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Abstract

The characterization of suspension/emulsion sprays plays a decisive role in many industrial processes. A
good example of such a process is the drying of a milk spray to produce milk powder, where the process effi-
ciency and product quality is typically controlled by atomization parameters like flow rate, pressure, etc.. How-
ever these parameters influence directly the droplet size and droplet velocity distributions in a spray so that op-
timizing a spray drying process often involves adjusting the spray to a desired droplet size and droplet velocity
distribution. This requires a measurement technique capable of characterizing in real time the droplets in a sus-
pension/emulsion spray.

To achieve this aim we present developments to the well-known time-shift technique for spray measure-
ments [1][2][3][4]. This technique is based on the light scattering of a single droplet/particle from a shaped light
beam and can be operated in backscatter, meaning that the detectors and light sources can be placed on one side
of the measurement position, making the technique more attractive for applications with limited optical access.
Using the modified time-shift technique [3][5] the milk spray created by different nozzles operated at different
pressures will be characterized using the droplet size and droplet velocity distributions of this spray. Milk is an
emulsion which contains water and fat particles. So in addition we will investigate, how the fat content in milk,
and with it the viscosity and surface tension, influences the droplet size and droplet velocity distribution, depend-
ing for instance on nozzle type and pressure. Moreover the time-shift technique is a counting measurement tech-
nique like phase Doppler [2]; consequently the correlation between velocity and size of the droplets is available.
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Introduction

The characterization of spray nozzles is one of the important steps in the development of many industrial
processes like spray drying, car painting, pharmaceutical coating etc. One way to characterize the spray nozzle is
to analyze systematically the particle/droplet size and velocity distributions in such sprays. There are numerous
methods and techniques which are capable of doing that; a good summary can be found in Tropea (2001) [6]. In
the present study the time-shift technique has been chosen for spray characterization, because it is capable of
measuring not only transparent but also suspension/emulsion particles/droplets, which is the focus of the
present study. The time-shift technique is a known measurement technique which was first introduced by Semi-
detnov (1985) [7] and was further developed by Damaschke et al. (2002) [1] [2]. The time-shift technique has
also been called the pulse displacement technique and several variations have been discussed by Hess and Wood
(1994) [8] and Lin et al. (2000) [9]. The new developments and validation of this technique can be found in [3],
[4] and [10]. A detailed description of the time-shift technique as a measurement method for characterization of
suspension/emulsion particles/droplets is discussed extensively in [5].

Using the time-shift technique several spray nozzles have been analyzed with respect to the measurement of
the droplet size and velocity distribution at various liquid feed pressures. These nozzles are typical for spraying
suspension/emulsion fluids, for instance milk. Also in this study milk was used as a working fluid, in order to
replicate realistic conditions.

The primary aim of this work is to investigate how the concentration of the dispersed phase in an emulsion
influences the atomization process with respect to the particle/droplet size, velocity distributions, spray density
and volume flux. A milk water mixture consists mainly of water and fat particles and by diluting with water the
volume density of fat particles can be varied. In addition this study investigates the influence of operation pres-
sure on the droplet size and velocity distributions as a function of fat concentration in the mixture.

Measurement Principle of the Time-Shift technique

The measurement principle of the time-shift technique is only briefly summarized here, since adequate de-
scriptions can be found elsewhere e.g. Albrecht et al. 2003[1]. The measurement principle of the time-shift tech-
nique is based on the light scattering of a single particle from a shaped light beam, whereby the size of illuminat-
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ing beam must be of the same order in size or smaller than the particles to be measured. The light scattered from
a single particle can be interpreted as the sum of all scattering orders present at the detector location. With the
geometrical optics approximation this corresponds to examining the propagation of individual rays of light
through the particle with varying number of internal reflections.

A typical experimental setup consists of one light source and two photodetectors placed around the light
source (see Figure 1a). The light is focused by an optical system to a light beam with a small beam waist. The
measurement volume is defined by the size of illuminating beam and the imaging optics in front of the detectors.
An example signal of a single milk particle passing through the measurement volume is shown in Figure 1b.
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Figure 1 a) Schematic representation of the optical configuration; b) Time-shift signals obtained from a
two-detector time-shift measurement system obtained for a milk droplet passing through the measurement vol-
ume.

In the case of non-transparent particles, e.g. droplets of emulsions, dispersions or suspensions, refracted light
rays will no longer propagate undisturbed through the droplet due to absorption or secondary scattering from the
dispersed phase, and these rays no longer contribute directly to the scattered light at a given detector position.
Nevertheless, light entering such particles can scatter from scattering centers of the dispersed phase within the
particle and this may result in some scattered light intensity observed at the detector (Figure 1b). The analog
signal arising from this portion of scattered light will be termed the baseline signal [5], or signal pedestal.

Experimental Setup

The optical system is schematically illustrated in Figure 2. The position of the measurement system is fixed
with respect to the spray nozzle, so the measurements of the droplet size and droplet velocity in the spray take
place at the same point for all nozzles. In this work two different spray nozzles were investigated: Schlick 121
1.7/30° and Schlick 121 1.7/90° [12]. These nozzles are hollow cone spray nozzles with different cone angles:
30deg and 90deg. The time-shift setup (SpraySpy® [11]) is mounted to measure the vertical velocity component;
hence the nozzles are tilted such that the outer region of the hollow cone spray is directed vertically downwards.
The tilt angle of the nozzle is just the half-angle of the spray cone, as shown in Figures 2 and 3. The measure-
ment point is in the outer portion of the spray. The vertical distance between nozzle and the measurement point
is 100mm. The nozzles have been operated at 2bar, 3bar and 4bar liquid pressure and with water milk mixture
with different mixings ratios. The measurement matrix is shown in Table 1.

In order to guarantee the comparability of the measurement results, the experimental parameters of the
measurement setup like laser power, sensitivity factor, etc. have been fixed and, in addition, the measurement
time interval has been kept the same for all measurements. While performing the measurements it became obvi-
ous that the spray cone changed position slightly with different operating parameters; hence the measurement
position, here fixed in space, exhibited a slight variation relative to the spray cone. This problem was only dis-
covered afterwards and in hindsight, it is recommended to perform traverses prior to the final measurement of
each spray to characterize the spatial distribution of the spray cone. This is a problem common to all point meas-
urements techniques, and in the meantime standards exist which prescribe a suitable procedure to account for
such effects [13].
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p water | milk Schlick 121 1.7/30° Schlick 121 1.7/90°

in bar in% | in% | Nr. dm Vin not | Nr. dm Vin not

inpm | inm/s | valid inpum | inm/s | valid

2 75 25 1 211 14,2 13 219 12,0 X
3 75 25 2 192 17,2 14 208 14,5
4 75 25 3 188 20,5 15 186 16,1
2 50 50 4 219 15,1 16 233 12,0
3 50 50 5 190 17,6 17 201 14,1
4 50 50 6 185 19,5 18 202 16,8
2 25 75 7 244 15,6 X 19 216 11,6 X
3 25 75 8 213 18,6 20 200 14,3 X
4 25 75 9 188 20,7 21 181 15,8 X
2 0 100 10 248 154 22 217 11,7
3 0 100 11 221 18,4 23 201 13,8
4 0 100 12 178 20,3 24 168 14,2 X

Table 1 Measurement matrix. dy, is median of the droplet size distribution and v, of droplet velocity distri-
bution. Nr. indicates the internal serial number of the measurements.

nozzle

Figure 2 Schematic illustration of the experi- Figure 3 Picture of the experimental setup. (right)
mental setup. The spray nozzle is tilted at the half A part of the measurement system (SpraySpy® [11]).
angle of the spray cone angle. Sensor refers to the (middle) Spray cone from nozzle (Schlick 121 1.7/30°
time-shift setup. [12]). The nozzle is tilted at 15deg.

Measurement data analysis

The time-shift technique is a counting technique; consequently it measures single droplets which pass suc-
cessively through the measurement volume, so the information about the size, velocity and acquisition time (the
so called time stamp) is assigned to each droplet. Accordingly, this information can be used to compute the cor-
relation between size and velocity. Furthermore, using the time stamp, the time interval between two measured
particles/droplets can be calculated, which offers the possibility to estimate the spray number density or the vol-
ume flux. The number of detected particles/droplets per time is a good indicator of the spray number density if
the size of the measurement volume is known.

The relative density of particles/droplets can be estimated by

ro$ (1)

and the relative mass flow can be written as
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where N is the number of detected particles/droplets, T is the corresponding measurement time, d; the diameter of
the measured particles/droplets. These expressions are only proportionalities and can be interpreted as relative
estimates of number and mass flux densities. For absolute estimates of these quantities, the measurement volume
size must be known precisely.

The measurement time for each point is approximately 20s. In this time more than 1000 droplets have been
detected. From the size and velocity distributions additional parameters can be extracted, such as median droplet
size d,, and median droplet velocity v, (see Table 1). The droplet size distribution is described often by the log-
normal function and the droplet velocity distribution by the Gaussian function. Figures 3 and 4 shows these
measured distributions with fitted log-normal and Gaussian functions.

The statistical uncertainty of the median measurement values can be estimated using the variance of the in-
dividual samples; however in this case the running average median value is displayed and, if the median no
longer exhibits variations above a certain prescribed value after the measurement duration (20s), the measure-
ment is considered valid. Otherwise the measurement is discarded; these measurements are marked ‘not valid’ in
Table 1. These measurements are no longer considered in the subsequent data analysis described below.

Measurement results

The correlations between liquid pressure and median values of droplet size and velocity distributions at con-
stant milk concentration are shown in Figure 6a,b. In addition, the connection between droplet density and vol-
ume flux to the milk concentration at constant pressure are shown in Figure 6c¢,d.

The first results depicted in Figure 6a,b show the median droplet velocity and median droplet size as a func-
tion of liquid pressure for Schlick 121 1.7/30° and Schlick 121 1.7/90° nozzles and for different milk concentra-
tion. Independent of milk concentration and nozzle type an increase pressure leads generally to higher velocities
of the droplets and to smaller sizes, which is expected from sprays injected into ambient air. The droplet velocity
stays approximately constant for different milk-water mixtures, whereas the droplet size is a function of the wa-
ter content in the milk, especially for the low liquid pressure, as can be shown in Figure 6a. Additionally in Fig-
ure 6b it is shown that for all milk concentrations the spray nozzle with 90deg spray cone angle has a lower me-
dian droplet velocity than the nozzle with a cone angle of 30deg. This might be caused by different flow rates of
nozzles at the same liquid pressure. The nozzle Schlick 121 1.7/90° exhibits a higher flow rate at the same pres-
sure as the nozzle Schlick 121 1.7/30°.

In addition the surface of the spray cone of the nozzle with 30deg is smaller than of the nozzle with 90deg
spray cone. This infers that the liquid volume with the nozzle Schlick 121 1.7/90° is spatially more distributed,
which results in a lower spray number density, volume flux and lower velocity. This effect can be seen on the
basis of data depicted in Figure 6¢ and Figure 6d. Figure 6¢ shows the function omega (see Equation 1) which
describes the droplet density in the spray. In this figure it can be seen that the spray density (omega) of the noz-
zle: Schlick 121 1.7/30° is significant larger than by the nozzle: Schlick 121 1.7/90°. Subsequently the function
phi exhibits the same behaviour in Figure 6d.

In the next step we use the same data to analyse the correlation between key parameters and the milk con-
centration by different liquid pressure. The results are depicted in Figure7. Figure 7a and Figure 7b show how
the content of fat particles in the water milk mixture influences the droplet size and velocity. The median veloci-
ty v, stays approximately constant over different milk concentrations, which can be observed already in Figure
6. On the other hand d,, has to be a function of the milk concentration, which for different nozzles exhibits an
opposite dependency, as shown in Figure 9. The d,, of the nozzle with the spray cone angle of 90deg decreases
slightly with increasing milk concentration and d,, of the nozzle with the cone angle of 30deg increases with in-
creasing milk concentration. The differences of omega and phi can be also seen in Figure 7c and Figure 8d. The
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Figure 6 Median values of a) droplet size and b) velocity distributions, c) the spray density estimator
omega (see Equation 1) and d) the volume flux phi (see Equation 2) as a function of liquid pressure for two
nozzles and different milk concentration. Nozzle 30deg represents Schlick 121 1.7/30° and nozzle 90deg rep-

resents Schlick 121 1.7/90°.

nozzle Schlick 121 1.7/30° has approximately the same values of phi and omega independent of the milk con-
centration, whereas the nozzle Schlick 121 1.7/90° has a positive dependency at 4bar liquid pressure.

Summary and Conclusions

In this study we present a demonstration of the time-shift technique for characterization of droplets in a milk
spray. This technique is quite promising and can also be used for estimating of the relative number density and
volume flux in the spray. In this work we characterized two nozzles and present correlations between milk con-
centration and key parameters quantifying the spray. We found that the measurement at a single point is a prob-
lem, if the spray geometry changes with operating parameters. In such cases it is recommended to conduct a spa-
tial scan to first characterize the spray and chose an appropriate measurement position.
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Figure 7 Median values of a) droplet size and b) velocity distributions, ¢) the spray density estimator omega

(see Equation 1) and d) the volume flux phi (see Equation 2) a function of milk concentration for two nozzles
and different liquid pressure. Nozzle 30deg represents Schlick 121 1.7/30° and nozzle 90deg represents Schlick
121 1.7/90°.
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