm (see figure 8). The refractive index of the milk 
fat globules is real and vanes between 1.4527 and 1.4566 
[34]. This means that condensed milk is an emulsion of 
very weakly absorbing particles which therefore attenu- 
ate light primarily by scattering. Solutions of instant 
coffee contain dispersions with dimensions in the order 
of up to 7 pm (see figure 9). Therefore both solutions 
have to be treated as inhomogeneous liquids. 

Their complex refractive indices were determined 
experimentally in the same way as described above and 
are summarized in table 5. In the case of condensed 
milk the imaginary part of the refractive index is chiefly 
a result of scattering, whereas in the case of solutions of 

1 
d I urn 

10 

Figure 8. Volume density distribution of particles in 
condensed milk. 

374 

[%I 10 

8 

6 

4 

2 

0 

q3 

0.1 1 10 
d I um 

Figure 9. Volume density distribution of particles in instant 
coffee. 

Table5(a). Refractive indices of milk and coffee solution, 
1=488 nm. 

Complex refractive 
index 
n=n;-,,.,- ix Extinction 
6=488 nm constant Kex, 

Liquid Temperature=20 ' C  Icm-'l 

Condensed milk 
solution (8%) 1.3398-i2.58~ 66.4 

Instant coffee 1.3522-i 4.47 x 10- 115 
solution (8%) 

(48%) 1.3544-i 3 . 0 4 ~  I W 4  78.3 

Table 5(b). Refractive indices of milk and coffee solution, 
1=830nm. 

Complex refractive 
index 
n=n;=,.,-ix Extinction 
L=830 n m  constant K ,  

Liquid Temperature=20 "C (cm-') 

Condensed milk 

Instant coffee 1.3468-i8.50x 12.9 
solution (8%) 

solution (8%) 1.3348-i5.86~10~~ 8.9 

instant coffee it is a combination of strong scattering 
and weak absorption. It was technically impossible to 
determine the refractive index n' at a light wavelength 
1.= 830 nm with a commercial refractometer. (Normally 
the deviation of the used refractive index n'A=632,8nm 
from the real refractive index n'l=830 "~ is small, but due 
to the different dispersive behaviours of the liquids this 
cannot be generalized,) 

Treating the measured quantities as the effective 
refractive indices, it should be possible to apply PDA for 
droplet sizing at an off-axis angle q of 30O-a~ predicted 
by Mie theory. Nevertheless it has to be taken into 
account that the real mechanism of light attenuation is 
scattering by inhomogeneities in the droplet. Accordingly 
the detected refracted light can be disturbed by scattering 
inside the droplets in such a way that the phase difference 
AD deviates from that for a straight optical path. In fact 
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it turned out that the experimentally verified size distri- 
butions of the monodisperse droplets were extremely 
broad, although the mean diameters dIo were in good 
agreement with the results by photography [SI. The 
latter seems to prove that the scattering behaviour of 
such liquid droplets is basically similar to that predicted 
by the Mie theory using an effective refractive index, but 
that the refracted light is disturbed by inhomogeneities 
inside the droplet. Admittedly changes of concentration 
can occur, but they affect the real and the imaginary 
parts of the refractive index very little (see table 5). 

The scattering of the refracted light by inhomogeneit- 
ies inside the droplets is subject to their (mass or number) 
concentration. Figure 10 exhibits this when one treats 
the standard deviation of the number distribution 
obtained by PDA applied to monodisperse condensed 
milk droplets (diameter about 100pm) as a rate for 
scattering. Furthermore the scattering of the inhomogen- 
eities and therefore its negative influence on the Doppler 
bursts depends on the sue of the inhomogeneities. 
Figure 11 shows the extinction cross section per unit 
particle volume of Latex particles in water, which serves 
as a model for condensed milk (fat globules in water), 
as a function of their size. For A=488 nm Mie theory 
shows a strong peak at d e l  pm, whereas at R=830 nm 
the peak is shifted to about 1.7 pm, less pronounced and 

' V  I 
U 

0 20 40 60 80 
Mass concentration l g l lO0Ogl  

Figure IO. Standard deviation of PDA sizing results applied 
to monodisperse droplets of condensed milk, de100 pm, 
2000 counts, q=30e, ).=a30 nm. 

CextlV Illcml 

* Lambda.488nm 

Lambda.830nm 

6,000H04 

4,00OE*04 

d [uml 

Figure 11. Extinction cross section per unit particle 
volume according to Mie theory for latex particles in 

- water. nwa,e,,i,=-nm-l.337, nlSter, 1.603, 
nw,ter,~.=mnm=1.328, n,,mx,1=,30.m=1.579. 

on the whole the extinction is smaller. In figure 12 the 
standard deviations of the number distributions achieved 
by PDA applied to monodisperse droplets (diameter 
about 150 pm) of monodisperse Latex suspensions (Latex 
particles in water) are shown as a function of the Latex 
particle diameter. For an off-axis angle of 30", there is a 
peak at 2 pm and in general the curve is similar to that 
predicted by Mie theory. Detecting the reflected light by 
measuring at an off-axis angle of 90" indicates that in 
reality the generated droplets are nearly monodispersed 
Latex and that the broad size distributions at an off- 
axis angle of 30" are only the result of scattering by 
inhomogeneities. Due to the lower scattering that is to 
he expected, the idea of repeating the PDA measurements 
with a laser emitting in the near infrared to size con- 
densed milk droplets seemed to suggest itself. As pre- 
dicted by the model calculations, experiments using the 
semiconductor PDA device provided narrow sized diam- 
eter distributions (as can be seen in figure 13) with a 
peak more closely packed than that obtained by the Ar 
ion laser at the same off-axis angle a, of 30". 

Although the scattered light intensities at an off-axis 
angle a, of 90O-where normally reflection is the only 
tight scattering component-are low, additional experi- 
ments were executed using the Ar ion PDA device as well 
as the semiconductor device. For this angle, light passing 
through the droplet and therefore affected by the 

Sigma luml 

+ Phi * 30 deg 

Phi - 90 deg 

20 liii?E! 0 

0 1 2 3 4 5 6 7 8  

dLamx I" 

Figure 12. Standard deviation of size distributions 
obtained by PDA applied to monodisperse water droplets 
(de l50  pm) containing monodisDerse latex Darticles, 2000 
counts, A=830 nm.  

0 
0 50 100 150 200 250 

d I vm 

Figure 13. PDA results belonging to droplets of 99 pm in 
diameter, 2000 counts, detection of refracted light (q=30°). 
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inhomogeneities inside the liquid should not contribute 
to the detected light. Indeed these experiments providcd 
size distributions which can be described as much more 
narrow, but not as monosized (see figure 14). Once again 
there is fairly good agreement in the mean diameter 
values between PDA and photography, as summarized in 
table 6. The width of the size distributions may be 
influenced by the surface roughness caused by the 
inhomogeneities peeping partly out of the droplet. 

__.__̂ I %.m*fia 
0 50 100 150 200 Z M  

d I pm 

Figure 14. PDA results belonging to droplets of 101 pm in 
diameter, 2000 counts, detection of reflected light (rp=90°). 

Table 6. Sizing results for condensed milk and instant 
coffee soiutions, ip=90", A=488 nm,  2000 counts. 

Water 59 6 58 4.6 (3) 
86 85 6.8 
137 137 11.0 

Condensed milk 63 6 59 4.7 131 . .  
solution 89 87 7.0 
(8%) 178 167 13.4 
Instant coffee 58 6 51 4.1 (3) 
solution 101 99 7.9 
(8%) 148 142 11.4 

Using the semiconductor device the width of the size 
distributions is once again reduced (see table 7). In thjs 
table the standard deviations of some PDA results are 
summarized. 

It is obvious that, especially at off-axis angles where 
refracted Light dominates but also at off-axis angles 
where reflected light dominates, the use of a semicon- 
ductor laser (i.e. the use of a larger wavelength) reduces 
the influence of the inhomogeneities and therefore allows 
or improves the application of PDA to optically absorb- 
ent, inhomogeneous liquids. 

5. Conclusions 

It has been shown that the use of semiconductor devices 
can facilitate or improve the application of PDA to 
optically absorbent homogeneous and inhomogeneous 
liquids. This offers a wider range of applications in the 
diagnosis of real process liquids spraying and its in-line 
process control. If one is forced to detect the scattered 
light in the forward direction, i.e. the refracted light, the 
use of a larger wavelength E. can remove the problem of 
absorption of light in the visible wavelength depending 
on the liquid's absorption properties and provide a 
linear AO-d relationship. In the case of optically absorb- 
ent inhomogeneous liquids, the use of a larger wave- 
length is universally advantageous because it reduces 
the scattering by these inhomogeneities inside the 
droplets. 

As long as the inhomogeneities remain larger than 
the light wavelength i. of the semiconductor laser, it is 
recommended to employ PDA only at off-axis angles 'p 

where the detected light has not passed through the 
particle but has been reflected. 

The Mie theory is a suitable aid to describing the 
scattering behaviour of optically absorbent homo- 
geneous liquids as well as to describing approximately 
the scattering behaviour of optically absorbent inhomo- 
geneous liquids and can be used to find the appropriate 
parameters of the optical set-up in combination with a 
correct A@-d relation. 

Table 7. Standard deviation U for characterizing the sizing results by PDA applied to 
ooticallv absorbina inhomoaeneous liouids. 2000 counts. 

Off-axis Standard 
angle rp 6 o deviation U 

Liquid Type of laser [degl (w) (pm) 

Water Ar Ion 30 74.6 3.1 
90 104.6 3.3 

Semiconductor 30 106.7 2.0 
90 97.9 1.5 

Condensed milk Ar ion 30 100.4 34.8 
solution 90 84.4 11.0 
(8%) Semiconductor 30 

90 
101.4 11.9 
94.1 7.0 

Instant coffee Ar ion 30 99.2 41.0 
solution 90 98.5 7.8 
(8%) Semiconductor 30 100.3 18.7 

90 103.1 5.1 
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