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Abstract 

Measurements of particle size distributions in multi-phase flows 
with a phase-Doppler anemometer yield incorrect results if 
polydisperse particles are investigated. For weighting biased size 
distributions, different in situ methods, requiring the size of the 
detection area, are known, but all of these weighting procedures 
are restricted to very small measuring volumes if off-axis instru- 
ment configurations are considered. Moreover, the weighting 
functions have some disadvantages in the case of poor statistics 
in single size classes or the results are not suitable for determin- 
ing the size of the detection area for particles which are larger 
than the beam waist. 

Therefore, the intention in this work was to measure the size of 
the detection area for different kinds of monodisperse particles, 
different instrument configurations and varied instrument sen- 
sitivities experimentally and to develop an improved weighting 
procedure that copes with the above difficulties. The applica- 
tion of the results obtained from the investigations with 
monodisperse particles to measured particle size distributions 
and volume flux densities of polydisperse water droplets in a 
spray cone of an atomizer confirms the applicability of this 
weighting procedure. It is still restricted to directed flows, 
perpendicular to the fringes. 

1 Introduction 

For non-intrusive and simultaneous measurements of particle 
velocity and particle size, phase-Doppler anemometry is a very 
suitable method (Buuckhuge and Flogel [l], Saffmun et al. [2], 
Buchalo and Houser [3], referring to fundamentals described by 
Durst and ZurP [4]). This measuring technique yields absolute 
results of particle size and velocity, but in the case of the prevail- 
ing application, i. e. the analysis of multi-phase flows with 
polydisperse particle collections (Buchalo and Houser [5], 
Bauckhuge [6], Bauckhuge et al. [7]), the measured number 
distributions of particles sizes are biased in a way that large par- 
ticles are over-represented in comparison with smaller ones ([2], 
Bauckhuge et al. [8], Suffman [9 ] ,  Bachulo [lo]). Therefore, a 
weighting procedure becomes necessary to obtain correct results 
for the corresponding distributions and for all related flow 
parameters, such as particle concentration and mass flux den- 
sity. 
The “size bias” depends on the probability of successful signal 
processing, which is influenced by the sensitivity of the whole 
phase-Doppler anemometer (PDA) to individual particle sizes 
and by the optical characteristics of the spherical particles. The 
commonly used function for weighting size distributions is the 
area of detection, being part of the cross-sectional area of the 
measuring volume. If reflecting particles are measured with the 
aid of a backscatter PDA, the size of the detection area can be 
determined very easily (Schone et al. [ll]). Only one parameter, 
representing the sensitivity of the phase-Doppler instrument 
and the scattering properties of the particles, is needed. This 
parameter can be the maximum burst amplitude [2], the mean 
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value of burst amplitudes (Sommerfeld and Qiu [12]), the max- 
imum burst length, the maximum number of signal periods 
above a fixed trigger level [8, 101 or the mean value of squared 
burst lengths 191. For a specific weighting procedure, either the 
burst, generated by only one reference particle with well known 
diameter do, moving through the centre of the measuring 
volume, or the bursts of single reference particles in each parti- 
cle size class di, have to be analysed with respect to their 
lengths or amplitudes. Another possibility is to evaluate the 
bursts of all particles in each size class. These types of 
(reference) measurements can be performed as a calibration 
with well known particles of the process fluid [2], which in 
general is very difficult or may be impossible. The most conve- 
nient way is an in situ weighting of the measured number 
distribution, which was developed in recent years [8-121. All of 
these methods and also the method described in this paper are 
off-line weighting procedures because post-processing of the in 
situ measurements is required. 
In practice, all of these methods show disadvantages or yield in- 
correct results for the size of the detection area. The weighting 
functions, which are based on the events in all size classes di, 
may result in errors if single size classes show poor particle 
statistics as reported by Sommerfeld and Qiu [12]. The other 
type of weighting procedure, based on only one reference parti- 
cle in a single size class do, is not applicable if the particles are 
not much smaller than the beam waist in the measuring volume 

While the dependence of the size of the detection area on the 
burst length could be verified for backscatter arrangements of 
the transmitting and the receiving optical system with reflecting 
particles [ll], the intention in this work was to investigate the 
area of detection for off-axis measurements of both reflecting 
and refracting monodisperse particles. Further, an improved 
procedure of weighting, requiring a single reference particle, 
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was applied to particle size distributions, measured in the 
spray cone of a pressure atomizer, in order to obtain informa- 
tion about the suitability of the investigated weighting func- 
tion. 

2 Area of Detection 

2.1 Definitions 

The basis of the following explanations is the interference 
volume being generated by the two laser beams of the transmit- 
ting system of a conventional laser-Doppler anemometer (LDA) 
or of a PDA. The spatial shape of this volume can be con- 
sidered as almost ellipsoidal and the size of the interference 
volume with Nf fringes is defined by the three l/e2 intensity 
diameters Dx, Dy and 0,. It differs from the size of the 
measuring volume especially in the case of off-axis configura- 
tions, which will only be considered in the following. 
Apart from the transmitting optics, generating the interference 
volume (Figure l), the size of the measuring volume is in- 
fluenced by the receiving optics, its aperture and the selected 
off-axis-angle a,. The size of the detection area, which is the 
cross-sectional area of the effective measuring volume, depends 
on the particle size, its optical light scattering characteristics 
and the instrument sensitivity. The shape of the detection area 
can nearly be considered as a parallelogram, as can be gathered 
from Figure 2. 

Fig. 1 : 2-beam transmitting optic and the elipsoidal interference 
volume with a (3-dimensional) Gaussian intensity distribution. 

Fig. 2: The area of detection for off-axis instrument configuration as 
part of the elliptical interference plane in the x-y-coordinate plane. 

2.2 Width of the Detection Area 

For commonly used off-axis-angles (30" 5 a, 5 lSO"), the length 
D; (parallel to the x-axis) of the detection area differs 
significantly from that of a backscatter instrument and is 
usually considered as equal to the length D@a, of the 
measuring volume (Figure 2), with D j  being the width of the 
magnified aperture of the receiving optics. 
The width D; (parallel to the y-axis) is nearly unaffected, 
because the receiving optic is able to detect particles in the com- 
plete depth of the interference volume but the dependence of D; 
on the particle diameter d must be taken into account. The most 
important presupposition for the derivation of Di is the validity 
of the laws of geometrical optics, which means that the scattered 
light intensity Is is proportional to the incident intensity Zp on 
the particle and also to the particle diameter squared: 

In the case of conventional laser beams with a Gaussian inten- 
sity profile (TEM, mode), the incident intensity depends on 
the spatial position (x, y, z) of the particle in the interference 
volume. For particles which are small compared with the 
diameters of the interference volume, the incident intensity is 
given by 

r I "  

where Zo is the maximum intensity in the centre of the in- 
terference volume x = y = z = 0. If further the response 
characteristics of the detectors and amplifiers are considered as 
being linear, the envelope of the high-pass filtered signal voltage 
U can be expressed by 

U(d,x,y,z)=Cd2exp [ -8 (2 -+-+- 2 G)] (3) 

where Cis a constant. For the validity of this equation, the signal 
visibility must be assumed to be close to unity, because otherwise 
the amplitude of the high-pass filtered signal, the AC part of the 
signal, is not proportional to the particle diameter squared. For 
such occasions, the pedestal of the burst can be evaluated by 
means of a more extensive signal processing system. 
Substituting the length ratio z/D, in Eq. (3) by a fringe ratio 
f / N f  yields 

U(d,x,y,f)=Cd2exp [ -8 (: 2+-+- 2 31 . (4) 

Using a counter processor for signal processing, the burst detec- 
tion is commonly done by means of a trigger level U, which must 
be exceeded by the signalvoltage. For signalvalidation the filtered 
AC signal has to exceed the trigger level with at least Nmin 
periods. In the case of particle trajectories, crossing the y-coor- 
dinate axis perpendicular to the fringes, this condition can be ex- 
pressed by introducing the maximum trajectory displacement 
into Eq. (4). This maximum possible displacement along they- 
coordinate axis is given by half of the width D;/2  of the detec- 
tion area: 

U, = U(d, x = 0, y = Di (d) /2 ,  f = Nmin/2) = 

= Cd'exp [ -2 (y +%)I. 
Nf" 

( 5 )  
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All particles with diameter d, crossing the interference volume 
on the z-axis, will generate the maximum possible number of 
periods N,,(d). This results in another equation for the trig- 
ger level: 

U, = U(d,x = 0,y = O,f=N,,(d)/Z) = Cd2exp [ -2- N Y ] .  

(6) 

Equating Eq. (5) and Eq. (6) for the fixed trigger level yield 

(7) 

This result can be used to calculate the particle size-dependent 
width of the detection area. For this it is necessary to determine 
the maximum possible number of burst periods in each size 
class di of the measured particle size distribution. In the case 
of poor statistics in those size classes at the lower and especially 
at the upper end of the measured size distribution, the prob- 
ability of detecting signals with the maximum possible number 
of periods is very low. This disadvantage also occurs if the in 
situ determination is based on mean values for the burst length 
or for the burst amplitudes. 
In order to avoid errors resulting from poor statistics, the size 
class with the maximum number of particles is defined as a 
reference size class. In this special size class that particle with 
diameter do having generated the maximum number of periods 
N,, (do) = No is defined as a reference particle for the whole 
particle collection actually measured. With these in situ meas- 
urement results a further equation, analogous to Eq. (6) for the 
trigger level, can be derived. After equating the result 

d 
N”,, (d) = Nkzx (do) + Nf” In - 

d0 

can be used to substitute the term N,, (d) in Eq. (7), resulting 
in 

d No2 - Nii, 
D; (d) = Dy In - + li do Nf” 

(9) 

As mentioned above, one important presupposition for the ap- 
plicability of Eq. (9) is the validity of the laws of geometrical 
optics, which means that the scattered light intensity is propor- 
tional to the particle diameter squared (Zsad2). In the in- 
terference volume with its Gaussian intensity distribution this is 
only accomplished if the particle diameter is very small in com- 
parison with the diameters Dy 9 D, of the interference volume. 
In the case of broad particle size distributions this generally 
cannot be achieved for all particles. 
In order to consider the fact that the extension of the interference 
volume is limited, the scattered intensity has also to be regarded 
as limited, because the particle cannot scatter more light than 
that one of the incident laser beams. Consequently, extended 
theoretical considerations must be based on the ratio of particle 
diameter d and a characteristic diameter of the interference 
volume, e. g. the width Dy of the interference volume. 
With the intention of not requiring extensive numerical calcula- 
tions according to the (generalized Lorenz-) Mie theory (GrPhan 
et al. [13]) a simple formalism could be derived which is based 
on a geometrical model describing the scattered power of light. 
For the corresponding derivation, the incident power Pp (d) on 
the particle, situated in the centre of the interference volume, 

which has a circular shape in the y-z-coordinate plane (Dy = DJ, 
is calculated: 

d/2 d/2 

Pp(d )=  jZ ( r )2n rd r=  jZoexp 0 
0 

- -  - ... -a [I -exp (-2$)] 
8 

If further the approximation is introduced that the incident 
power on the particle results from a complete Gaussian intensity 
distribution, comparable to that of a laser beam with a circular 
cross-section 

m m / ”2 \ 
Pp(d )=  SZ(r)2nrdr= 0 0 jZo(d)exp 

the incident power is proportional to the central intensity 
Zo (d), which now depends on the particle diameter. After com- 
bining Eq. (10) and Eq. (11) the resulting equation: 

can be used to substitute Zo in Eq. (2) and the signal amplitude 
Cd2  in Eq. (3): 

U(d,x,y,z)=C1 I-exp -2- exp -8 -+-+- [ ( ;)I [ (; ; %)I 
(13) 

where C,  is a constant. Analogously to Eq. (6), the trigger level 
U, can be expressed by means of the in situ measurement 
results (do, N,, (do)) of the reference particle and also with 
the corresponding results for each other particle of the size 
distribution: 

The same formalism, leading to Eq. (8) and Eq. (9), now results 
in the following improved equations for the maximum number 
of burst periods: 

and for the width of the detection area, depending on the in situ 
measurement results from a reference particle : 
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Although by this formalism the trajectory-dependent effects on 
the signal amplitude and phase, discussed by Grkhun et al. [13] 
and Sunkur et al. [14], were not taken into consideration, the 
results achieved warrant the choice of this geometrical model, 
because it is suitable for describing the limiting effects of the 
scattered intensity and of the width of the detection area. In 
Figure 3 it is shown that the scattered intensity underlying this 
result (case B) differs from the parabolic curve (case A), which 

Fig. 3: Normalized scattered light intensity I* and normalized width 
0; (=D;/D;) of the detection area depending on the particle diameter 
for two different cases: 
A) Illumination of the particle by a beam of infinite extensions and a 
uniform intensity distribution and 
9) by a beam with Gaussian intensity profile and circular cross section 
(diameter 0,). 
0; are calculated with the values: Dy = 217,8 pm, Nf = 26,4, Nmj, = 5 ,  
do = 50 km, No = 25. The intensity normalization is done in two steps: 
first for curve 9, the intensity for the maximum particle diameter con- 
sidered, was defined as unity: Z(dma = 400 pm) = 1. For curve A the 
results were subsequently rescaled in a way that for both cases the inten- 
sities at the particle diameter d, became equal. 

is the basis for Eq. (9). Further, in Figure 3 it is shown that the 
width of the detection area is also limited and it is smaller than 
that obtained from Eq. (9). In the case of small particles 
(d 4 D;), the corresponding curves become equal, as expected. 
If monodisperse particles (d = do) are to investigated, Eqs. (9) 
and (16) can be reduced to the simple equation 

which only requires the measurement of the maximum number 
No of signal periods. Moreover, these results are still restricted 
to particles with trajectories perpendicular to the interference 
planes, which will only be considered in the following. Another 
limitation is that frequency offsets are neglected, but the 
enlargement or reduction of the diameter Di due to this addi- 
tional instrument parameter can easily be taken into account by 
introducing the number N, of additional burst periods caused 
by a frequency shift: 

where Nb = total number of burst periods, fb = frequency of 
burst and f ,  = shift frequency. 
On the premises that the diameter do of the reference particle 
is small compared with the diameter Dy (do < D,), for Eq. (9) 
and also approximately for Eq. (16), the lower limit dmin of 
particle sizes is given by 

This minimum diameter represents the smallest particle which 
can be detected by the phase-Doppler anemometer, operating at 
the selected instrument sensitivity. But this, dmin is a specific 
sensitivity parameter, being influenced by the in situ calibration 
measurement of do and No. 

2.3 Length of the Detection Area 

In several publications [9, 10, 121, the length 04 of the detec- 
tion area is regarded as being constant, depending only on the 
instrument parameters and not on the particle diameter or other 
parameters. The presupposition for this assumption is that the 
length of the detection area is small in comparison with the cor- 
responding length of the interference volume (04 4 0,). Even 
if the instrument parameters meet this condition, which means 
that the constant length Di/sinp of the pinhole or slit projec- 
tion of the receiving system is smaller than 5 070 of the diameter 
D,, errors due to blurring in the receiving optics are reported 
[9, 10, 151. The blurring is characterized as being dependent on 
the particle diameter in addition to enlarging the length of the 
detection area. Further, experimental results will show that the 
length of the detection area depends on the instrumental sen- 
sitivity and on the particle diameter. For this reason, in the 
following Dk is not considered as constant. This becomes very 
important for applications with long working distances. In 
these cases it cannot be guaranteed that the length of the detec- 
tion area is very small in comparison with the corresponding 
diameter of the interference volume. 
Owing to the similar appearance of the period distributions, 
measured along the x-coordinate axis and along the y-axis, 
within the length Bi/sinp an almost elliptical shape of the 
fringe distribution in the x-z-coordinate plane could be assumed 
as is given for the y-z-plane. This empirical result of extensive 
experimental investigations yields the following equation for the 
length of the detection area: 

This equation is similar to Eq. (9) describing the width of the 
detection area because of almost identical assumptions. The ad- 
ditional term d/2  was introduced in order to give a more reliable 
fitting of this equation with the experimental results (Sec- 
tions 4.1.3 and 4.1.4). Both an enlargement (probably caused by 
blurring) and a reduction (probably due to cut-off effects) will 
be described by Eq. (20). The amount of variation with respect 
to the length of the measuring volume (Dk/sinp) depends on 
the measured results (do, No) for the reference particle. 
The lack of physics in connection with Eq. (20) is the subject of 
further studies. Following the investigations performed by 
Sellens [16], ray-tracing simulation experiments seem to be a 
suitable method for describing the cut-off effects at the slit 
aperture in the receiving optics with its finite width. This cut-off 
results from particle trajectories crossing the detection area out- 
side the centre. The consequence of non central trajectories is 
demonstrated in Figure 4. The two photographs show the scat- 
tered light (fringe) pattern behind the slit aperture in the receiv- 
ing optics. Obviously, the displacement of the particle (trajec- 
tory) only the x-coordinate axis results in a loss of detectable 
light intensity and power. This indication also confirms the 
decrease of measured burst periods depending qualitatively on 
the displacement as is shown in Figure 4. 
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Fig. 4: Parts of the scattered light pattern generated by a stationary 
steel bead (d = 300 pm) and photographed in the APD receiving optics 
behind the mask and the slit aperture. For these photos the detector 
assembly was substituted by a screen and a camera and a mask with a 
single rectangular aperture, mounted perpendicular to the fringes was 
selected. The black circles were caused by holes in one lens, enabling 
backscatter configurations. For the present off-axis measurements these 
holes did not be visible because another mask was used. 
Left photo: The steel bead is situated in the centre of the measuring 
volume. 
Right photo: The steel bead is situated 100 pm beside the centre of the 
measuring volume. 

3 Experiments 

3.1 Experimental Procedure 

3.1.1 Monodisperse Particles 

In order to verify the theoretical results and assumptions by ex- 
perimental investigations with monodisperse particles (d = do), 
the most important parameter to be measured is the maximum 
number No of burst periods produced by a particle crossing the 
measuring volume in its centre perpendicular to the fringes. The 
diameters 0; and D;, resulting from this “period evaluation” 
will be compared with the results of a comparative measure- 
ment. The basis of these experiments is to scan the moving par- 
ticles through the measuring volume and in its vicinity to find 
the boundaries of the detection area by something like a trial- 
and-error of signal processing. Each of the regularly spaced 
positions in a predefined rectangular area, where phase-Dopp- 
ler measurements were executed successfully, was defined as in- 
side the detection area and all positions where the validation 
rate was less than 5 To, referred to 100 attempts, were defined as 
outside the detection area. After the reconstruction of the detec- 
tion area with the aid of those positions where the phase-Dop- 
pler measurements were successfully, the wanted diameters D; 
and D; could be determined. This “scan evaluation” and the 
other type of evaluation, the “period evaluation”, were ex- 
ecuted simultaneously, because the parameter No could be 
determined from the same dataset. The maximum number of si- 
gnal periods had to be searched in the centre of the detection 
area. 
The measurements were carried out with different settings of 
the electronic amplification V and attenuation V* = - K with 
different off-axis angles a, and different types of particles and 
particle diameters. 

3.1.2 Polydisperse Particles 

In the experimental investigations with polydisperse particles, a 
broad size spectrum of water droplets was generated by a 
pressure atomizer within a spray chamber. For this type of ex- 
periment the accuracy of the weighting procedure was analysed 
by comparing both the weighted number distributions and the 
calculated volume flux densities, which were measured at dif- 
ferent off-axis locations of the receiving system. Further, the 
volume flux densities could be referred to patternator measure- 
ment results, obtained just after the phase-Doppler measure- 
ments and 1 mm below the interference volume. 

3.2 Experimental Set-up 

For the experimental investigations, a conventional two-beam 
LDA transmitting system with an He-Ne laser (A = 632.8 nm) 
was used and the detection of the scattered light was done by 
means of a laboratory-made receiving optical system with two 
integrated Avalanche photodiodes (APD receiver). The spatial 
filter in the receiving system is equipped with a slit aperture 
(width Dp = 200 pm, length 3 mm), which is oriented perpen- 
dicular to the area of detection. 
For some additional experiments, requiring a variable length of 
the measuring volume, a conventional receiving system, con- 
sisting of a photomultiplier and a zoom objective, was used. 
The dimension of the pinhole aperture in this PM receiver was 
specified as Dp = 100 pm. In order to avoid any errors caused 
by a non-ideal alignment of two receivers, these experiments, 
performed on monodisperse particles, were conducted with 
only one PM receiver. By this means the particle diameter could 
not be measured with the PDA, which was not necessary 
because the sizes of the monodisperse particles were well 
known. Only the maximum number of signal periods had to be 
measured. 
The size range for the different particles under investigation 
could be adapted by varying the beam separation in the 
transmitting system and by changing the front lens in the receiv- 
ing system. The most important instrument parameters are 
listed in the Table 1 with respect to the different applications 
and particles respectively (steel bead, water droplets and spray 
of water). 
In all cases the signal processing was performed by means of a 
counter processor, because this was a device capable of measur- 
ing the signal frequency and the phase difference and also the 
burst length by counting the number of periods. 

3.3 Characteristics of the Monodisperse Particles 

In order to investigate the dependence of the detection area on 
the scattering characteristics (reflection or refraction), two dif- 
ferent types of particles were used. In both cases the trajectories 
of the moving particles were aligned perpendicular to the 
fringes. 

3.3.1 Steel Bead 

Similarly to the experimental procedures performed by Naqwi 
et al. [HI, a polished steel bead, welded on top of a needle, was 
fixed to a rotating disc. The steel bead was used as a refrecting 
specimen. Its diameter was 300 pm and could be measured by 
means of microscopic investigations. 
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Table 1 : Calculated parameters of the phase-Doppler instrument 
selected for different applications. The beam diameter was measured by 
means of a "Beam Scan" device. 

Steel bead Water droplets Steel bead 
and spray 

Parameter Transmitting system 

1 632.8 nm 
Beam diameter 2.22 mm 
Beam separation 46 mm 
Focal length 1200 mm 
Dx 22726.8 pm 
4 435.5 pm 
Dz 435.6 pm 
N f  26.4 

632.8 nm 
2.22 mm 
35.6 mm 
600 mm 
7341.3 pm 
217.8 pm 
217.9 pm 
20.4 

632.8 nm 
2.22 mm 
46 mm 
600 mm 
5684.8 pm 
217.8 pm 
217.9 pm 
26.4 

Receiving system 

Aperture of Pinhole Slit Slit 
spacial filter 0 100 pm 200 pm x 3 mm 200 pm x 3 mm 
Aperture of circular rectangular rectangular 
mask 60 mm x 10 mm 60 mm x 10 mm 
Detector - 33.4 mm 33.4 mm 
separation 
Focal length to 100 mm 160 mm 160 mm 
spacial filter 
Focal length to 600.. .I000 mm 501 mm 1001 mm 
interference 
volume 
Off-axis angle 30°, 60", 90" 30°, 60", 90" 30", 60" 
4 600-1000 pm 626.0 pm 1249.8 pm 

48 mm 

3.3.2 Water Droplets 

If water droplets with a refractive index n d =  1.33 are in- 
vestigated at off-axis angles of p = 30" and 60" with light 
polarized parallel to the interference fringes, refraction is the 
dominant scattering mechanism (Manasse et al. [17]). Water 
droplets can also be used as a reflecting specimen. For this it is 
necessary to vary the off-axis angle and also the direction of 
polarization in order to obtain a linear relationship between 
droplet diameter and phase difference. A suitable choice is an 
instrument configuration with a, = 90" polarization perpen- 
dicular to the interference fringes. 
This can be checked by means of numerical light scattering com- 
putations according to the Mie theory. The results of such simula- 
tions performed for those instrument parameters (Table 1) which 
were selected for the measurements on water droplets from a 
droplet generator are shown in Figure 5. Apart from the fact that 
in the range of small particles some oscillations occur, the dif- 
ferent curves can be considered as being linear and in good agree- 
ment with the results of geometrical optics. 
Droplets with four different diameters in the range of about 
55 pm 5 d I 190 pm were generated by a piezoelectric droplet 
generator with a repetition rate of about 40 kHz up to 60 kHz. 
Both the diameters and the trajectories of the water droplets 
could be observed with the aid of a microscope and strobo- 
scopic illumination. 

3.4 Positioning 

The three-dimensional alignment and the horizontal movement 
of the rotating disc and the droplet generator, parallel to the in- 
terference planes, could be performed by means of three-dimen- 

i ' -~ 

1 ~ _ _ _ _ _  .~ -I _______ 

Fig. 5: Phase difference versus particle diameter as a result of 
numerical computations according to the Mie theory for that PDA to 
be applied to water droplets from the piezoelectric droplet generator. 

sional stepper motor-driven translation stages. By this means 
the particles were moved to predefined positions within rec- 
tangular areas (Figure 6). 
While the steel bead could be scanned through a large area with 
the complete detection area inside, the scan procedure for the 
water droplets had to be modified because of the non-stationary 
state of the droplet generator. For shortening the measuring time 
the water droplets were scanned only within a small area in the 
centre and at the boundaries of the detection area to obtain both 
the maximum number No of signal periods (in the centre) and 
the diameters Dl and DI, which are the maximum distances 
parallel to the corresponding coordinate axis between those posi- 
tions where measurements were possible (opposite borders). 
The constant interval lengths parallel to the x- and the y-coor- 
dinate axes were defined in such a way that the scan area was 
subdivided into 40-60 intervals along each coordinate axis, 
resulting in 1600-3600 positions for the investigations with the 
steel bead. In the case of monodisperse water droplets each of 
the five small scan areas consited of 25-50 positions. 

Derechon 

' Scan Area for 
Steel Bead 

Fig. 6: Principle of positioning the monodisperse particles to 
regularly spaced positions within one large (steel bead) or several small 
(water droplets) predefined rectangular areas in the x-y-coordinate 
plane. 

3.5 Atomization 

The atomization of water was done by means of a pressure noz- 
zle (Spraying Systems: SS 650050), mounted in the centre of a 
spray chamber and operated at a pressures of 5 bar. Here, the 
description of the nozzle, the spray cone and the chamber with 
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all necessary equipment and features can be omitted, as it has 
been covered in numerous publications, e. g. Dannehl and 
Schulte [19]. 
With the intention of guaranteeing particle trajectories, being 
perpendicular to the interference planes, the phase-Doppler in- 
terference volume was positioned in the centre of the spray 
cone. The vertical distance to the well known nozzle was set to 
200 mm, because at this location the maximum number of 
small droplets can be detected [7], which was important for ap- 
plying the weighting function to a broad particle size distribu- 
tion. 
For these experiments some instrument parameters had to be 
changed (Table 1) while not influencing its applicability, as con- 
firmed by corresponding Mie calculations (Figure 7). 

Fig. 7: Phase difference, signal visibility and normalized AC-power 
versus particle diameter as a result of numerical computations accord- 
ing to the Mie theory for that PDA to be applied to water droplets from 
the atomizer. The normalization of the AC-power was performed by 
means of the maximum value of each curve within the plotted size 
range. 

The diameter-phase difference correlation is still monotonic 
and nearly linear. Apart from that, the visibility, being assumed 
to be close to unity, in fact shows only small deviations within 
the particle size range of interest (0 < d 5 220 pm) which are 
almost completely within a 10% margin. Further, if the Mie 
calculations are based on an infinite diameter of the incident 
laser beam, the (normalized) AC power of the detected signal 
is nearly a parabolic curve, as expected for high visibilities. 

4 Results 

4.1 Monodisperse Particles 

4.1.1 Y-coordinate, Reflection 

The results concerning the width 0; of the detection area, 
measured with a single, light-reflecting steel bead having a 
diameter of 300 pm, are shown in Figure 8. For both off-axis 
angles (a, = 30" and 60") the corresponding curves have the ex- 
pected characteristic. 
Increasing attenuation V*, which is equivalent to decreasing in- 
strument sensitivity, yields lower diameters D; of the detection 
area. Apart from this, the measured "scan" results are very well 
represented by the calculated diameters according to Eq. (17), 
which are indicated as "period" results. The maximum devia- 
tions between the scan and the period evaluations are smaller 
than 4Vo for all selected attenuations and both off-axis angles. 
Similarly to former investigations with a backscatter-PDA [ll], 
the results of the different types of evaluation are in very good 

\ 

150 la I 
Fig. 8: Width 0; of the detection area versus electrical attenuation 
V* for two types of evaluation (scan- and period evaluation) and two 
off-axis angles (u, = 30" and 60"). The measurements were performed 
with a steel bead and the APD-receiver. 

agreement, so that the burst length method and the period 
method can also be considered as suitable for the in situ deter- 
mination of the width of the detection area. 
In the case of a, = 90" off-axis measurements at transparent 
water droplets, light reflection is also the dominant scattering 
mechanism. Some results of such measurements, conducted 
with a constant instrument sensitivity, are shown in Figure 9. In 
this diagram the width of the detection area is plotted against 
the diameter of the droplets. In addition to the previously 
discussed period evaluation according to Eq. (17) for mono- 
disperse particles, the dependence of the width D; of the detec- 
tion area on the particle diameter d was calculated with the aid 
of the results (do; No) of a reference measurement by Eq. (9) 
and Eq. (16). The measurement with the smallest droplets was 
defined as the required reference measurement. 

80 120 160 200 L '-40 d lirml 

Pcricd ; eq. (9) 

Period ; eq. (16) 

Fig. 9: Width 0; of the detection area in dependence on the diameter 
d of reflecting water droplets as a result of the scan measurements and 
different types of period evaluation. The measurements were performed 
with the APD-receiver at v, = 90". 

Just as the period evaluation based on Eq. (9) failed in connec- 
tion with backscatter measurements on steel beads with dif- 
ferent diameters [ll], this method is also not well suited for the 
in situ determination of the width 0; of the detection area in 
the case of off-axis configurations. In contrast to the results 
with Eq. (16), the deviations from the scan results become larger 
with increasing particle diameter. This is also expressed by the 
corresponding curves in Figure 3. 
Based on the good agreement of the results of the improved 
period method with the scan results, the applicability of this 
period method is also confirmed for investigations with 
(polydisperse) particles of different sizes. 
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4.1.2 Y-coordinate, Refraction 

As one example of this type of experimental investigation, the 
results of several 30" off-axis measurements with water droplets 
are illustrated in Figure 10. 
The curves for the different methods of evaluation show the 
same characteristics as the corresponding ones for a, = 90" 
measurements, the deviations being only of a quantitative kind. 
The results of all types of period evaluation differ from the scan 
results more than before. Errors or deviations between the 
preferred period method and the scan results with a magnitude 
of up to 10% can be registered at small particle diameters, but 
these differences may be caused exclusively by erroneous period 
counting as will be discussed in one of the following sections. 
The important inference is that no significant difference be- 
tween the results from reflecting and refracting particles could 
be ascertained. 

1 Method: 1 
I -- f I Scan I 

Fig. 10: D; of the detection area in dependence on the diameter d of 
refracting water droplets as a result of the scan measurements and dif- 
ferent types of period evaluation. The measurements were performed 
with the APD-receiver at p = 30". 

4.1.3 X-coordinate, Reflection 

The empirical determination of the length D; of the detection 
area according to Eq. (20) was done by means of the distribu- 
tions of the maximum burst periods N,,, in the detection area, 
especially along the x-coordinate axis, measured with a 90" off- 
axis PDA. In Figure 11 a typical example of a period distribu- 
tion as a result of scan measurement on a steel bead is shown. 
Although the geometrical and optical parameters of the phase- 
Doppler instrument were set in such a way that the length Di 
of the measuring volume was only 4% of the length of the 

Scan (meomred) 

____ I-- Deficit of Periods I-- Deficit of Periods 

Fig. 11: Comparison of the maximum measured and approximated 
number of burst periods along the x-coordinate axis for one measure- 
ment at the steel bead with only one PM-receiver (p = go", 
f, = 600 mm). As against to the expected, almost constant period 
distribution the scan results show the figured deficits, 
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interference volume (0, = 22727 pm), the measured number of 
burst periods is not constant as assumed by other workers 19, 
10, 121. This also happens if much smaller particles (e. g. water 
droplets about 55 pm in diameter) than the steel bead are in- 
vestigated. 
At the borders of the detection area the measured period 
distribution shows large deficits in comparison with the ex- 
pected, constant distribution along the x-axis. One effect of this 
is that the length of the detection area differs from the length 
of the measuring volume. Therefore, the length of the detection 
area cannot be considered either as constant or as equivalent to 
the length of the measuring volume. Further, these deficits 
cause erroneous determination of the width of the detection 
area if the weighting function is based on mean values of burst 
amplitudes or burst lengths. 
Similarly to the width of the detection area, its length also has 
to be approximated in order to develop a more precise weighting 
procedure not requiring a calibration. In the range of the 
parameter Nmin of interest which is commonly set to 
3 5 Nmin 5 8, the measured period distribution can be approx- 
imated by the function of an ellipse, being "stretched" in the 
centre by an amount d/2 as is also shown in Figure 11. The ap- 
proximate length can be determined by means of Eq. (20). This 
means that the distances between the two intersection points of 
the line Nmin with the curve representing the approximate 
period distribution are calculated. Therefore, the corresponding 
"scan" result is given by the maximum distance along the x-axis 
between those points where validated bursts could be obtained. 
In Figure 12, this type of approximation, which leads to the 

Results: I 
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Fig. 12: Length Dl of the detection area versus the distance (focal 
length) f, of a single PM-receiver (p = go", steel bead). The results of 
the scan measurement and the approximation are compared to the 
length of the measuring volume. 

hypothesis of Eq. (20), is extended to measurements with in- 
creased and decreased lengths of the measuring volume and 
varied focal lengths of the receiving system. The results of the 
scan evaluation and the approximation are still in good agree- 
ment, even though instrument sensitivity was changed, which 
was necessary in order to avoid saturation of the photomulti- 
plier especially at short working distances (small focal lengths). 
The graph in Figure 12 also confirms the very large deviations 
between the length of the measuring volume and the length 
of the area of detection. This even happened although the 
maximum ratio DA/Dx did not exceed the value of 0.044 
(f,, = 1000 mm). 
I f  the reflected light from the steel bead is detected at off-axis 
angles of a, = 30" and 60" the approximation yields also good 
results for the length of the detection area depending on the 
electrical attenuation (Figure 13). 
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Fig. 13: Length Dl of the detection area versus electrical attenuation 
V* for a, = 30" and 60" off-axis measurements at a steel bead with the 
APD- receiver. The results were obtained from the scan measurements 
and the period method (approximation). 
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This is shown by the small deviations between the measured 
(scan) and the calculated (approximated) values. Further, it is 
remarkable that these results were obtained with relatively long 
measuring volumes. For a, = 60" the ratio D;/Dx/sina, was 
0.25 and for a, = 30" it was 0.44. 

E w i n g  volume 

4.1.4 X-coordinate, Refraction 

The approximation for the length of the detection area, dis- 
cussed in the previous section for reflecting particles, was also 
applied to measurements with refracting water droplets. 
Analogous to the measurements with the steel bead, the ex- 
perimental investigations with monodisperse water droplets 
were performed with 30" and 60" off-axis instrument configura- 
tions. In order to reduce the size range, the beam intersection 
angle of the transmitting system and the focal length of the 
receiving system were changed, resulting in a reduction in the 
length of the measuring volume nearly by half. The measure- 
ment results are shown in Figure 14. 
The differences between the scan results and the approximated 
values are not as small as for the measurements with the steel 
bead, which was relatively large in comparison with the water 
droplets (d = 55 pm). 
The errors i.e. the differences between the results of the dif- 
ferent types of evaluation, increased about 11%, which may 
have been caused by the reduced signal-to-noise ratio leading to 
erroneous period counting. Moreover, small trajectory 
displacements of the water droplets contribute to these devia- 
tions. 

4.2 Polydisperse Particles 

The particle size distributions measured with a 30" off-axis 
PDA and with different instrument sensitivities (electrical at- 
tenuations) are shown in Figure 15 in form of the particle rate 
n (per 60 s). It is obvious, that the reduction in the sensitivity 
is followed by a reduction in the particle rate, especially for 
small particles. This is equivalent to a "shift" of the distribu- 
tions to larger particle diameters, because the instrument is not 
sensitive enough to detect small particles, which is also verified 
calculating the minimum detectable/measurable particle dia- 
meter dmin by means of Eq. (19). 
For the graph in Figure 16 and also for calculating the dimen- 
sions of the detection area according to Eq. (16) and Eq. (20), 
the necessary parameters do and No of the reference particle 
were obtained in situ from the actual measurement. The in situ 
determination of one reference particle was done in such a way 
as to guarantee that this particle crosses the detection area in its 
centre, perpendicular to the interference planes with maximum 
probability. Therefore, that size class with the maximum 
number of particles was considered as the reference class and 
that particle in the reference class which produced the max- 
imum number No of burst periods was defined as the reference 
particle with diameter do. 
Comparing the lower ends of the measured particle size 
distributions in Figure 15 with the calculated minimum detec- 
table particle diameter dmin in Figure 16, it is conspicuous that 
particle diameters below the corresponding lower limits, 
calculated by Eq. (19), were measured. This broadening of the 
particle size distribution is caused by erroneous signal process- 
ing due to low signal-to-noise ratios. 
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Fig. 15: Particle rate n in dependence on the particle diameter d for 
different settings of the electrical attenuation V* (instrument sen- 
sitivity) measured with the APD-receiver in the spray cone of a pressure 
atomizer (a, = 30"). ---- 7--- 1 
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Fig. 16: Calculated lower limit d,,, of the size range for the 
measurements described by Figure 15 and the volume flux densities f3, 
measured with different devices (a, = 30"). 
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Before the procedure of weighting can be applied to the 
measured size distributions, and before volume flux densities or 
other parameters can be determined, all events which were not 
accepted by the signal processing must be distributed among 
those size classes which are not empty. One possibility for an 
appropriate procedure can be gathered from the measurements 
with steel beads. 
The graph in Figure 17 shows a typical example of the distribu- 
tion of those events which could not be validated by the signal 
processing system. As already shown in Figure 11, even along 
the x-axis the size limitations of the detection area are caused 
by a reduced signal strength, which again results in decreased si- 
gnal-to-noise-ratios (SNR). For this reason, these signal pro- 
cessing errors are preferably detected if the particles pass 
through the cross-sectional area of the interference volume or 
through the x-y coordinate plane at the borders of the detection 
area or in its vicinity. Although this result was obtained from a 
measurement with a steel bead, it can also be used to give an 
explanation for rejecting signals. Therefore, the inferences will 
be applied to measurements with water droplets. 

Y, 700 r I\ 

Fig. 17: One example of the distribution of not validated bursts in the 
detection area and its vicinity. The corresponding measurement was 
conducted with a reduced number of positions and an increased number 
of attempts. 

Consequently, all the particles producing non-evaluable bursts 
are distributed among the particle size classes in a way that the 
increase in particle numbers is proportional to the length of the 
circumference of the detection area of each individual size class 
in addition to being weighted with the share of particles in the 
corresponding size class. Further, this procedure of distributing 
rejected events can only be performed for particles with 
diameters exceeding the lower limit dmin. 
In principal, the difficulties due to the low SNR (e. g. broaden- 
ing of size distributions and high rejection rates) can be over- 
come by using improved methods and hardware for signal 
detection and signal processing based on, e. g., Fourier trans- 
form. In the present investigations this could not be realized. 
After this correction of the measured particle size distribution, 
the weighting can be performed and all parameters of interest, 
e. g. mean values and flux densities, can be determined. For the 
present investigations, the volume fluxes are of special interest. 
The volume flux densitiesf3, also shown in Figure 16, are given 
by 

where T, = measuring time, A = area of detection and 
di = centred particle diameter of size class i. The results were 

measured with two different types of receiver at a 30" off-axis 
position and they can be compared with patternator results. 
In the case of high instrument sensitivities (V* 5 6-8 dB) all 
results are in relatively good agreement, but at higher attenua- 
tions the lower limit dmin of the size range becomes too large, 
causing a decrease in the corresponding number distribution 
and lower volume flux densities. In the appropriate range of 
sensitivity the deviations do not exceed a 7 '70 margin, which is 
a comparatively good result. 
Apart from volume flux densities, the procedure of weighting was 
analysed by means of the number distributions. It was not possi- 
ble to apply a reference measuring technique to obtain local 
number distributions of particle sizes. For that reason, the parti- 
cle size distributions measured with different off-axis arrange- 
ments of transmitting and receiving optics were compared with 
each other. In this context it is important only to compare meas- 
urements conducted with nearly the same sensitivity, which 
means that the parameter dmin of the corresponding measure- 
ments must be nearly equal, otherwise the weighted distributions 
will be not comparable because they are very different at small 
particle diameters. The effect of weighting on the measured size 
distribution is shown in Figure 18. 

> -  

Fig. IS: Comparison of measured and weighted particle rates in dif- 
ferent size classes for two off-axis angles (p = 30" and 60"). 

Although the measured particle rates and the sizes of the detec- 
tion areas for 30" and 60" off-axis instrument configurations 
are very different, the procedure of weighting yields almost the 
same size distributions. 

4.3 Errors 

For all types of measurements presented in the previous sec- 
tions, the most important error source is the period counting, 
performed by the counter processor. Even in the case of high 
signal qualities and high SNR, an error of at least -t 1 period 
at each end of the bursts must be considered, which means that 
the counting of the maximum number of periods No can be 
performed with an accuracy of t 2  periods. These absolute er- 
rors may cause relative errors of more than about 15% with 
respect to the diameters of the detection area, which moreover 
can increase with decreasing SNR, which depends primarily on 
the particle size and the surface roughness of the particle in the 
case of constant instrument sensitivity. Apart from the counted 
number of periods No, the resultant relative error is influenced 
by the ratio No/Nf. Consequently, the configuration of the 
transmitting system, which generates the interference volume 
with Nf fringes, can further influence the accuracy of the deter- 
mined size of the detection area. 
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In order to reduce the errors combined with the period count- 
ing, the burst length measurement should be performed with a 
higher resolution, for instance by means of a time measurement 
from the beginning to the end of each burst. Since this was not 
possible with the counter used for the experimental investiga- 
tions, the statements concerning the precision and the exten- 
sions of the detection area are limited to these preconditions. 
In  connection with the measurements of monodisperse par- 
ticles, further errors, caused by inaccuracy of the positioning 
devices, could be considered, but this is omitted because the 
deviations between the different measuring methods can be ex- 
plained exclusively by the uncertainty of counting the burst 
periods. For the same reason the errors of the patternator 
measurement results were not analysed. 

5 Summary 

Improved results with respect to the size of the detection area of 
a PDA obtained by empirical and analytical considerations have 
been presented. Both the width and the length of the detection 
area are described by the burst length and by the number of signal 
periods. This mean that in addition to the width, the length of the 
detection area also is not constant. Consequently, in contrast to 
former assumption, it is not identical with the length of the 
measuring volume, which is defined by the image of the aperture 
of the receiving optics, even if the measuring volume is very small 
in comparison with the interference volume. 
By means of experimental investigations with monodisperse par- 
ticles concerning the dependence of the size of the detection area 
on the particle diameter, the instrument sensitivity and the in- 
strument configuration, the theoretical results could be verified. 
Further, there were no significant differences between the results 
obtained from reflecting steel beads and from refracting water 
droplets. The maximum errors of about 11 070 in the case of small 
particle diameters could be reduced in future by a more precise 
burst length measurement instead of the applied period counting 
with low resolution. 
The results for the size of the detection area were also for an in 
situ weighting of particle size distributions, measured in the 
spray cone of a pressure atomizer. The comparison of the 
calculated volume flux density with additional patternator 
measurement results showed only small deviations, which can 
also be explained by erroneous period counting. Apart from this, 
the weighting procedure was verified by measurements of the 
size distributions, because after applying the weighting pro- 
cedure, being based on the area of detection, the original dif- 
ferent distributions became nearly identical. 

6 Symbols and Abbreviations 

area of detection 
constants 
particle diameter 
centred particle diameter of size class i 
diameter of a reference particle 
minimum measurable particle diameter 
normalized diameters of the effective measuring 
volume 
diameter of laser beam 

D, l /e2  intensity diameters of the interference vol- 
ume 
diameters of the effective measuring volume 
width of the slit or pinhole aperture in the receiv- 
ing system 

D; 
f3 

fb 
fs 

10 

*P 
IS 
n 
NO 

I* 

Nb 

A 

v, 

width of the magnified aperture 
volume flux density 
burst frequency 
shift frequency 
normalized intensity 
maximum intensity (in the centre of a laser beam) 
incident light intensity on the particle 
scattered light intensity 
particle rate 
number of burst periods from a reference particle 
without offset 
total number of burst periods including frequency 
offset 
number of fringes in the interference volume 
maximum number of signal periods 
minimum number of signal periods for validation 
additional number of burst periods due to fre- 
quency shift 
incident light power on the particle 
scattered light power 
measuring time 
signal voltage 
trigger level 
electronic amplification 
electrical attenuation 
Cartesian coordinates 
half beam intersection angle 
wavelength of laser light 
off-axis angle 
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