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Abstract

This paper studies the dfects caused by the opticd losses on the cdculated cross £dion of the measurement
volume of a phase Dopper anemometer and consequently, in particle mncentration and volume flux. It will be
shown that as the opticd losss increase, the cdculated dameter of the measurement volume for the smaller
particles presents an anomalous behaviour. Moreover, these small particles tend to disappea. As a consequence
the particle range that the PDA can handle is restricted. A criterion to determine the minimum effedive particle
sizethat can be corredly measured is proposed.

Introduction

The particle number density is a property charaderizing a spray, usualy obtained by a phase Dopper
anemometer (PDA). Nevertheless its accurate determination is frequently a very difficult task as it depends,
among others, on the @rred determination of the measurement volume for ead particle size The dimension of
the aossareaof this measurement volume asciated to ead particle sizedepends, not only on the parameters of
the emitter and the recaver system, photomultipliers voltage and laser power, but also on the size, scattering
properties and motion direction of the particles. The dependence of the aoss ction on the size of the particles
has been studied widely in the 1-D case ([1], [2]). Some researchers ([3], [4]) have studied the dependence of the
cross &dion on the flow direction.

Another problem is the Gaussian intensity profil e of the laser beams. This originates the trajedory error. Asa
rule of thumb, in order to minimize the trgjedory error, it is recommended to configure the instrument for

particles whose sizes are less than % or % of the beam waist. However, several reseachers ([5], [6], [7], [8])

have analyzed this effed, proposing some methods to its adknowledgement, elimination or minimization.

Phase Doppler anemometers generally require droplet number densities below 10° cm?, in the size range of
5-300um. The problem associated with dense spray measurementsis threefold.

Firstly, PDA systems require to have only one droplet present in the measurement volume & any time. Asthe
droplet number density increases, the probability of finding more than one particle in the measurement volume
also increases. This can lea to errors in the validation of the particles deteded. A detailed analysis of this
problem can be found in [9].

Sewondly, multiple scatering effeds can becme important. Particles crossng the il lumination beams <atter
light, which propagates forward. This radiation can eventually trigger the detedor eledronics, causing errors in
the determination of the transit time of the particles. This problem is often seen as an increased bad<ground noise
level.

Finally, the increase in the number density causes an increase in the opticd length. This leads up to the
attenuation on bath the illumination beams and the scattered light signal. A possible bias in the diameter
distribution towards the larger particles sould be onsidered, if the smaller ones are not deteded. These dfeds
will be studied in the present paper.

As afirst approad, the behaviour of the measurement volume diameter, used to evaluate the particle number
density, is analyzed for a spray of low number density and low opticd density, namely reference spray. Later,
external shadow sprays will be used to additionally creae a ontrolled opticd length. Particularly, the dfed that
the opticd losses have on the size of the aoss €dion of the measurement volume and the number of deteded
particles during the aoquisition time will be studied. Number densities cdculated with the PDA have been
validated using the extinction technique. This technique is also used to measure the opticd lengths used in the
shadow sprays.



Experimental set-up

The experimental set-up isshownin Fig. 1. Basically, it consists of an Ar-lon multiline laser (Coherent Innova
310), a one-component conventional phase Doppler analyzer by Dantec (PDA), a system for the measurement of
light extinction, and a coaxial air-blast injector supplied with compressed water and air.
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Figure 1.-Experimental set-up Figure 2. Measurement volume and cross section

Phase Doppler anemometer (PDA)

A multiline Coherent Innova Ar-lon laser was used as the light source for the PDA. The green line (514 nm)
was employed for one velocity component and size measurement. The transmitting optics has a focusing lens of
310mm and a beam separation of 40 mm. The resultant Gaussian control volume is an ellipsoid 1.5mm long and
97 um in diameter. The receiving optics is placed at a=73° from the optical axis. The pinhole placed in the
image plane is a dit of 100um width. The signal processor is a three levels covariance detector as described in
[10].

Extinction system
It measures the extinction of a collimated laser beam crossing the spray under study. The extinction beam

corresponds to the blue light (488 nm) of the same laser that uses the PDA instrument (see Fig. 1). The
extinction system consists of a photodiode located behind an assembly with an aperture, a microscope objective
and a pinhole. The collection angle of the extinction system is 1.67 mrad. This figure remains constant in a
distance from the surface aperture less than 0.6m. In this range, the apparent coefficient of extinction is larger
than 1.9 for particles less than 50 um.

Experimental techniques
M easurement of number density using the PDA

The measurement volume in a PDA is defined as the region of the space in which valid measurements can be
obtained. The measurement volume is assumed to be a dit of a cylinder with a base, of diameter D, located in a
plane parallel to yOz (see Fig. 2). Its height is limited by the image of the slit of the receiver. The value of Dge
can be determined considering that it is twice the value of the distance, Yy, a@ which a particle could cross the
measurement volume away from its centre for being detected. A particle of diameter D crossing the
measurement volume will be detected only if it scatters light with an intensity exceeding the detector threshold
I min, that is:

Imin :KDZI(ymax):KDZIOeXp SBigE (1)
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where K and |, are constants. Dy is the e? beam waist intensity. Rearranging expression (1) and using the
constant D2, that include I, I in and K, it can be written down that :
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The expression (2) shows a logarithmic rel atlonshlp between Dy and the diameter D of the particle, that will
be checked later. The influence of the detector appearsin an implicit way in the constant D,

Several methods are used in the literature to determine Dge ([11], [12], [13]). In the present paper, Dy has
been calculated by means of the transit length LT of each particle crossing the measurement volume (cal culated
as LT=TT*v, where TT is the transit time and v the instantaneous vector velocity, respectively), as proposed in
[12].



The calculated Dy is used to evaluate the cross section A; for each particle size, as Aji=Dgz,/sena, where z, is
the dlit width. Then, the number density N can be calculated as:

%S @

AV T represents the volume containing all the particles N; of diameter D;, that have crossed A in the acquisition
timeT (seeFig. 2)

Extinction technique

In order to validate the number density calculated by the PDA instrument and to characterize the optical length
of the shadow sprays (that will be used later), the measurement of the extinction of a collimated laser beam
traversing the reference and shadow sprays have been performed. This technique is based on the Beer-Lambert
law, which describes the extinction that suffers a collimated and monochromatic beam crossing a scattering
and/or absorbing media. Let Py be the power transmitted through a transparent media. The power transmitted
through a scattering media, P, accordingly will be:

P =P, exp(-T) (4)
where Tisthe optical length of the scattering media. This may be calculated using the expressions:
Ni
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In the previous expressions the coefficient Q is the mean efficiency of extinction and m/4N, D2 is the

equivalent cross section for the case of a polydisperse size distribution. Note that, in order to eliminate the bias
towards the faster particles, the mean square diameter, Dy, has been calculated with the balancing factor, ng,
proposed by MacLaughlin [13]. In the range of validity of the geometrical optics approximation, Q =2, whichiis

consistent with the extinction apparatus. The attenuation is defined as A=1- P/PF,, and the transmittance Tr,
whichisused later, as Tr= P/P, .

Experimental results and discussion

Experiments have been performed in order to study the effects that an increase in the optical length have in the
calculated local number density obtained by the PDA. To do this, additional matter is placed between the
measurement volume and the emitter, and between the measurement volume and the receiver of the PDA.
Changes in the calculated values of Dy are examined.

Measurements for a reference spray have been made at 110 mm downstream of the injector. The results are
presented in the following. Fig. 3 shows the distributions of mean diameter, axial velocity and number density,
and Fig. 4 the transmittance, for this spray.
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Figure 3. Distribution of mean diameter (um), axial Figure 4.Transmittance measurement with the
velocity (mVs) and number density (cm™) at 110 mm extinction system and calculated from PDA data
of theinjector. at 110 mm of theinjector .

The diameter histogram (see Fig. 5) shows that the higher size class with a representative number of particlesis
50 um, which eventually will may lead to trgjectory errors. Nevertheless, trgjectory effects will be neglected,
since the scattering angle is the Brewster angle (minimizing the contributions of other orders of scattering ) and



therate @, /@, is2.5, which, according to Fandrey, minimize this error [14]. Fig. 6 shows the value of (Dge/Dg)2

for points located not further than 13 mm from the injector axis. The fact that (Dy/Dg)* remains constant in all
the positions of the spray lets take the assumption that, for calculating cross sectional area purposes, the
reference spray can be considered one-dimensional, and not being affected by optical losses.
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Optical lossesin illumination beams and transmitted beam
Let a Gaussian beam be crossing a pa*rticulate media of optical length 1. Under the assumptions of simple
scattering, the transmitted beam intensity I may be written as:

®)
I’ exp T)exp% E@EZE

Proceeding as in (2), but now considering that the intensity of the illumination beams is I, the relationship

between Dge and Dye is:
ELH =m0 - ©

where Dy isthe value of Dy for the case of optical lossesin the illumination beams.

In order to check the validity of expression (6), which alows to investigate the effects of optical lossesin the
calculation of the number density, two different configurations have been studied. The experimental
arrangements are shown in Fig. 7, where a shadow spray is used to generate optical losses in a controlled
manner. The shadow spray was located in either of the positions A (transmission) or B (reception), but never in
both of them. The locations of the measurement points, for each configuration are shown in Fig. 8.
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Figure 7. Experimental configurations. configurations, A and B.



The experimental results obtained for (D*ge/Dg)2 are shown in Figs. 9 and 10. The continuous lines show the
calculated (D*ge/Dg)2 according to (6). There is a good agreement between the theoretical and the experimental
results. Note that, in all the cases it exists a minimum particle size at which the theoretical logarithmic behaviour
islost. But when the optical losses increase, this minimum particle size aso increase.
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On the other hand, changes in the detected number of particles, as the optical losses increase, have also been
detected. Figs. 11 and 12 show the particle diameter frequency for various sizes and optical losses. It is seen, for
example, how particles of 10.5 pm in diameter and smaller ones tend to vanish at transmittances below 0.65.

The acquisition system used is based in intensity level. This means that only the particles that scatter light
with a intensity above the detector threshold level will be detected. Therefore, particles smaller than a given
minimum diameter D, will not be detected. It is expected that the value of Dy, will increase with the
attenuation.

The experimental results of Figs. 11 and 12 show a different behaviour. It can be seen how to each
transmittance level a minimum particle size Dy, can be matched. Particles larger than D, are always detected.
However, particles with sizes smaller than Dy, are also detected, although their number decrease progressively
with the increase in attenuation. This behaviour has also been detected in a dense spray.
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In order to study the possible relationship between the detection faults and the anomalous behaviour of
(D ge/Dg)z, the inter-arrival times between particles have been studied. For the case of an ideal spray [9], the
probability of finding n particlesin atime period is a Poisson process.

P(n) = % %A (x,t)dtg exp%)\ (x,t)dt% And for a stationary spray: P(n) = %A(X) exp(=A()t)

where the intensity A is the expected number of particles that arrive at the measurement volume. Fig. 13 shows
the inter-arrival time histograms for the case of non-optical losses and important optical losses, either in
transmission and in reception. The Poisson behaviour can be observed in al of them. Fig. 14 shows the inter-



arrival time histograms for particles of diameter equal to 105 pm, for the same cases asin Fig. 15. This particle
size presents an important percentage of non-deteded particles (see Figs. 11 and 12. However, the Poison
behaviour still remains, but with alower intensity (seeFig. 14).

10000 1000
* Tr=1.00 * Tr=1.00
. o B Tr=0.39 reception
Y Tr=0.39 reception o o
3 ® o o 4 Tr=0.35 transmission
E 1000 WQEMNE 2 Tr=0.35 transmission 2
g g, S
= %ﬁw . 5
5 s el g, . 5
2 N A AN e 2
E 100 - - - - - - TR E
z b4
10 T T T T 1
0.0 0.5 1.0 15 20 25 0.0 0.5 1.0 15 2.0 25
At At
Figure 13. Inter-arrival time histograms for two Figure 14. Inter-arrival time histograms for two
extremely cases of opticd losses and all the sizes. extremely cases of opticd losses (10.5 um particle
size).

There is then a progressive lossof small particles, even though the detedion system is triggered by intensity
level. The detedion of the small particles, in high attenuation conditions, may be &tributed then to the opticd
noise, and the results obtained from these aquired particles $ould be considered with care. As it has been
observed in Fig. 9 and Fig. 10, the values of D are overpredicted for the smaller particles, which acording to
(3) will give an underestimation of the cdculated number particle concentration.

Therefore, it has been shown that the opticd loses (in the transmisson and the reception path) may squeeze
the size range of particles that can be mrredly measured and the wrresponding number density associated with
these small diameters.

The minimum measurable diameter can be determined observing the tendency of (D*ge/Dg)z: it will correspond
to the diameter beyond which the logarithmic behaviour disappeas.

Conclusions

The dfects of the optical losses on the size of the aoss ction of the measurement volume of a phase Dopper
anemometer have been studied. These losses have an eff ect on the size range that the instrument can measure, as
the small particles are not properly counted. Moreover, the cdculated values from these small particles may be
erroneous. The new minimum particle size that the instrument can deted acarately can be determined by
inspedion of the cdculated dameter of the measurement volume for ead particle size
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