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Abstract 

Spray drying is a widely used process to convert liquid slurries into powder by spraying the 
fluid with a hot drying gas. Collisions between droplets in the spray change the droplet size 
distribution and this affects the final properties of the powder. In the food industry, spray 
drying is used to transform liquid milk into milk powder since the shelf life is increases for 
about one year without a significant loss in product quality. Using concentrated milk as a 
spray liquid can be very challenging because the increased viscosity leads to negative effects 
such as agglomeration and accumulation of particles on the wall of the spray dryer. These 
effects can drastically decrease the performance of the spray dryer. 
 
In order to improve the spray drying process for this specific application, this work aims to 
experimentally investigate the effect of viscosity on the characteristics of a spray. 
Furthermore, experimental data on sprays is required in order to validate numerical spray 
models. Experimental data is obtained by performing Phase-Doppler Anemometry (PDA) 
measurements on different types of liquids, including water, glycerol mixtures and milk 
concentrates. PDA is a non-intrusive optical characterization method using focussed laser 
beams, that provides point-wise measurements where the size and velocity of droplets is 
determined without disturbing the flow properties of the spray. 
 
In this work it is demonstrated that PDA measurements are susceptible to errors for a number 
of reasons. Efforts have been made to identify and overcome these issues which affect the 
reliability of the PDA measurements. In this work, the limitations of the PDA technique are 
defined and guidelines are provided for detection of correct and reliable measurements. 
 
After the optimal operating conditions for the PDA were determined, a spray system with a 
single nozzle were examined. For all the liquids, a general trend could be distinguished in 
relation to the droplet size distribution and velocity profile in the spray. The droplet size tends 
to decrease towards the edges of the spray and increases when the axial distance from the 
atomizer is increased. However, it could be observed that this is not a substantial increase. 
The obtained profiles were relatively flat and it was assumed that this was caused by a low 
collision frequency between droplets in the spray. In order to increase the collision frequency, 
the experimental setup was rearranged into a configuration with two impinging sprays. 
However, even by forcing more droplet collisions similar droplet size distributions were 
obtained. 
 
From all the measurements, a significant difference was observed when the droplet size 
profiles of the different liquids were compared. However, this difference is not likely to be 
caused by the collision outcomes of droplet-droplet interactions which is different for each 
liquid since it depends for instance on viscosity. The wide range in droplet sizes that is 
obtained for the various liquids is rather due to the relation between the flow rate and initial 
droplet size distribution. It is demonstrated that when the flow rate increases and hence the 
viscosity decreases, the droplet sizes tend to increase which is a known characteristic for the 
specific nozzle used in this work.  
 
All in all, it can be concluded that it is not possible to relate the data obtained from the PDA 
measurements to the collision interactions which are partially governed by the viscosity of a 
liquid. However, still relevant data is obtained for the validation of numerical spray models 
and due to the advances made in relation to the reliability of the PDA setup, this work can be 
considered as a solid foundation for further PDA studies on dense spray systems. 
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1 Introduction 

Spray drying is a widely used and well-established method to transform a fluid into a 
powder by spraying the fluid with a hot drying gas. The principle of spray drying is 
shown in Figure 1. The liquid solution and hot drying gas are fed to a nozzle and a 
spray is formed due to the internal geometry of the nozzle [1]. Since in a spray the 
liquid is dispersed as droplets within the drying gas, the surface area of the liquid will 
significantly increase. Due to the increased contact area between the fluid and the 
drying gas, the drying time of the solution decreases which makes spray drying 
favourable for continuous operation [2]. After the formation of particles inside the drying 
chamber, the powder is separated from the gas in a cyclone and a bag filter. 
Key parameters for the spray drying process include the air pressure and the type of 
nozzle. By increasing the air pressure, the average size of the droplets will decrease 
and hence the drying time as well. The type of nozzle, and specifically its internal 
geometry, significantly influences the velocity profile and droplet size distribution of the 
spray [3]. 

 
Figure 1 Schematic overview of the spray drying process [4]. 

 
In the food industry, spray drying is a widely used process to convert liquid milk into 
milk powder. By evaporating the liquids from the highly perishable milk during the spray 
drying process, the shelf life is increased for about one year without a significant loss 
in product quality [5]. Furthermore, the costs of transportation decrease since more 
milk solids per volume can be transported when compared to fresh milk. For 
applications in the food industry, it is also favorable to convert liquid milk into powder. 
Milk powder can be used for its functional properties as a food ingredient with 
applications in for example confectionery, baked goods and processed meat. This has 
opened a new line of business opportunities for the dairy industry since most of these 
applications were not possible with fresh milk [6,7].  
 
The quality of the dried product and its characteristics, suitable for a specific 
application, depend on the specific properties of the powders (e.g. size, shape and 
morphology). Since high functionality and quality of milk powders are requested by 
consumer standards, efforts are taken to improve these powder properties. For 
example, the transportation costs depend on the particle size, since this determines 
the bulk density and thus the amount of milk powder that can be transported in a 
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container [5,8]. The properties of the powders are strongly influenced by parameters 
such as nozzle configuration, pressure and liquid material properties [9]. These 
parameters determine the droplet size distribution, velocity distribution and mass flux 
which give a good indication of the final properties of the powder. 
 
Most of the research in the field of spray characterization is associated with fuel spray 
combustion processes [10]. The main difference between milk and the liquids that are 
mostly considered in literature is a higher viscosity. A higher viscosity can dramatically 
change the operating conditions and performance of a spray dryer. García et al. [11] 
observed a decrease in the liquid flow rate if the viscosity was increased. Furthermore, 
when the viscosity is increased, the droplet size increases since droplet breakup is 
more difficult for liquids with a higher viscosity [12]. As a result of this increased droplet 
size, the drying time will increase. Chances are that these larger particles will not be 
fully dried once they leave the spray chamber. These partially dried particles have a 
high tendency to agglomerate and attach to the wall of the spray dryer, which is 
unfavorable for the performance [13]. In the food industry, this problem is often tackled 
by increasing the feed temperature which decreases the viscosity of the liquid. 
However, this can only be done for some extend with milk since it contains heat-
sensitive components such as proteins which as susceptible for denaturation if the 
temperature increases [1,14].  
The changing the viscosity can also have implications for the energy consumption of 
the spray dryer. The thermal efficiency, which is related to the amount of heat required 
to evaporate a certain unit mass of water from the slurry, is affected by the droplet size 
distribution in the spray. Larger droplets, due to an increase of viscosity, tends to 
decrease the thermal efficiency since the surface area is lower [3,15]. 
In order to cope with these negative effects and to further optimize the spray drying 
process, more insight is required into the spray properties of milk concentrates. To 
obtain more insight on the spray properties of milk, sprays with varying viscosity will be 
examined in this work. Information on the spray characteristics is obtained by 
performing Phase-Doppler Anemometry (PDA) measurements. 
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2 Theoretical background 

2.1 Measuring principles 
For determining spray properties only a limited amount of analysing methods are 
applicable. In this study Phase Doppler Anemometry (PDA) will be applied over 
methods like Frauhofer Diffraction and Particle Image Velocimetry (PIV). Compared to 
other techniques, PDA gives the greatest amount of information on the spray properties 
and is known to be more reliable since it is widely-used for a long time in other studies 
on spray characteristics. However when detailed flow patterns within the spray have to 
be visualized, PIV is superior to PDA. PIV can provide three-dimensional vector fields, 
while PDA is only limited to measuring the velocity in a certain point [16]. Since detailed 
flow visualization of the spray is not in the scope of this project, PDA is well-suited for 
this work. 
 
In Laser Doppler Anemometry (LDA) the velocity of particles within the spray is 
determined. This method can be further extended to PDA to determine the size of the 
particles. The main reason why this method is applied in this work is the fact that it 
provides non-contact or non-intrusive optical measurements. Since the measurements 
are performed using focused laser beams, the flow properties of the spray are not 
disturbed and influenced by the measuring equipment.  
Furthermore, the experimental point-wise results can easily be compared with the 
results of numerical studies or simulations which often use an Eulerian-Lagrangian 
description [17–20]. By performing simulations with these models, physical processes 
in the spray like heat and mass transfer can be predicted more quantitatively and 
accurate than by performing experiments. A model can for example be used to 
investigate the relative importance of different droplet collision outcomes [20]. 
Especially in areas close to the nozzle, where the spray properties are hard to evaluate 
by performing experiments, the use of numerical models is essential. However, these 
numerical models need to be validated to ensure reliable results and therefore spray 
experiments have to be performed. 
 
Moreover, PDA allows size measurements as small as 5 µm which is sufficient for this 
study since spray-dried milk particles typically have a diameter ranging from 10 to 250 
µm [5,21]. In this study the fluids will not be evaporated with a hot drying gas like in the 
spray drying process, so the measurement domain of PDA will be able to detect all the 
relevant particle size information. 
 
The first publications related to the development of PDA date back to 1975 [22]. From 
this point it took a few years to develop the method in the form as we know it today 
[23]. Bachalo et al. [10] was one of the first in 1984 to apply PDA measurements to 
determine the properties of a spray. This method is thus already successfully applied 
on spray systems for more than 30 years, which makes it a well-developed measuring 
technique [24]. 
 
In the following sections, the principle of LDA and PDA will be explained. 
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2.1.1 Laser Doppler Anemometry (LDA)  

In LDA two focused laser beams are used to determine directional velocities of particles 
at a certain position within the spray. In Figure 2, a schematic overview of a typical LDA 
system is shown. As can be seen in Figure 2, a single laser beam is split into two 
beams by a beam splitter. A monochromatic coherent laser is used to ensure that a 
measuring volume is formed with proper precision. An important design parameter for 
the setup is the ratio between the beam diameter and particle diameter. If this ratio is 
not around two, the so-called Gaussian beam effect will arise leading to wrong 
estimations of the particle sizes [25,26]. The Bragg cell between the splitter and the 
transmitting lens ensures that the system distinguishes the proper direction of the 
particles. By the frequency shift that is imposed inside the Bragg cell, the system can 
distinguish the particles that move through the measurement volume in opposite 
direction [27–29]. 
 
The measurement volume is defined as the cross section of the two beams and is 
determined by the angles of the incident laser beams. The measurement volume is of 
great importance for the accuracy of the measurements. Especially for dense spray 
systems, it is desirable to minimize the measuring volume to reduce the probability that 
more than one particle is present in the volume at the same time. This would lead to a 
high amount of background noise and significant errors in the estimation of the mass 
fluxes [26,30]. One method that is used to better define the measurement volume is a 
mask with a certain aperture. By changing the aperture of the mask, the amount of light 
that reaches the receiving optics can be controlled. The mask divides the incoming 
parallel light into segments corresponding to the four photomultipliers. The effective 
spatial position of each slit on the masks determines the particle sensitivity and range 
that the PDA system can detect [28]. 
Note that the boundaries of the measurement volume are not strict. Large particles, 
which reflect a large amount of light, located just outside the measuring volume can be 
registered by the receiving optics which also results in background noise [28].  

 
Figure 2 Schematic overview of the Laser Doppler Anemometry system [27] 

 
As the name laser Doppler anemometry indicates, the method is based on the principle 
of the Doppler effect. Due to the velocity of the particles, the frequency of the incident 
laser beams changes when this light is scattered and/or refracted (so-called Doppler-
shift) [31]. This scattered and/or refracted light is captured by the receiving optics and 
is translated into an electronic signal using a photomultiplier. Due to interference of the 
two laser beams in the measurement volume, a so-called fringe pattern arises (see 
Figure 3). When the particle moves through this fringe pattern, the amplitude of the 
electronic signal oscillates and a so-called Doppler burst develops [32]. 
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The intensity of the laser follows a Gaussian distribution. As a result, the Doppler burst 
has a maximum amplitude if the particle is located in the centre of the measuring 
volume. The relationship between the location of the particle and the Doppler burst is 
illustrated in Figure 3. The wave fronts in the measuring volume can be assumed to be 
straight and thus the theory of plane waves can be applied, resulting in relatively 
straight-forward calculations [28,31]. 

 
Figure 3 Top: Fringe pattern inside the measuring volume.  
Bottom: the resulting Doppler burst signal(Adapted from [31]) 

 
For deriving expressions to calculate the velocity, reference angles and axes must be 
defined for the laser system. In Figure 4, the axes (x, y, z), angles (𝜑, 𝜓, 𝜗) and the 
position of the receiving optics 𝑅  are defined. 

 
Figure 4 Definition of the axes and angles in the system. [33] 

 
The constructively and destructively interfering laser beams result in the so-called beat 
frequency or Doppler frequency. As can be seen in Figure 2, the two laser beams 
originate from the same source and thus have the same frequency. Therefore, the beat 
frequency is equal to the difference between the wave-frequencies of the two laser 
beams that are reflected and/or scattered by the particles. As a result, the following 
expression for the Doppler frequency 𝑓'  can be derived, where 𝜆 is the wavelength: 

𝑓' =
2 ∙ sin 𝜗

2
l

𝑣0 1  
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From expression (1), the Doppler frequency depends on the particle velocity 𝑣0 . 
Since this frequency is measured by the receiving optics, the axial velocity 𝑣2  and 
radial velocity 𝑣3  can be calculated by rearranging (1): 

𝑣0 =
l

2 ∙ sin 𝜗
2
𝑓' 2  

𝑣2 = 𝑣0 ∙ cos 𝛼 =
l

2 ∙ sin 𝜗
2
𝑓' 3  

𝑣3 = 𝑣0 ∙ sin 𝛼 =
l

2 ∙ sin 𝜗
2
𝑓' 4  

From the equations above it can be concluded that the position of the receiving optics 
𝑅  has no direct influence on the frequency (difference) that is measured. However, 
the intensity of the signal is influenced by the position of the receiving optics [27,28]. 
 
Note that LDA is thus an indirect way of measuring the particle velocity. The particles 
are not tracked by the system, but the receiver detects the variations in the light waves 
caused by the moving particles [34]. 

2.1.2 Phase Doppler Anemometry (PDA) 

By extending the LDA principle, the particle sizes can be determined. In Figure 5 a 
schematic overview of a typical PDA setup is shown. In PDA multiple detectors inside 
the receiving optics are used (instead of one detector for LDA) which are positioned at 
a different position and angle. Usually a PDA system consists of three detectors to 
ensure redundant measurements and hereby reducing the chances of inaccuracies in 
the measurements [29]. 
 

 
Figure 5 Schematic overview of a PDA system [27] 

 
As can be seen in Figure 6, a phase difference arises when a particle reflects or 
scatters the laser beams due to the different angular position of two detectors. Note 
that the frequency of the waves that reach both detectors is identical and only the phase 
of the wave is different. This phase difference is directly related to the size of the 
particle. As the particle diameter increases, the phase difference increases as is 
illustrated in Figure 6. In Figure 7, a visual representation shows how this phase 
difference arises. As the droplet moves downwards, the far field image also moves 
down. Detector 2 receives the signal thus before detector 1 resulting in the ∆𝑡 that is 
illustrated in Figure 6. In other words, the droplet can be seen as a magnifier whose 
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magnification, which depends on the radius, is directly related to the ratio between the 
spacing of the fringe pattern in the far field and the measurement volume [35]. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
The particle diameter can be determined using the following relation: 

𝜙<= = 𝜙= − 𝜙< =
𝜋
l
∙ 𝑑0× 𝛽= − 𝛽< = 2𝜋𝑓'Δ𝑡 5  

In equation (5) the relation between the particle diameter 𝑑0  and the phase shift 𝜙<=  
is linear. The geometrical factor (𝛽) is determined using the relations shown in 
Appendix 1 which depend on the scattering mode and the three different angles of the 
incoming laser beam. 
Scattering of light from particles can be described with several mechanisms. Mie [36] 
mathematically described all forms of light scattering based on the well-known Maxwell 
equations. For PDA only reflection, first order and second order refraction are 
considered, since the intensity of higher order refraction is too low for PDA 
measurements [37,38]. These three scattering modes are illustrated in Figure 8. The 
linear relationship between the particle diameter and the phase shift is only valid if the 
PDA system is arranged in such a way that only one scattering mode dominates. The 
scattering mode can be affected by changing the scattering angle and the polarization 
of the system. The scattering angle is defined as the angle between the optical axis of 
the receiving optics and transmitting lens. The optimal scattering angle depends on the 
relative refractive index of the droplets in the surrounding medium. This optimal 
scattering angle has to be determined before performing measurements to obtain the 
conditions where only one scattering mode dominates [37]. 

 
Figure 8 Light scattering modes illustrated [38]. 

 
To determine the appropriate scattering angle, the measured intensities can be plot for 
different angles and polarization. Following the coordinates defined in Figure 4, parallel 
polarization is defined as the wave component in the YZ-plane and perpendicular 
polarization as the component in the XZ-plane. From Figure 9 it can be concluded that 

Figure 7 Visual representation of the phase difference [35]  Figure 6 Influence of the particle diameter on the phase difference [95] 
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a scattering angle of around 30° would result in measurements with high intensities for 
water droplets [28]. However, in literature these plots are mainly constructed for water 
and fuel droplets but not for milk droplets. In order to determine the scattering angle of 
milk, the relative refractive index for milk in air is required. Finding exact values for the 
refractive index of milk is challenging, since there is a linear relationship between the 
refractive index and the solid content of milk (weight per volume) [39]. Since the solids 
concentration in milk droplets varies over the length of the spray, inaccuracies in the 
measurements can arise. Ko et al. [40] showed that the droplet size distribution for milk 
can be distorted if no measures are taken to compensate for this optically 
inhomogeneous property of milk. Literature shows that increasing the scattering angle 
reduces this undesirable effect [41].  
 

 
Figure 9 A polar plot with the intensities for reflected light (0) and 
higher order refraction modes(1-7) for a water droplet [37] 

 
The optimal scattering angle and mode also is influenced by the wavelength of the 
laser. Manasse et al 1992 [42] demonstrated this relation when inhomogeneous liquids 
are involved. Depending on the set wavelength of the laser, both reflection and first 
order refraction can provide reliable PDA results for inhomogeneous liquids like milk 
[43]. 

2.1.2.1 Mass flux and concentration 
Once the velocity and size of each particle are determined following the previously 
described procedure, the mass flux and concentration within the spray can be 
determined. The mass flux is an interesting property of the spray, since it allows for 
example determining the evaporation rate [44]. To obtain the mass flux, the area of the 
measurement volume has to be known. A so-called detection area 𝐴H , which is a 
function of the particle trajectory, can be determined using the following relations: 

𝐴H = 𝜋𝑏H𝑐H (6)

𝑏H = 𝑟M
1
2
ln

𝐼P,QRST2
𝐼H

(7)

𝑐H =
𝑟M

sin ϑ 2

1
2
ln	

𝐼P,QRST2
𝐼H

(8)

 

Where 𝑟M is the beam waist radius and 𝐼P,QRST2, the maximum intensity measured by 
the receiving optics. The mass flux density can be computed following equation (9) 
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where time is 𝑡, 𝜌0 is the density of the particle material, 𝑑0  the particle diameter and 
𝑁0 the number of particles that are collected.  

𝑞SH =
𝜋𝜌0
6𝑡

𝑑0\

𝜋𝑏H𝑐H

]^

_`<

9  

Parameters bd and cd are used to calculate the dimensions of the detection volume 
which depend on the particle diameter, since the intensity is directly related to the 
particle diameter. The detection volume will increase with an increasing particle size. 
Particles that generate a signal with an intensity below a threshold intensity 𝐼H  will 
not be measured. As a result, the detection probability is higher for larger particles and 
thus they have a stronger effect on the size distributions. 
With a correction factor derived by Borys et al. [45], which normalizes the measurement 
area by averaging the maximum measured amplitudes, all size classes are linked to 
the same reference area of the measurement volume. By using this correction factor 
inaccuracies due to the particle size dependent detection volume are well accounted 
for [34,46,47]. This correction principle has been further optimized over the years to 
eliminate more errors such as trajectory dispersion and multi-particle signals [30,48]. 

2.1.3 PDA Validation mechanisms 

Although PDA has become a well-developed technique over the last decades, 
measurements can still be susceptible for errors. Especially in the regions where the 
particle concentration is high (e.g. close to the nozzle), measurements are sensitive for 
inaccuracies and have to be treated carefully. In these dense regions of the spray, 
multiple particles might enter the measurement volume at the same time. As already 
discussed, this can have negative consequences on the accuracy of the 
measurements.  
When non-spherical particles enter the measurement volume, the results of the 
measurements will also be biased. Alexander et al. [49] investigated the effect of non-
spherical particles on the PDA results and demonstrated that the particle sizes of non-
spherical particles are considerably overestimated by the PDA system. The sphericity 
of the droplets in a spray is governed by surface tension. When aerodynamic shear 
forces, induced by turbulence and flow accelerations exceed the surface forces, droplet 
deformation will occur. When an evaporating spray system is considered, it is possible 
that the formed solid particles are irregularly shaped. This will also result in 
measurements of non-spherical particles [50]. 
To ensure reliable results, validation mechanisms are incorporated into the PDA 
system to quantify the chance that the before mentioned inaccuracies are present in 
the measurements. In a PDA system, which contains at least two detectors, multiple 
estimations of the particle diameter are done simultaneously. The particle sizes that 
are registered by the detectors are compared and if the difference is larger than a 
certain threshold value, the particle is considered as non-spherical. This so-called 
spherical validation process can be expressed as a ratio between the amount of valid 
diameter data samples and the total amount of valid bursts [28,34].  
Moreover, an overall validation of the measurement can be determined which can be 
expressed as the ratio between the number of valid bursts and the total amount of burst 
signals [28]. As already discussed, there is a possibility that two droplets enter the 
measurement volume at the same time if the volume is not sufficiently small. If this 
event happens, the PDA system will detect this and register it as an invalid burst signal. 
This overall validation thus can be considered as the degree how much the results are 
influenced by the background noise.  
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2.2 Droplet collision theory 
Spray properties such as the droplet size distribution and the velocity profile are 
determined by interactions between the droplets within the spray system [51]. In order 
to understand the complex interactions between particles in the spray, first the 
mechanisms behind binary droplet interactions will be evaluated.  
 
When two droplets collide, generally four different outcomes can be distinguished: 
bouncing, coalescence, separation and shattering. In Figure 10, four different collision 
outcomes are schematically presented. 
In a bouncing collision (a), direct contact between the surfaces is hindered by an air 
film that is enclosed between the two droplets and as a result the droplets bounce off 
each other. For a coalescence collision event (b), two droplets are permanently 
combined into one larger droplet. At high droplet velocities, shattering can be the result 
of a droplet-droplet collision where two droplets disintegrate into multiple smaller 
droplets. These are collisions that require a high kinetic energy and occur when We-
numbers are higher than approximately 400 [52,53]. During separation collisions, two 
droplets are temporarily combined and then separate into a few droplets [54]. For 
separation collisions two types can be considered: stretching (c) and reflexive (d) 
separation. The smaller particles that are formed during these separation collisions are 
called satellites.  
 

 
Figure 10 Different outcomes for droplet-droplet collisions [55] 

 
The outcome of a collision depends on the density, diameter, relative velocity, collision 
angle and surface tension of the two droplets. These parameters can be grouped 
together into several dimensionless numbers. 
 
The impact parameter (b) is used to describe the geometry of the collision event, see 
equation (10). It is defined as the perpendicular distance (B) from the centre of droplet 
𝑃< to the relative velocity vector of droplet 𝑃=. Distance B can be transformed into the 
dimensionless impact parameter by dividing distance B over the average of the two 
droplet diameters 𝑑< and 𝑑=. The impact parameter is thus a measure at which angle 
the two droplets will collide. Collisions with an impact parameter close to zero result in  
so-called head-on collisions and collisions with an impact parameter close to one are 
called grazing collisions [54,56].  
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𝑏 =
2𝐵

𝑑< + 𝑑=
= sin 𝜑 (10)

𝑊𝑒 =
𝜌h𝑑h 𝑣Pij =

𝜎
			 (11)

∆=
𝑑<
𝑑=
			 (12)

 

 
The dimensionless Weber 𝑊𝑒  number represents the ratio between the interfacial 
force and the surface tension force, see equation (11). Here, 𝜌h is the density of the 
droplet, 𝑑h is the diameter of the smallest droplet and 𝜎 represents the surface tension. 
Using the Weber number and the impact parameter, collision regime maps can be 
constructed (as shown in Figure 10) if the droplet size ratio ∆  and the physical 
properties are kept constant. 
In literature these regime maps have been constructed for several liquids such as water 
[54], sucrose solutions [57] and glycol solutions [58]. This literature shows that the 
viscosity of these solutions heavily influences the boundaries of the collision regime 
maps [57]. Kurt et al. [59] observed for example that the amount of satellites increase 
if the viscosity is increased. Since in this study multiple milk concentrates will be 
evaluated, with each a different viscosity, it is thus likely that the outcome of the 
collisions will change for every concentrate. 
 
Binary collision regime maps for milk concentrates can be used to give an estimate of 
the collision regimes present in the spray. In the work of Finotello et al. [60] collision 
regime maps have been constructed for three milk concentrates, see Figure 11. Note 
that the bouncing interactions are not present in the regime map for whole milk. 
Furthermore, it can be concluded from the regime maps that the coalescence 
frequency is likely to increase when the total solid content of the milk concentrate is 
increased. These regime maps are constructed using droplets in the range of 700 μm. 
Since the We-number depends on the droplet diameter, the regime maps might be 
different for the observed droplet sizes in this work. 
Collision events in a spray system are between droplets of different sizes and 
properties. Ashgriz et al. [54] showed that the outcome of droplet-droplet collisions 
change when the droplet size ratio ∆  is varied. Since there is a droplet size distribution 
within the spray, which changes in axial and radial direction, most collisions will be 
between particles of unequal size. Therefore, the collision regime maps shown in 
Figure 11 only give an indication of the collision regime boundaries present in a spray. 

 
Figure 11 Collision regime maps for three different milk concentrations. Blue: coalescence, red: reflexive 

separation, green: stretching separation [60].  
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The studies mentioned above only consider binary droplet collisions. Since a large 
number of droplets are generated by the atomizer in the spraying system, it is possible 
that more than two droplets are involved in a single collision. Hinterbichler et al. [61] 
showed that the boundaries of the collision regimes shifted when ternary collisions 
were considered instead of binary collisions. In this study glycerol solutions were used 
that have a similar viscosity of milk. As can be seen in Figure 12, the bouncing and 
stretching separation boundaries shifts considerably when ternary collisions are 
considered. However, the probability of a collision with more than two particles is much 
lower than a binary droplet collision. The effect of binary collisions on the spray 
properties will be far more pronounced compared to collisions with multiple droplets. 
 

 
Figure 12 Regime boundaries for binary and ternary droplet collisions for 50% glycerol solutions. Note that X is 

the impact parameter [61] 
 
Another droplet-droplet interaction that influences the spray properties is called 
agglomeration. Agglomeration is the result of collisions between droplets with an 
increased viscosity, since they have a high tendency to stick to each other and hereby 
forming conglomerates.  
For most applications, milk powders are required to have a high water-solubility and 
dispersibility, proper flowability and a low degree of dustiness. All of these requirements 
improve when the particle size increases [5,8,62,63]. Agglomeration can thus be 
favourable since it decreases the amount of fine powder particles. The process 
conditions can be adjusted in such a way the degree of agglomeration increases.  
A widely-used method to accomplish this is by using multiple nozzles of which the 
sprays overlap. As a result, there are more collisions between droplets due to the 
interactions between the different sprays [64]. These collisions in the mixing area of 
the multiple sprays have a large effect on the particle size distribution and therefore 
also on the velocity profile [65]. Another method is to induce agglomeration is to return 
fine powder particles to the top of the drying chamber or by using a fluid bed [66].  
From an economic point of view, fine particles (satellites) that are the result of 
separation collisions are unwanted since they are collected by particle separators in 
the spray drying process (cyclone and/or bag filter, see Figure 1) and can be 
considered as product loss. It can therefore be concluded that it is economically more 
favourable to operate the spray dryer using milk concentrations with a high total solids 
content. As can be seen in Figure 11, the amount coalescence in the regime maps 
increases when the concentration is increased. Increasing the concentration of the feed 
will thus result in less fine powder particles and thus less product loss. 
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2.3 Milk characteristics 
In order to understand why milk has this specific collision behaviour, it is important to 
have some basic understanding of the underlying physical chemistry. This explanation 
only will be brief since finding the relation between the chemical components and the 
collision behaviour is not in the scope of this work. The physical properties of fresh milk 
can be compared with water, but they can change drastically if the concentration and/or 
dispersion state changes [67]. In the following section, only the physical properties of 
milk that are of interest for this work will be evaluated. 
 
From a physical point of view, milk can be seen as an emulsion combined with a 
colloidal dispersion in which the continuous phase is an aqueous solution. The major 
constituents of milk are: water, lipids, carbohydrates, proteins, salts and vitamins. It 
can be considered as a very variable biological fluid, since it is for example affected by 
health, age, nutritional status and the interval between milkings of the cow [67].  
 

 
Figure 13 Schematic overview of the colloidal system of milk (adopted from [39]) 

 
In Figure 13 a schematic overview is given of the colloidal system of milk. The phase 
that has the highest mass fraction is the aqueous solution (1). This solution consists of 
lactose, salts, vitamins and other small trace molecules in water [39]. Furthermore, 
proteins are dispersed in this solution at a molecular level (mostly whey proteins). Other 
proteins, mainly caseins, are dispersed in the solution as colloidal aggregates (3) or 
micelles. The lipids, of which 98% are triglycerides, are in an emulsified state and in 
the form of globules. In every millimetre of milk there are about 15 billion of these 
globules. Due to the complex colloidal nature of milk, the stability of the system can be 
affected by changes in temperature, solubility, pH and conformation [39]. 
 
In this work, the viscosity of the milk concentrates plays a critical role. For 
concentrations below 30% total solids content, whole and skim milk show Newtonian 
behaviour. If the milk is more concentrated, the concentrate starts to show non-
Newtonian behaviour. In other words, the viscosity now depends on the shear rate 
besides only temperature, pressure and concentration [67,68].  
There is an exponential relationship between viscosity and the total solids content of 
the milk concentrates. This is due to protein-protein interactions, since the frequency 
of these interactions increase when the amount of proteins and hence the total solids 
content is increased [68,69]. 
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The viscosity of milk concentrates is also a function of time. If a milk concentrate is 
stored for a period of time, the viscosity of the concentrate will increase and this 
behaviour is known as age thickening. Proteins in the milk will bind to each other 
resulting in a more viscous substance. The effect of age thickening can be reversed 
until a certain degree by agitation. The degree of age thickening is mainly determined 
by temperature and concentration. Westergaard [3] shows that the viscosity of milk 
concentrates with 23,5% and 36% total solids remains constant for more than 3 hours 
of storage at 55°C. Furthermore, it is demonstrated that the age thickening effect 
increases when the temperature is increased. For the concentrates and ambient 
temperatures used for the experiments in this work, the effect of age thickening can be 
considered negligible. 
 
Another physical property that is of interest in this work is the refractive index. As 
already mentioned, there is a linear relationship between the scattering angle and the 
solids content of milk. The refractive index of non-concentrated milk (1,338) is very 
similar to that of water (1,333). The refractive index is determined by the angle between 
air and the continuous phase. As a result the lipids do not contribute to the refractive 
index and only the dispersed proteins and other components in the continuous phase 
play a role [70]. Furthermore, particles that are larger than 0,1 µm do not contribute to 
the refractive index. This means that fat globules, air bubbles and lactose crystals do 
not influence the refractive index [71]. The refractive index does not change when milk 
is stored over time which is an important characteristic for this specific work [72]. 
 
For the outcomes of the droplet-droplet interactions in the spray, the surface tension 
plays a critical role. The surface tension of non-concentrated milk is in the order of 50 
mN m-1, which is lower compared to water (72,75 mN m-1). In literature, no values of 
the surface tension can be found for milk concentrates as a function of the total solids 
content. The surface-active components of milk that influence the surface tension are 
proteins and lipids [67]. Since lipids are large molecules that have a polar hydrophilic 
and a nonpolar hydrophobic end, it is energetically favourable for lipids to distribute at 
the surface. The proteins influence the surface tension since they form a unimolecular 
layer at the surface. 

2.4 Earlier work on spray characteristics 
No work has been found on the spray properties of milk concentrates in dense spray 
systems. Most of the research in this field is associated with fuel spray combustion 
processes [10]. Literature that has been reported is hard to compare, since the 
processing parameters (e.g. the atomizer type, liquid composition and air pressure) are 
varied. This makes it hard to directly compare the results since these processing 
parameters heavily influence the spray characteristics [73]. However, there might be 
trends in literature on spray characteristics that can be used to qualitatively compare 
the results in this study.  
 
Davanlou et al [74] performed spray experiments with different concentrations of 
glycerol using a pressure-swirl nozzle to investigate the effect of viscosity and surface 
tension on breakup and coalescence. They showed that the coalescence probability 
along the axial axis increases faster if the viscosity was increased. Due to this 
increased coalescence probability, the average droplet size increased as well along 
the axial axis hence increasing distance from the nozzle. This is in line with the collision 
regime maps from the work of Finotello et al [60] (see Figure 11). When the total solid 
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content hence viscosity is increased, one can easily see from the collision maps that 
the coalescence probability increases.  
 
Das et al. [75] performed similar PDA measurements using a hollow cone nozzle and 
kerosene as the spraying liquid. These PDA measurements were performed with a 
pressure which is in the same order as in this work. It was demonstrated that the 
average diameter decreases towards the edge of the spray for low axial positions. If 
the axial position is increased, the profile seems to flatten. Note that at the edges of 
the spray, the average particle size increases when the distance from the nozzle is 
increased. This indicates that there is more coalescence in the edges of the spray at a 
higher axial location compared to a lower axial location. 
 

 
Figure 14 The average diameter profile for a hollow cone nozzle [75] 

2.5 Particle size definitions 
In this work, the results for particle sizes will be presented in multiple ways. This is due 
to the fact that the particle size can only be defined by the diameter if the particle is a 
perfect sphere. Due to the shear forces acting on the particles inside the spray it cannot 
be assumed this is the case. In this section, the definitions of the different types of 
diameters will be provided and briefly explained. 
The number-mean diameter (D[1,0]) is defined as the sum of N number of diameters 
(𝑑]) divided over the amount of droplets (N): 

𝐷 1,0 =
𝑑]]

<

𝑁
13  

Usually used for optimization of the spray drying process, the diameter equivalent, 
related to the surface area, is of more interest. The Sauter diameter or volume-surface 
diameter (D[3,2]) is defined as the diameter of a sphere with the same volume-to-
surface area ratio as the particle of interest. 

𝐷 3,2 =
𝑑]\]

<

𝑑]=]
<

14  

 
In order to present the particle sizes as a distribution with different size classes, the 
droplet probability distribution function (PDF) is used. This function indicates the total 
mass or volume of the particles that belong to a specific size class. The PDF is 
calculated as the following: 

𝑚 𝑑_ =
𝜋
6
𝜌H𝑑_\𝑛 𝑑_ 15  
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𝑚 𝑑_  is defined as the mass of droplets that are in size class i. 𝑀 is then the total mass 
of all the droplets in the spray for every size class. The PDF calculates the mass 
fraction of droplets from a certain size class compared to the total mass from all 
droplets in the spray. 

2.6 Project scope 
This work is part of a research collaboration between Tetra Pak and Eindhoven 
University of Technology. The main goal of this collaborate research project is to 
develop a numerical spray model that can used to predict the properties of milk powder 
for certain process parameters in a spray dryer. Already a lot of progress has been 
made towards a realistic model, although a complete characterization of the spray flow 
in terms of droplet size distributions and velocity profiles is still missing for milk sprays. 
Therefore, this work will generate experimental data that can be used to validate the 
numerical model. 
 
Using a PDA setup with a spray nozzle that is specifically used for milk powder 
production, several spray properties can be measured to validate the model. The data 
obtained from the PDA measurements is processed using an in-house developed 
MATLAB model. Unlike the high pressures used for the spray drying process, all 
measurements will be performed at relatively low pressures because of practical 
reasons. 
 
In previous work, the milk concentrates have been characterized with great care and 
precision. Since this has already been done, this work will not do an in-depth 
characterization of the milk concentrates but effort will be made to make sure the 
concentrates are prepared in the same way as in previous work. Therefore, the milk 
concentrates in this work can be assumed to consist of the same properties as the milk 
concentrates in previous work [60,76]. 
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3 Methods and materials 

3.1 Experimental set-up 
The conditions at which the experiments will be performed are not completely equal to 
the conditions of an industrial spray dryer. Sprays will be evaluated without the outer 
shell of the spray dryer at relatively low pressures. The effects of, for example, spray-
wall interactions, which influence the spray dynamics (e.g. flow patterns [77,78]), will 
therefore not be included in these measurements. Furthermore, the measurements will 
be performed isothermally at ambient temperatures which means that the spray 
properties are not influenced by effects related to for example temperature enhanced 
liquid evaporation. 
 
The measuring equipment that is used in this work is a PDA system from Dantec 
Dynamics. This system consists of a laser and a receiver that are mounted on a 
traverse system, see Figure 15. By using this traverse system, the spray properties 
can be determined in a point-wise manner at different locations within the spray. The 
traverse ensures that data can be collected in an automated manner without changing 
the optical arrangement of the laser and receiver. To operate the traverse a certain 
mesh grid has to be defined, which is an array with all the coordinates to which the 
traverse will move to measure the spray properties. In Figure 16 the mesh grid that is 
predominantly used in this work is shown together with the direction the traverse is 
moving through the grid. It is assumed that the spray is symmetrical in the z-plane. 

 
The laser light originates from an Dantec FlowExplorer laser. The optical receiver is a 
HiDense PDA Receiver and the signals are processed using the Burst Spectrum 
Analyser (BSA) P60 processor. All the measurements and calculations are done during 
the experiments by an advanced software package called BSA Flow (v5.00) developed 

Figure 16 Mesh grid that is predominantly used in this work Figure 15 Picture of the experimental setup 
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by Dantec Dynamics. In Table 1, all the settings and parameters of the PDA 
components are presented. 

Table 1 Settings and parameters of the PDA system. 
 Channel 1 Channel 2 
Wavelength [nm] 660 785 
Focal Length [nm] 310 310 
Beam Separation [mm] 60 60 
Laser Beam Diameter [mm] 2,6 2,6 
Beam Expander (ratio) 1 1 
Beam half-angle  5,711° 5,711° 
Number of fringes 29	 29 
Fringe Spacing [µm] 3,263 3,582 
Frequency shift [Hz] 8,0 ∙ 10r 8,0 ∙ 10r 
Sensitivity 1000 1200 
Probe volume dX [mm] 0,09745 0,1159 
Probe volume dY [mm] 0,09696 0,1153 
Probe volume dZ [mm] 0,9745 1,159 
 
The type of nozzle influences the properties of the spray. Literature shows that the type 
of nozzle has a significant effect on the droplet size distribution and velocity profiles 
[5,73]. The nozzle used in this study is a 1/4JBC-SS air pressure nozzle manufactured 
by Spraying Systems Co [79]. In Figure 17 a cutaway view is given of the externally 
mixed nozzle that is used in this work. This nozzle was provided by Tetra Pak and is 
representative for an atomizer used in industry. Pressure nozzles have the advantage 
that powder with a high bulk density can be produced [80]. Moreover, they are often 
used in the food industry to obtain milk powders with a lower free fat content [81]. The 
pressurized air and fluid both are fed through a separate tube to the nozzle. The air 
pressure is controlled using a pressure valve. The liquid is fed from a container which 
has a capacity of 20 litres. 

 
Figure 17 Cutaway view of the externally mixed nozzle (adopted from [82]) 

 
The setup is contained in a transparent Plexiglas enclosure to minimize the deposition 
of milk powder particles in the laboratory. As can be seen in Figure 15, a spray collector 
is placed underneath the atomizer. A blower is attached to the spray collector to 
minimize cloud formation inside the enclosure. The formation of a cloud can affect the 
accuracy of the measurements since more droplets are in the path between the 
measurement volume and the receiver that can possibly change the direction or 
intensity of the refracted light. To ensure no powder reaches the blower, a filter is 
incorporated inside the tubing underneath the collector. 
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All of the mentioned components form together the experimental setup, of which a 
schematic overview is shown in Figure 18. 
 

 
Figure 18 Schematic overview of the experimental setup 

3.2 Preparation of milk concentrates 
The composition of fresh milk and thus its properties are known to vary significantly 
over different batches. The genetics of the cow, interval between milkings and the feed 
intake are some examples why fresh milk is not consistent [83–85].  
In order to obtain constant milk properties for consistent PDA measurements, milk is 
prepared by dissolving milk powder in tap water. In this study, Arla whole milk powder 
originating from cow’s milk is used and is provided by Tetra Pak. This specific milk 
powder consists of 26% milk fats, 24-28% milk proteins, 36-42% lactose, 5-6% 
minerals and 3,2% moisture. In order to obtain homogeneous milk concentrates a Tetra 
Pak B200-100VA industrial mixer is used (Figure 19). The preparation of the milk 
concentrates is consistently done using the following procedure. After the mixer is 
properly cleaned water is weighted and added to the mixer at a temperature of 35°C. 
Then, the proper amount of milk powder is calculated for the specific concentrate and 
is also added to the mixer. Thereafter the mixer is started at 10% of the maximum 
stirring speed. The agitator that makes sure no powder deposits at the walls of the 
mixer is set at 50% of its maximum speed. Furthermore, a slight vacuum of 700 mbar 
is applied to remove air bubbles that form during the mixing of the milk powder. Finally, 
the mixer speed is increased to 50% of its maximum speed and a timer is set for 5 
minutes. After 5 minutes, the mixer is depressurized and the milk concentrate is 
removed using a valve at the bottom of the mixer.  
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Figure 19 Tetra Pak B200-100VA industrial mixer 

3.3 Characterization of milk concentrates 

3.3.1 Refractive index 

As already mentioned, the scattering angle changes when the concentration of the milk 
concentrate is increased. To determine the proper scattering angle, the refractive index 
of the milk concentrates is measured using the ATAGO Abbe refractometer. 
Droplets of the fluid of interest are transferred on to surface of the lower prism using a 
pipette. Then, the upper prism is lowered and secured on top of the lower prism. By 
looking through the eyepiece and by adjusting the dispersion knob, a sharp borderline 
is created between the crosshairs. Now, the refractive index can be read with an 
accuracy of three decimals. 

3.3.2 Viscosity 

The viscosity of the milk concentrates is determined using the Fungilab Alpha Series 
Rotational Viscometer. Since in this work only experiments will be performed with milk 
concentrates which exhibits Newtonian behaviour, the viscosity is not measured as 
function of shear rate. An adapter which allows low viscosity measurements is used to 
allows accurate measurements down to 1 cP. A spindle is attached to the viscometer 
and rotates when it has been immersed in the liquid. The viscometer measures the 
torque that is required to spin the spindle at a certain speed, which is determined by 
the viscosity of the liquid. All measurements were performed at room temperature. 

3.3.3 Surface Tension 

The surface tension of the milk concentrates is measured using the KRÜSS EasyDyne 
Tensiometer which is based on the Wilhelmy plate method. For this method, it is 
important that the platinum plate is perfectly clean and undamaged since this method 
uses the dimensions of the plate to determine the surface tension. The plate is attached 



 Technische Universiteit Eindhoven University of Technology 

 
 
 

29 Phase Doppler Anemometry on a Spray 
 
 

to a scale and is immersed in the fluid of interest. Subsequently, the force is measured 
by the apparatus that is exerted on the plate when the plate is lifted from the liquid. The 
force that is measured is proportional to the wetted perimeter (2w + 2d) and to the 
surface tension (𝜎) as shown in equation (15). Due to the thin roughened platinum 
plate that is used, it can be assumed that the contact angle (𝜃) is equal to zero. 

𝐹j_vw = 𝜎 ∙ cos 𝜃 ∙ 2𝑤 + 2𝑑 15  

 
Figure 20 Illustration of the Wilhelmy plate method [86] 

3.3.4 Density 

The density of the milk concentrates is determined by using a graduated cylinder and 
a scale. The density has not been determined for every single batch of milk 
concentrates. It is assumed that the density is the same for every batch of milk with the 
same total solids content. 

3.4 Data Processing 
The data is collected by the same software package that is used to operate the setup 
(‘BSA Flow v5.00’). A MATLAB model has been developed to process and present the 
data in a structural manner. All figures presented in this work originate from MATLAB. 
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4 Results and discussion 

4.1 Milk concentrate characterization 
In Table 2, the physical properties of the liquids which are used for the measurements 
in this work, are shown. As a reference, the refractive index of water and cow’s milk 
are 1,333 and 1,347 respectively [67]. The higher solids content of the milk concentrate 
increases the refractive index. This increase has to be compensated by adjusting the 
optical arrangement of the PDA setup. For further details on milk characterization 
please refer to Finotello et al. 2018 [60] and Larsson and Orucoglu 2013 [76]. 

Table 2 Physical properties of the liquids used in this work 
Milk concentrate Density [kg/m3] Viscosity [Pa s] Surface Tension [N/m] Refractive index 
20% TS content 1047 4,20 ∙ 10y\ 45,4 ∙ 10y\ 1,363 
30% TS content 1068 10,8 ∙ 10y\ 45,0 ∙ 10y\ 1,383 
40 vol% glycerol 1104	 5,01 ∙ 10y\	 68,5 ∙ 10y\	 1,391	
60 vol% glycerol 1158	 15,5 ∙ 10y\	 67,9 ∙ 10y\	 1,417	

4.2 Reliability and limitations of experiments  
PDA measurements are known to be susceptible to errors for a number of reasons 
discussed in section 2.1.3. Besides these, other parameters that influence the PDA 
results have been discovered thanks to the many PDA measurements that have been 
performed. In this section, these parameters will be discussed in detail since they affect 
the experimental reliability. They can be used to define the limitations of the PDA 
technique as well as providing guidelines for detection of correct measurements. 

4.2.1 PDA Calibration 

To obtain the most optimal results, the PDA system has to be properly calibrated. The 
PDA system is calibrated by rearranging the position of the receiver and laser in such 
a way that one can see a sharp and clear image of the intersection of laser beams 
through the eyepiece of the receiver. Subsequently, a black line that can be seen 
through the eyepiece has to be aligned with the intersection of the two lasers as shown 
in Figure 21. Since this calibration depends on the human eye, it could be argued that 
this calibration is not perfectly consistent over all the experiments.  

 
Figure 21 Schematic of the optimal optical alignment [87] 

  



 Technische Universiteit Eindhoven University of Technology 

 
 
 

31 Phase Doppler Anemometry on a Spray 
 
 

The second step in calibrating the system is related to the sensitivity of the 
photomultiplier channels which has to be adjusted in such a way that the values for the 
data rate, validation and spherical validation are optimal. 
In Table 3 an example of a measurement is shown where the sensitivity is kept constant 
for all the points in the spray. At x=30, y=410 and z=0 the PDA system is calibrated 
and the sensitivities are set optimally for the specific point. Now at this position in the 
spray, both the data rate and the validation are sufficiently large for proper 
measurements. When the axial position (z) is increased with 40 mm, the data rate 
almost decreases by 97% and the validation increases by 32%. There is thus a trade-
off between the data rate and validation. As will be discussed in section 4.2.2, it is 
important that the droplet counts (and thus the data rate) are of the same order of 
magnitude in every point to provide statistical certainty. Since there is a relation 
noticeable between the increasing axial position and the decreasing data rate, the 
sensitivity has to be adjusted at every axial position to improve the quality of the 
measurements.  
In Table 4 the same measurement of Table 3 is repeated, but now the sensitivity of the 
photomultiplier is adjusted for every axial position as discussed. Note that the data rate 
and validation change drastically. For this reason, the measuring sequence of the mesh 
grid is modified in such a way that first all points for the same axial position are 
measured (see Figure 16). When this method is adopted, the values for validation and 
data rate are more consistent resulting in statistically more reliable measurements.  

Table 3 Example of a measurement with constant sensitivity values 
X [mm] Y [mm] Z [mm] Count Data Rate [#/s]  Validation [%] 
30 410 0 20000 6682,83  67,46 
30 410 40 3834 191,9  89,37 
30 410 80 389 19,53  88,84 
30 410 120 8515 426,1  89,16 
30 410 160 523 26,24  90,73 
30 410 200 126 6,37  94,63 
40 410 200 201 10,19  91,13 
40 410 160 2385 119,42  83,83 
40 410 120 17808 890,48  74,97 
40 410 80 20000 4915,48  57,06 
40 410 40 20000 5438,39  55,3 
40 410 0 20000 8879,54  74,3 
       
Table 4 Improvement of the measurement in Table 3 by adjusting the sensitivity of the photomultiplier 
X [mm] Y [mm] Z [mm] Count Data Rate [#/s] Validation [%] 
30 410 0 20000 8633,58 72,4286 
30 410 40 20000 2823,46 87,4915 
30 410 80 20000 2885,17 66,1508 
30 410 120 20000 1263,76 61,5868 
30 410 160 19767 988,503 61,2723 
30 410 200 19662 983,257 55,6975 
40 410 200 20000 1624,31 67,3813 
40 410 160 20000 1934,93 60,6065 
40 410 120 20000 1157,07 53,8966 
40 410 80 20000 1002,13 48,8578 
40 410 40 20000 5653,4 78,2205 
40 410 0 20000 7543,9 75,2299 

 
In literature, phase plots are often used as a measure how well the PDA system is 
calibrated. In Appendix 5 three typical phase plots are shown for the three liquids 
used in this work as a reference.  
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4.2.2 Sample size and acquisition time 

The time that the laser remains at a certain position in the spray can be controlled by 
the sample size and/or the acquisition time. The acquisition time is a time constraint 
that limits the maximum time the laser is allowed to stay at one single position in the 
spray. The droplet sample size is a parameter that defines the number of droplets that 
have to be measured before the laser moves to the next position in the spray.  
The sample size has to be set sufficiently large to provide statistically confident results, 
since some of the spray properties will be averaged over the number of droplets. If 
measurements are performed in a region where the data rate is low, chances are high 
that the threshold value for the sample size is not reached within the set acquisition 
time. When this is the case the droplet counts will vary between the different mesh 
points and it is not possible to compare individual points with great confidence. 
Therefore, efforts are taken to ensure that every mesh point consists of an equal 
number of measured droplets throughout this work. 

4.2.3 Maximum particle size 

The optical arrangement of the PDA system is determined by the refractive index of 
the liquid of interest. Using the PDA Optical Configuration plug-in of the BSA Flow 
software package, the optimal scattering angle is determined for the given refractive 
indices in Table 2. The optimal scattering angle is 97° and 92° for 20% TS and 30% 
TS respectively. Theoretically, this means that the PDA should be operated in the 
reflective scattering mode which is often done for opaque liquids [42]. Since the 
concentrations used in this work are relatively low and the wavelength of the laser is 
high, the first order refractive scattering regime can still be used. In theory, the PDA 
results should not be influenced by the choice of scattering mode if the scattering angle 
corresponds to the refractive index of the liquid. However, from experimental data it 
can be observed that this is not the case. 

 
Figure 22 Comparison of two different scattering angles and scattering modes with milk. 

Validation: 77,3% 
Spherical Val.: 66,0% 
Data rate: 6683# 𝑠}  

Validation: 86,0% 
Spherical Val.: 61,6% 
Data rate: 4655# 𝑠}  
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In Figure 22, the PDF of two measurements using the same milk concentrate are 
shown for a different scattering mode with the corresponding scattering angle. Note 
that the validation, spherical validation and data rate are almost identical for both 
measurements. It can be observed that for the measurement with a scattering angle of 
90 degrees, larger particles are detected compared to the other measurement.  
 
In order to find the cause of this difference, measurements have been performed with 
a single droplet generator. The single droplet generator gives a single stream of 
droplets with a narrow droplet size distribution. By performing PDA measurements with 
this device, the effect of changing the scattering angle and scattering mode on the 
droplet size distribution should be clearly visible since a narrow distribution is expected. 
Furthermore, water is used for these measurements to exclude the possibility that the 
opaque property of milk causes this difference in droplet size distribution.  
 
In Figure 23(a) the particle size distribution is shown for water droplets originating from 
the single droplet generator with a flow rate of 3 ml min-1 at 970 Hz. Note that 
measurement (a) is performed using a scattering angle of 70 degrees in the refractive 
regime. From the histogram in Figure 23(a), it seems at first sight that the droplets are 
correctly interpreted by the PDA since a narrow droplet size distribution is obtained as 
is expected for the single droplet generator. When the scattering angle is changed to 
82 degrees, which is the optimal angle for water in the reflective regime, and the 
reflective scattering mode is used, the droplet size distribution changes. The 
measurement using 82 degrees results in a wider droplet size distribution. The 
detected droplets are larger than the consistent droplet size of around 230 µm 
measured using a scattering angle of 70 degrees (see Figure 23(b)). 
 

 
Figure 23 PDF obtained by using a single droplet generator with water 

 
It is found that this is due to a limit in the PDA software that defines a maximum particle 
size that can be detected. The maximum particle size is determined by the scattering 
angle, type of mask, scattering mode, focal length, and refractive index. Since only one 
lens was available for the PDA system used in this work, the focal length cannot be 
varied. In Table 5 the values for the maximum particle sizes are given and correspond 
to the two measurements shown in Figure 23. It can be seen that the maximum particle 
size is significantly different for the two cases and this explains why there is a large 
difference between the two droplet size distributions in Figure 23. 
 
 

(a) (b) Validation: 86,4% 
Spherical Val.: 12,6% 
Data rate: 710# 𝑠}  

Validation: 49,9% 
Spherical Val.: 12,6% 
Data rate: 28# 𝑠}  
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Table 5 Maximum particle size corresponding to the data in Figure 23 
Scattering angle Scattering mode Type of mask Maximum particle size 

70° Refraction C 237 µm 
82° Reflection C 329 µm 

 
In literature and in theory on the PDA technique, the optical arrangement of the PDA 
is configured based on the properties of the liquid that is used. The whole principle of 
PDA is based on calculations using a scattering angle that corresponds to a certain 
refractive index. If a scattering angle for a certain liquid results in a low maximum 
particle size (which is set by the software), droplets larger than this limit will not be 
detected by the PDA and information on the spray properties will be lost.  
 

 
Figure 24 Comparison of three different masks for a water spray 

 
To minimize the number of undetected droplets, the mask can be varied to optimize 
the maximum particle diameter. As already discussed in section 2.1.1, the mask can 
be used to control the amount of light that reaches the receiving optics can be 
controlled. The mask divides the incoming parallel light into three segments 
corresponding to the four photomultipliers. The effective spatial position of each slit on 
the masks determines the particle sensitivity and range that the PDA system can 
detect.  
In Figure 24 the particle size distribution for three different masks are shown using a 
scattering angle of 70 degrees and the 1st order refraction scattering mode. The range 
of detected particle sizes is the largest for mask C, due the high maximum particle size 
that is involved (see Table 6).  
At first sight, it seems from the (mass averaged) PDF that many large droplets are 
present. However, the number of large droplets is only a small fraction of the total 
number of droplets. Only 157 droplets of the 20.000 shown in the counts histogram in 
Figure 24 have a diameter larger than 99.5 µm (which is the maximum particle diameter 
for mask B). Since this is a fraction below 1%, still a good representation is given of the 
spray properties. Note however that large particles often are an interesting design 
parameter for spray dryers since they determine the maximum droplet drying time (and 
thus the length of the spray dryer) and play an important role in agglomeration.  
Moreover, the data rate and validation decreases when mask C is used which is 
unfavourable. Mask B is considered as the optimal mask since it detects most of the 
droplets that are detected by mask C while at the same time the data rate and validation 
is comparable with mask A. 
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Table 6 Data related to measurements with a different mask 
Mask Maximum particle size [µm] Mean D32 [µm] Data rate [#/s] 
A 61,3  34,7  5375 
B 99,5  48,0  5160 
C 237,4 74,9  4030 

 
To further reduce the limiting effect of the maximum particle diameter, the scattering 
angle can be varied. As already discussed, the optimum scattering angle is determined 
by the refractive index of the liquid. However, the maximum particle size in the software 
changes when the scattering angle is changed within the same scattering mode (see 
Table 7). The optimal scattering mode for water is 1st order refraction due to the high 
intensities that can be reached (see Figure 9).  
 
The optimal scattering angle for water according to Figure 9 would be around 30 
degrees, since this gives the highest light intensities. However, the maximum particle 
size for 30 degrees is 69,0 µm which might be too low for our spray system to detect 
most of the droplets, based on the histograms in Figure 24. A scattering angle of 70 
degrees, which is almost at the boundary of the 1st order scattering regime, gives a 
maximum particle size that is 44% larger compared to an angle of 30 degrees (see 
Table 7). 
 

Table 7 The effect of changing the scattering angle on the maximum particle size 
Scattering 
angle 

Scattering mode Type of mask Mean D32 
[μm] 

Mean data rate 
[#/s] 

Maximum particle size 
[μm] 

70° Refraction B 48,2 ± 3,88 6345 99,5 
30° Refraction B 33,9 ± 3,15 7082 69,0 

 
Figure 25 Comparison of two scattering angles for a water spray 

 
When comparing a typical PDF for 30 and 70 degrees in the same mesh point, the 70 
degrees scattering angle gives a better result since larger droplets are detected (see 
Figure 25). Since 70 degrees is at the boundary of the favourable 1st order refraction 
regime, it is not possible to increase the scattering angle to further increase the 
maximum particle size. Both measurements give similar results for validation and 
spherical validation. The main difference between the two measurements are the 
Sauter mean diameter and the data rate (see Table 7). The Sauter mean diameter is 
lower for the 30 degrees measurement since the maximum particle size is lower which 
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results in the exclusion of larger droplets. The higher data rate can be explained by the 
high intensity for 30 degrees in the polar intensity plot in Figure 9.  
 
In conclusion, the optimal PDA operating conditions for the water spray considered in 
this study can be summarized in Table 8. For other liquids used in this work, the same 
procedure as shown for water is followed in order to find the proper PDA operating 
conditions.  

Table 8 Optimal PDA operation conditions 
Liquid Scattering angle Scattering mode Mask Maximum particle size 
Water 70° 1st order refraction B 99,5 µm 

Glycerol 40% 70° 1st order refraction B 100,2 µm 
Glycerol 60% 70° 1st order refraction B 100,7 µm 

4.2.4 Start-up effect 

It has been observed during measurements that there is an ambiguity in the results 
right after the PDA starts measuring at a new mesh point. For areas where the data 
rate is high, the acquisition time is low and can only be a few seconds long. For these 
points, this start-up effect could possibly corrupt a relatively large fraction of the 
acquisition time and hereby influencing the results.  
In Figure 26 the first second of a typical PDA measurement is shown. It becomes 
evident that only the first 0,015 seconds of the measurement is affected by the start-
up uncertainty. For the first 0,015 seconds, the number of obtained particle size data 
samples is higher than the rest of the measurement. Apparently, the sensitivity of the 
PDA system is a bit higher for the first 0,015 seconds resulting in a 50% higher data 
rate.  
On average, the data rate of measurements in this work is around 7000 droplets per 
second. Considering the 50% data rate increase, about 210 droplets will be collected 
within the first 0,015 seconds of the measurement. The typical sample size used in this 
work is 20.000 droplets which means that the first 0,015 seconds accounts for 1,05% 
of all the droplets collected in a measurement. Since this fraction is reasonably low and 
the measured results in the first 0,015 seconds are in line with the rest of the 
measurements, it can be assumed that the effect of the start-up on the results is 
negligible. 

 
Figure 26 First second of a typical PDA measurement  
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4.2.5 Dense spray regions 

An issue that is specific for the type of atomizer used in this work, is the fact that PDA 
measurements can consist of a low accuracy in dense regions of the spray. Also for 
different operating conditions and atomizers, this is a known issue and is often reported 
in literature [88–91]. As already mentioned in section 2.1.3, this is due to multiple 
droplets entering the measurement volume at the same time and this results in an 
increase of background noise. In literature, no data can be found to quantify the impact 
of background noise on the reliability of the results.  
In Figure 27, a typical contour plot for the spherical validation and validation are shown. 
It can be observed that the validation is the lowest in the middle of the spray and close 
to the nozzle hence the spray region with the highest droplet density. Furthermore, 
Figure 27 shows that the validation increases towards the edges of the spray where 
the spray density is low. On the contrary, the spherical validation seems to be 
independent from the spray density. Given that the spherical validation is a measure 
of the accuracy of the droplet size estimation, it can be assumed that the 
measurements will not be significantly affected by inaccuracies due to droplet density 
gradients in the spray. Besides, the validation values in the dense spray regions still 
are reasonably high which reinforces this assumption.  
As is known dense spray systems, significant errors can arise in the estimation of the 
mass fluxes [26,30]. It could be observed that unrealistic results for the fluxes were 
given by the PDA, and therefore the fluxes will not be considered in this work. 
Due to this relation between the spray density and the validation, measurements will 
start from an axial distance of z=200mm from the atomizer. At this distance from the 
atomizer, the validations are still sufficient to obtain reliable results. 
 

 
Figure 27 Typical contour validation plots for milk concentrates in this work 

4.2.6 Liquid flow rate 

The liquid flow rate is directly related to the particle size distribution. It is therefore 
important that the liquid flow rate is consistent for all measurements, since it would not 
be correct to compare datasets obtained from measurements with an unequal flowrate. 
However, there are two phenomena that can influence the liquid flow rate in the 
experimental setup.  
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The liquid is fed from a container through a small tube to the atomizer. Since no pump 
is involved with transferring the liquid to the atomizer, the liquid flow rate is determined 
by hydrostatic pressure in the container. During PDA measurements, the liquid level in 
the container starts to decrease and hence the hydrostatic pressure as well. The liquid 
flow rate decreases from 320 ml/min for a full bucket to 225 ml/min when the bucket is 
almost empty. As a result of this decrease in flow rate, the spray becomes more diluted 
which can have an effect on droplet-droplet interactions and hence the droplet size 
distribution.  
 
Moreover, changing the spraying liquid can exert a different liquid flow rate. As can be 
seen in Table 2, the viscosity of 20% TS and 30% TS milk concentrates are significantly 
different. As a result, the liquid flow rate is not consistent for 20% TS and 30% TS 
measurements. The liquid flow rate is measured for both concentrates at a constant 
pressure of 4 bar. The flow rates are 115 ml/min and 110 ml/min for 20% TS and 30% 
TS respectively. In Table 9 the flow rates used for the different liquids used in this work 
are shown. It can be observed that there is a significant difference in the flow rates for 
the liquids used in this work. In the experimental setup used in this work it is only 
possible to adjust the flow rate by increasing the air pressure. However, changing the 
air pressure effects the initial droplet size distribution and therefore the pressure is kept 
constant throughout this work. 

Table 9 List of flow rates used for the experiments in this work 
Liquid Flow rate [ml/min] 
Water 235 

Milk 20 %TS 115 
Milk 30 %TS 110 
Glycerol 40% 180 
Glycerol 60% 75 

4.2.7 Repeatability study 

To examine if the experimental results generated by the PDA remain consistent when 
experiments are performed at different moments in time, a repeatability study is 
performed.  
In Figure 28 three Sauter mean diameter contour plots are shown for data obtained at 
three different moments in time. The presented data originates from a water spray 
measurement at 2,5 bar, using a sample size of 5000 for determining the diameter 
statistics. The experimental conditions are kept consistent for every measurement. It 
can be observed that the particle size profile remains the same if the experiment is 
repeated. When the average values are examined for every measurement, it can be 
concluded that the average deviation between the measurements is 0,19% (see Table 
10). Since the average deviation between the measurements is very low, it can be 
assumed that the PDA measurements have a sufficient degree of repeatability. 
 

Table 10 Determination of the deviation between measurements 
Date Average D32 [µm] Deviation from overall average 
22-11-2017 68,70 0,24% 
28-11-2017 69,06 -0,28% 
29-11-2017 68,84 0,038% 
Overall average 68,86 0,19% 
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Figure 28 Comparison of the same experiment repeated at three different moments in time for water at 2,5 bar 

4.2.8 Practical limitations 

After performing some PDA measurements, it became evident that besides all the 
before mentioned limitations the experiments also have practical limitations. First of all, 
droplets form a cloud that arises after a few minutes of spraying. These fine droplets 
then deposit on the lens of the receiver and on the laser. Since this will influence the 
accuracy of the results, measurements have to be interrupted to clean the optics. 
Furthermore, the filter that is attached to the collector is saturated within 20 minutes of 
spraying and as a result the cloud accumulates in the enclosure of the setup. One 
major practical limitation of performing PDA measurements with milk is cleaning. 
Inherently, obtaining results should not take a long time since high data rates can be 
obtained. However due to cleaning, which is very time consuming, only a limited 
amount of data could be obtained for milk concentrates since the mixer was only 
available for a limited amount of time. 
  



 Technische Universiteit Eindhoven University of Technology 

 
 
 

40 Phase Doppler Anemometry on a Spray 
 
 

4.3 Spray characterization 
In this section, experimental results of PDA measurements with a single nozzle are 
presented. First, the spray characteristics of a water spray are evaluated. Then glycerol 
is used to investigate the effect of viscosity on the spray properties. Finally, the spray 
characteristics of 20% TS and 30% TS milk concentrates are examined and compared, 
to investigate if milk sprays have different characteristics due to its physical properties. 
It is assumed that the spray is symmetrical in the z-axis. Therefore, only half of the 
spray will be measured to reduce the experimental time as can be seen in Figure 29. 
 

 
Figure 29 Schematic overview of the mesh grid 

 
In Table 11 the PDA operating conditions, used for the measurements presented in 
this work, with the corresponding maximum particle diameters are shown. Note that 
the measurements with milk are performed with a different mask than the optimal mask 
B (as discussed in section 4.2.3). The milk measurements were performed before the 
measurements with water and glycerol due to the limited availability of the milk mixer. 
At this time, the issues related to the maximum particle diameter (see section 4.2.3) 
were unknown and the PDA settings suggested by an PDA expert from Dantec 
Dynamics were used. Although the maximum particle diameter is lower for the milk 
measurements and thus larger droplets will not be detected by the PDA, the obtained 
milk measurements still give a good representation of the spray characteristics. As can 
be seen in the comparison of different masks in Figure 24, the fraction of droplets that 
are larger than the maximum particle size is relatively low.  
 

Table 11 PDA settings used for the different liquids 
Liquid Scattering angle Scattering mode Mask Maximum particle size 
Water 70° 1st order refraction B 99,5 µm 

Glycerol 40% 70° 1st order refraction B 100,2 µm 
Glycerol 60% 70° 1st order refraction B 100,7 µm 

Milk 70° 1st order refraction A 61,3 µm 
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4.3.1 Water sprays 

To have a high degree of repeatability, the data presented in this section is the average 
of seven individual measurements. Detailed information on the individual datasets can 
be found in Appendix 11.2-1. Moreover, contour plots of the validation, spherical 
validation and data rate are presented in Appendix 11.3-1 to provide more information 
about the quality and reliability of the measurements. The atomizer is operated at 3 bar 
which results in an average flowrate of 235 ml/min.  

4.3.1.1 Velocity profile 
In Figure 30 the contour of the axial velocity is shown together with the velocity profiles 
at three distances from the atomizer. On average, the range of the droplet velocity is 
between 0.3 m/s and 18.2 m/s.  
In the centre of the spray (x=0mm) the velocity decreases when the distance from the 
atomizer is increased. This is in line with expectations since at large distances from the 
atomizer the velocity decreases due to drag forces acting on the droplets. Furthermore, 
the droplets experience less from the air pressure-induced acceleration close to the 
atomizer. At positions in the edges of the spray (x=-50mm), the velocity increases when 
the distance from the atomizer is increased. This can be explained by the shape of the 
spray that is schematically shown in Figure 29. Note that the spray width increases in 
the axial direction. As a result, the droplet concentration in the edge of the spray at high 
axial positions is higher compared to positions closer to the nozzle. When the droplet 
concentration is low, as is the case of x=-50mm z=200mm in Figure 30, droplets 
experience on average more drag force which reduces the velocity.  

 
Figure 30 Axial velocity contour and profile at three axial positions for water 

 
As discussed in section 2.2, the relative velocity plays an important role in the outcome 
of droplet-droplet collisions. To have more information on the relative velocity of the 
droplets in the spray, the standard deviation is determined for the axial velocity in every 
individual point. When the standard deviation is high in a certain point, the velocity   
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difference between two droplets in this point is likely to be large and hence the relative 
velocity is high. By performing these calculations, the profile of the standard deviation 
of the axial velocity might be used to qualitatively examine the relative velocity in the 
spray. 

 
Figure 31 Standard deviation and the corresponding We-number estimation 

 
In Figure 31(a) the profile of the standard deviation of the axial velocity is shown. This 
profile can be used to make an estimation of the Weber number. Following equation 
(11), the Weber number is calculated using the standard deviation as an estimate for 
the average relative velocity. As can be seen in Figure 31 (b), the We-number is higher 
in areas close to the atomizer. The Weber number is a measure for a fluid’s inertia 
compared to the surface tension. Due to the high velocity close to the atomizer the 
inertia increases which thus results in high We-numbers.  
 
Unfortunately, it is not possible to use this estimated We-number to predict the droplet-
droplet collision regimes present in the spray. Since the standard deviation is used to 
estimate the average relative velocity in a specific point in the spray, it is possible that 
We-numbers are in reality higher or lower than shown in Figure 31 (b). For the extreme 
case the relative velocity might be equal to the average velocity reached by the 
droplets. Physically, this would represent a collision between a stagnant droplet and a 
droplet moving with the average velocity.  
If the We-number is calculated for the case using the average velocity in Figure 30, the 
We-number can reach values higher than 170. In reality, the We-numbers can be even 
higher if collisions between large droplets and small satellites are considered, since 
this results in even higher relative velocities. When a satellite drop is formed, the 
velocity can be very low due to the momentum that is lost after the impact of a previous 
collision. As was seen in the typical regime maps in Figure 10 and Figure 11, a range 
of 0 ≤ 𝑊𝑒 ≤ 50 already can give rise to multiple droplet-droplet collision outcomes. It 
is therefore not possible to relate the estimated We-number in Figure 31 (b) with the 
droplet size distribution. 

4.3.1.2 Droplet size distribution 
In Figure 32 the contour plot and profile at three axial positions for the Sauter mean 
diameter are shown. The range of obtained droplets sizes is between 39.0 µm and 57.5 
µm with an average of 48.0 µm. In the middle of the spray (x=0mm) the Sauter mean 
diameter increases when the distance from the atomizer is increased. This is due to 
droplet-droplet collisions that result in coalescence.  

(a) (b) 
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The PDF histograms in Figure 34 show that the droplet diameter increases towards the 
middle of the spray. The PDF shows a shift towards higher droplet diameters when the 
distance from the centre is decreased. However from the droplet counts histograms in 
Figure 35, it can be observed that this shift is only limited to a fraction of the total 
amount droplets. This indicates that the coalescence frequency is not sufficient to 
cause a significant droplet size gradient in the spray. 

 
Figure 32 Sauter mean diameter contour and profile for three axial positions 

 
Note that at x=-50mm and z=200mm, in the upper-left corner in the contour plot Figure 
32, the Sauter mean diameter is very high. This would indicate that the Sauter mean 
diameter increases towards the edges of the spray. However, when considering the 
spherical validation profile in Figure 33, it can be concluded that the PDA reliability and 
accuracy for these specific points is lower compared to the rest of the spray. Since the 
spherical validation is a measure of the accuracy for the droplet size estimation, the 
high diameters in this region are considered as measurement inaccuracies. To have a 
more complete overview of the reliability of the different data points in the spray, the 
contour plots for validation, spherical validation and data rate are shown in Appendix 
11.3-1. Note that unlike validation and data rate, the spherical validation is independent 
of the spray density, which makes it a good measure to evaluate the accuracy of each 
specific data point. 

 
Figure 33 The spherical validation profile at three axial positions  
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Figure 34 PDF histogram at four positions in the spray for water 

 
Figure 35 Counts histogram at four positions in the spray for water 

  



 Technische Universiteit Eindhoven University of Technology 

 
 
 

45 Phase Doppler Anemometry on a Spray 
 
 

4.3.2 Glycerol sprays 

In the following section, glycerol sprays for two concentrations will be evaluated. In 
order to compare the milk sprays with another liquid that has a similar viscosity, 
glycerol-water mixtures (40 vol% and 60 vol%) are prepared. The viscosity of 40 vol% 
glycerol corresponds to the 20 %TS milk concentrate and the 60 vol% glycerol mixture 
corresponds to the viscosity of 30 %TS milk. The measurements are performed at a 
pressure of 3 bar and the presented data is the average of three individual 
measurements for both glycerol-water mixtures. In Appendix 11.3-2 the validation, 
spherical validation and data rate contour plots are shown for both glycerol mixtures to 
provide information on the accuracy of the measurements. Moreover, some statistics 
on the experimental data is shown in Appendix 11.2-2. 

4.3.2.1 Velocity profile 
As can be seen in Figure 36, the profile for both glycerol mixtures are identical to the 
obtained axial velocity profile for water (see Figure 30). Moreover, the range of 
velocities found for glycerol is similar as was found for water, hence between 0.2 m/s 
and 18.4 m/s. For a detailed explanation of the axial velocity profile, please refer to 
section 4.3.1.1.  
When comparing the velocity profile of 40 vol% and 60 vol% glycerol, it is observed 
that the velocity is slightly lower for 60 vol% glycerol mixtures. This is probably due to 
the large difference in flow rates for both glycerol mixtures (see Table 9).  

 
Figure 36 Axial velocity profile at three axial positions for two glycerol solutions 
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4.3.2.2 Droplet size distribution 
When comparing the Sauter mean diameter profile for glycerol in Figure 37 to the 
profile that was found for a water spray (see Figure 32), many similarities can be 
observed. Especially the 40 vol% glycerol-water mixture is very similar to water as the 
range of values found (30.3𝜇𝑚 ≤ 𝐷 3,2 ≤ 55.5𝜇𝑚) is very close to the range of water, 
hence 39.0𝜇𝑚 ≤ 𝐷 3,2 ≤ 57.5𝜇𝑚. 
The same trends regarding the relation between the position in the spray and the 
Sauter mean diameter are found, as is discussed in detail in section 4.3.1.2. Since the 
same grid mesh is used for the glycerol measurements as for the water spray 
measurements, individual grid points can also be compared. In the PDF and counts 
histograms in Figure 40 and Figure 41 the same trends as for water sprays are 
observed. The droplet size tends to increase when the axial position increases and the 
radial coordinate decreases. When the counts histograms in Figure 35 and Figure 41 
are compared, it can be observed that larger droplets are detected in the water spray.  

 
Figure 37 Sauter mean diameter profile at three axial positions for two glycerol mixtures 

 

 
Figure 38 Contour plots for two glycerol-water mixtures 
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Note that the values for D[3,2] of 60 vol% glycerol in Figure 37 and Figure 38 are 
significantly lower compared to the values of 40 vol% glycerol. Moreover, when the 
PDF histograms for both mixtures are compared in Figure 40, the PDF shifts towards 
higher droplet sizes for 40 vol% glycerol. This is not in line with expectations, since the 
droplet-droplet collision regime map for 60 vol% shows more coalescence interactions 
[60]. Increasing the viscosity thus should increase the number of coalescing droplets 
in a spray and hereby increasing the average droplet sizes in the spray. 
Droplet-droplet collisions are not the only factor that governs the droplet size 
distribution. The initial droplet size distribution, which is mainly determined by the type 
of atomizer, air pressure and flow rate, can influence the final spray characteristics as 
well. From the list with flow rates in Table 9 can be observed that there is a major 
difference in flow rate between the two glycerol mixtures. In literature the relation 
between the flow rate and the droplet size is investigated several time and it is often 
demonstrated that the droplet size decreases as the liquid flow rate decreases 
[82,92,93]. In Figure 39, this relationship is shown for the specific atomizer used in this 
work. It can be observed that the droplet size decreases significantly when the liquid 
flow rate decreases for the same air pressure. Since this effect on the droplet size is 
that pronounced, chances are due to the difference between the two glycerol mixtures 
shown in Figure 37. 
 

 
Figure 39 Relation between droplet size and liquid flow rate [93] 

 
It thus can be concluded that the initial size distribution determined by the flow rate has 
a more dominant effect on the final droplet size distribution than the droplet-droplet 
collision interactions present in the spray. The collision frequency is not sufficient in 
this spray system to observe a pronounced effect of the droplet-droplet interactions on 
the Sauter mean diameter profile. 
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Figure 40 PDF histogram at four positions in the spray for glycerol-water mixtures 

 
Figure 41 Counts histogram at four positions in the spray for glycerol-water mixtures  
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4.3.3 Milk concentrate sprays 

In this section, the PDA results for two milk concentrates are presented. Due to 
practical limitations, it was only possible to perform measurements with 20% TS and 
30% TS concentrates. Milk concentrates with a higher total solids content did not result 
in a stable and consistent flow through the atomizer which is required to perform proper 
PDA measurements. The data presented in this section is based on the average of 
multiple datasets which ensures statistical certainty and reproducibility. Some statistics 
on the experimental data is shown in Appendix 11.2-3. Moreover, contour plots of the 
validation, spherical validation and data rate are shown in Appendix 11.3-3 to provide 
more insight on the reliability of the measurements. The measurements are performed 
using an air pressure of 3 bar.  

4.3.3.1 Velocity Profile 
In Figure 42 the axial velocity profile is shown at three different axial positions. Note 
that the axial velocity profile flattens when axial distance from the atomizer increases, 
as we saw for water and glycerol sprays. As discussed, this trend is in line with 
expectations since the radial dispersion of droplets in air increases when the distance 
from the nozzle increases, resulting in the profile shown in Figure 42. 
 

 
Figure 42 Axial velocity profile for three axial positions 

 
In this work, milk concentrates are used which mainly exhibit Newtonian behaviour. 
Note that the 30 %TS concentrate is in the transition region and it thus can have a non-
Newtonian nature. From Figure 43 can be concluded that the relative velocity is the 
highest in the middle of the spray, as was concluded for water and glycerol sprays as 
well. If a milk concentrate with a higher total solid content was sprayed, it is expected 
that the apparent viscosity would change significantly in the middle of the spray. This 
is because the shear rate scales linear with the relative velocity. In the middle of the 
spray, where the relative velocity is high, the shear rate is high as well, resulting in a 
lower apparent viscosity. Lowering the apparent viscosity on its turn changes the 
collision regime map and therefore changing the droplet-droplet collision outcomes. 
However, for practical reasons it was not possible to perform measurements with more 
concentrated milk concentrates, which are in the non-Newtonian regime, to investigate 
this effect. 
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Figure 43 The profile for the standard deviation for the axial velocity 

4.3.3.2 Droplet size distribution 
In Figure 44 the profile for the Sauter mean diameter at three axial positions for both 
milk concentrates are shown. The droplet size decreases towards the edge of the spray 
which is similar for the water and glycerol sprays and was also demonstrated in the 
work of Das et al. [75]. In the counts histogram in Figure 47 it is also visible that the 
number of small droplets decrease towards the edge of the spray. In the edge of the 
spray (x=-50 mm), the Sauter mean diameter increases when the distance from the 
atomizer is increased.  

 
Figure 44 Sauter mean diameter profile for three axial positions 

 
All in all, it can be concluded for all liquids that the profiles for the Sauter mean diameter 
are relatively flat for this type of atomizer. Since in this work a relatively low air pressure 
is used, there is the possibility that the droplet size profile has not been fully developed 
at 400 mm from the atomizer. Therefore, multiple measurements are performed where 
the height of the nozzle is increased. As a result, the previous mesh grid can be 
extended by combining multiple measurements with an increasing height of the nozzle. 
In Figure 45 the results of this measurement are presented. Due to practical limitations 
is was not possible to measure at axial positions higher than 630 mm. 
From the contour plot and the particle size profiles in Figure 45 it can be concluded 
that the profile remains flat, even if the axial distance from the atomizer is increased. 
Apparently, the collision frequency for the operating conditions and atomizer used in 
this work is rather low. It seems that the spray is too dilute to have sufficient droplet-
droplet interactions to see a pronounced effect on the droplet size profiles. 
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Figure 45 Extended mesh grid measurement for a 30% TS milk concentrate 

 
Note that the Sauter mean diameter in Figure 45 does not increase towards the edge 
of the spray at axial positions close to the atomizer (x=-50mm, z=200mm), as we saw 
for water and glycerol sprays (see Figure 32 and Figure 38). Since the same grid mesh 
is used for all measurement, this demonstrates that the spray dimensions are different 
for the milk concentrates. This is in line with earlier work on milk concentrate sprays. 
Wimmer et al. 2013 [94] demonstrated that the spray width for milk concentrates is 
larger compared to water sprays. This is probably due to the fact that there is more 
initial break-up of droplets for water since the viscosity is lower. This results in more 
smaller droplets that cause a faster momentum transfer and hereby the spray width is 
decreased. 
 
When comparing the droplet size profile of the 20% TS and 30% TS concentrates in 
Figure 44, Figure 46 and Figure 47, it is clearly visible that the average droplet size is 
higher for the 20% TS milk concentrate. This is not in line with expectations since the 
regime map in Figure 11 shows more coalescence collision outcomes for 30% TS. For 
the measurements with glycerol-water mixture similar results were obtained. Here it 
was concluded that the droplet size difference was due to a significant difference in 
flow rate between the two concentrations. However as can be seen in Table 9, the 
difference in flow rate for the milk concentrates is only minor compared to the difference 
for the glycerol-water mixtures. In Table 12 it can be seen that this small difference in 
flow rate translates into a smaller difference between the average droplet sizes for milk 
compared to the two glycerol-water mixtures. 
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Figure 46 PDF histogram at four positions in the spray for milk concentrates 

 

 
Figure 47 Counts histogram at four positions in the spray for milk concentrates   
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4.3.4 Conclusion 

From the PDA measurements performed for the three different liquids several 
conclusions can be made. It is demonstrated that there is a general trend for the droplet 
size distribution in the spray. Along the centre of the spray, the droplet size increases 
when the distance from the atomizer is increased. Towards the edges of the spray, the 
droplet size tends to decrease for all three different sprays. The droplet sizes are thus 
the largest in centre of the spray where the droplet density is high (see data rate contour 
plots in Appendix 3). In these dense regions in the spray, the chance of two droplets 
colliding increases. It thus can be concluded that these droplet-droplet collisions along 
the centre of the spray on average result in more coalescence. However, only a 
relatively small increase of droplet size is detected by the PDA system which may 
indicate that the collision frequency is low. 
Furthermore it can be concluded for this spray system that increasing the viscosity 
does not result in a significant increase in droplet sizes, as was expected based on the 
collision regime maps in Figure 11. For similar operating conditions, especially flow 
rate and pressure, there is no clear difference between two concentrations with a 
different viscosity as can be observed for the milk concentrates in Figure 44. However, 
a more pronounced difference in droplet sizes is observed when there is a significant 
difference in flow rate as is the case for glycerol in Figure 37. The initial size distribution 
determined by the flow rate has thus a more dominant effect on the final droplet size 
distribution than the droplet-droplet collision interactions present in our spray system, 
which is illustrated in Table 12. 

Table 12 Relation between the Sauter mean diameter, flow rate and viscosity 
 Average D[3,2] [µm] Flow rate [ml/min] Viscosity [Pa·s] 
Water 48,04 ± 3,07 235 1,00 ∙ 10y\ 
40 vol% glycerol 41,92 ± 3,24 180 5,01 ∙ 10y\ 
60 vol% glycerol 30,93 ± 2,83 75 15,5 ∙ 10y\ 
20% TS milk concentrate 25,48 ± 1,73 115 4,20 ∙ 10y\ 
30% TS milk concentrate 23,19 ± 1,41 110 10,8 ∙ 10y\ 

 
For the spray system and operating conditions used in this work, the type of liquid does 
not seem to drastically change the outcome of the PDA measurements. From Figure 
48 can be observed that the velocity profile is equal for all liquids which is expected as 
the air pressure is kept constant for all measurements. 
Note that there is a significant difference for the various Sauter mean diameter profiles. 
It is expected that this is not caused by the outcome of droplet-droplet collisions, but 
by the change in flow rate imposed by the different viscosities and other flow properties 
of the examined liquids. Using the list with flow rates in Table 12, it is clear that there 
is a relation between the flow rate and the droplet sizes. When the flow rate decreases, 
the droplet size tends to decrease which is a known characteristic for the specific 
nozzle used in this work (see Figure 39). 
 
Another general trend can be observed regarding the relation between the droplet size 
and viscosity. When increasing the viscosity for a specific liquid, the average droplet 
size tends to decrease. As discussed, this is mainly caused by a difference in flow rate. 
However, when the flow rates are almost equal, as is the case for the milk concentrate 
measurements, the droplet size still slightly decreases when the viscosity is increased 
(see Figure 48). This is not in line with expectations, since more coalescence is 
expected when the viscosity is increased. 
A possible explanation is that the spray angle increases, and hence the spray width, if 
the viscosity is increased. As can be seen in the data rate contour plot in Appendix 
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11.3-2, the spray density decreases at positions far from the atomizer if the viscosity is 
increased. If the spray density is lower and thus the spray is more dispersed, the 
number of collisions that can result in coalescence is lower as well and hereby 
decreasing the average droplet size. As a result, there is no pronounced shift in the 
droplet size profile when the viscosity is increased for the same flow rate and pressure. 
This observation is in line with earlier work on spray characterization in literature 
[11,74,94]. 
 
The milk droplet size profiles shown in Figure 48 are measured using a different mask 
than the other liquids used in this work. As a result, the range of droplet sizes that can 
be detected by the PDA is lower which significantly decreases the average droplet 
sizes. 
 

 
Figure 48 Comparison of the Sauter mean diameter and axial velocity for all liquids used in this work at z=320mm 

 
As is demonstrated, the developed Sauter mean diameter profile remains relatively flat 
for different axial positions in the spray. This indicates that the droplet density in the 
spray system might be too low to have sufficient droplet-droplet interactions to detect 
a pronounced effect of droplet-droplet collisions on the droplet size. To properly 
investigate the effect of droplet-droplet collisions on the spray characteristics, the spray 
system has to be adjusted in such a way that the collision frequency increases. 
Therefore, PDA measurements will be performed with two impinging sprays. This will 
result in more droplet-droplet interactions as the two sprays are positioned in such a 
way they will overlap. 
 
The results regarding the measurements with two impinging sprays will be presented 
in the following section. 
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4.4 Two impinging sprays characterization 
For the experiments with a single nozzle, relatively flat droplet size profiles are 
obtained. It is therefore expected that the spray system in this work is very dilute, due 
to low air pressure and flowrate, resulting in a relative low number of droplet-droplet 
interactions and hence flat droplet size profiles. To force more droplet-droplet 
interactions in the spray, measurements are performed with two equal atomizers that 
are positioned in such a way that the sprays overlap. Due to this overlap, the number 
of droplet collisions are likely to increase and therefore the droplet size profile should 
change compared to previous measurements with a single spray.  
In Figure 49 a schematic overview is given for the mesh grid and the angle of the 
nozzles used for the measurements. Note that the previous assumption that the spray 
is symmetrical in the z-axis is no longer valid. Now, the spray only can be assumed to 
be symmetrical in a single plane. All measurements are performed using an air 
pressure of 5 bar. 

  
Figure 49 Schematic overview of the incline angle and mesh grid of the two impinging nozzles setup 

4.4.1 Water sprays 

Following the same method as shown in Figure 45, measurements are performed at 
two nozzle heights to extend the mesh grid of the PDA system. Every measurement 
has been repeated for three times and then all measurements are averaged to ensure 
repeatability and provide statistical certainty. In Appendix 11.4-1 the contour plots are 
shown of the validation, spherical validation and data rate. 

4.4.1.1 Velocity profile 
From the axial velocity contour plot shown in Figure 50, the two individual sprays can 
clearly be distinguished. The range of velocity found for two impinging nozzles agrees 
very well with the velocity range found for the single nozzle in Figure 30. From Figure 
50 it can be concluded that the air pressure is distributed unequally over the two 
nozzles. As can be observed, the air pressure in the right nozzle is higher resulting in 
higher velocities compared to the left nozzle.  
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Figure 50 Two impinging nozzles: axial velocity contour plot for water 

 
Since the axial velocity contour shows the exact dimensions of the two sprays, the 
velocity profile can be used to estimate the z-coordinate where the two sprays impinge. 
From this z-coordinate onwards a symmetrical velocity profile arises and the impinging 
spray can be compared with the single spray measurements.  
In Figure 51 (b) the velocity profile is shown for three axial positions. As can be seen, 
a symmetrical velocity profile is developed at z=300mm. From Figure 51 (a) can be 
observed that the Sauter mean diameter increases at the point where the two sprays 
impinge (x=0mm, z=300mm), as is in line with expectations.  

 
Figure 51 Sauter mean diameter and axial velocity profile at three axial positions for water 

  

(a) (b) 



 Technische Universiteit Eindhoven University of Technology 

 
 
 

57 Phase Doppler Anemometry on a Spray 
 
 

 
Figure 52 Comparison between single and impinging nozzles for the axial velocity profile of water 

 
In Figure 52 the developed velocity profile of the impinging sprays is compared with 
the velocity profile for the single spray measurement. Note that the spray is wider for 
the single spray case, since still a lot of droplet with a relatively high velocity are 
detected at large radial distances from the centre. The spray width is thus changed due 
to the fact that the two sprays are impinging. Apart from the different spray width, the 
velocity profiles shown in Figure 52 are comparable. About the same range of axial 
velocity is found for both spray systems. 

4.4.1.2 Droplet size distribution 
In Figure 53 the Sauter mean diameter profile is shown for four axial position in the 
symmetrical region of the impinging sprays. A trend regarding the D[3,2] profile can be 
observed in the edges and the centre of the spray. Around x=-20mm and x=0mm it can 
be clearly seen that the droplet sizes increase when the distance from the nozzles 
increases. This is in line with the results found for the single nozzle measurements and 
indicates that droplets are coalescing in the spray. However, as can be observed in 
Figure 53, this size increase is limited to only a few percent.  

 
Figure 53 Sauter mean diameter profile at four axial position for water 
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The fact that using two impinging sprays did not result in a significant change in droplet 
size distribution is further illustrated in Figure 54. Here, the profile for the single nozzle 
and two impinging nozzles are compared at equal distances from the atomizer. It can 
be observed that the profile for the single spray and the two impinging sprays are 
almost identical. An equal range of droplet sizes is found for both spray configurations. 
Even by forcing the droplets to collide and by doubling the flow rate in the impinging 
spray system, the number of collisions is not sufficient to significantly affect the droplet 
size distribution. 

 
Figure 54 Comparison between single and impinging nozzles for the Sauter mean diameter profile of water 

4.4.2 Glycerol sprays 

Only a limited amount of results are obtained for glycerol using the two impinging 
sprays configuration. Due to health and safety issues, further experiments with glycerol 
had to be aborted. The ventilation and blower system of the setup was not properly 
calibrated to handle the increased flow rate of the two impinging sprays. As a result, 
degree of cloud formation was very high and even escaped from the enclosure of the 
experimental setup. Therefore, only a single mesh grid could be measured for the 40 
vol% glycerol-water mixture. Unlike the previous results of the two impinging nozzles 
with water, the measuring distance from the atomizer will be limited from 140mm to 
340 mm for the glycerol-water mixture. However, this measurement is repeated three 
times before the experiments had to be aborted, which makes the obtained data still 
reliable and reproducible. In Appendix 11.4-2 the contour plots for the validation, 
spherical validation and data rate are shown. 
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Figure 55 Sauter mean diameter and axial velocity profile at three axial positions for 40 vol% glycerol 

4.4.2.1 Velocity profile 
In Figure 55(b) it can be observed that a symmetrical velocity profile develops at 
z=300mm which is the same as is demonstrated for water in Figure 51(b). Note that a 
symmetrical Sauter mean diameter profile is found at z=300mm as well in Figure 55(a). 
Again, the detected velocities are in the same range as for the other cases presented 
in this work. When comparing the symmetrical velocity profile of the two impinging 
sprays measurement with the single nozzle measurement in Figure 56, the same can 
be concluded for the water case presented in Figure 52. The only major difference 
between the single spray measurement and the two impinging sprays case based on 
Figure 56 is the spray width. For equal axial distance from the atomizer, the spray for 
the single nozzle case is wider compared to the two impinging sprays case. 

 
Figure 56 Comparison between single and impinging nozzles for the axial velocity profile of glycerol 

(a) (b) 
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4.4.2.2 Droplet size distribution 
In Figure 57 a similar trend as seen for other Sauter mean diameter profiles shown in 
this work can be observed. The Sauter mean diameter decreases toward the edge of 
the spray and increases is the axial distance from the atomizer is increased. Note that 
for this measurement the maximum axial position is limited to 340mm, as discussed in 
section 4.4.2. From the comparison between the single spray and two impinging sprays 
in Figure 58 it can be concluded that a similar range of D[3,2] values is found for both 
cases. The same could be concluded for the water case (see Figure 54). It is therefore 
remarkable that the same can be concluded for a liquid that has a higher viscosity 
which should result in an increase in droplet size if more collisions are imposed. 
 

 
Figure 57 Sauter mean diameter profile at three axial position for 40 vol% glycerol 

 

 
Figure 58 Comparison between single and impinging nozzles for the Sauter mean diameter profile of glycerol 
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4.4.3 Milk concentrate sprays 

As already mentioned, the industrial mixer used to prepare the milk concentrates was 
available for a limited amount of time. Since the experiments in this work first were 
focused on measurements with a single spray, only a limited amount of data could be 
collected for the two impinging sprays case with milk concentrates. Due to this time 
constraints only a single dataset is obtained using a 20 %TS milk concentrate. Since 
all other data presented in this work are averaged over multiple datasets, the reliability 
and reproducibility of the following results is arguable. However, these results only will 
be used to have an indication of the range of values found for the Sauter mean diameter 
and axial velocity. 

 
Figure 59 Sauter mean diameter and velocity profile for 20 %TS milk using two impinging nozzles 

 
Note that the maximum axial distance measured from the nozzle is 400mm for this 
measurement, see Figure 60. As can be seen in Figure 60 and Figure 59(b), z=400mm 
is not sufficient to obtain a symmetrical velocity profile at the position where the two 
sprays impinge. Therefore, it is unlikely that the Sauter mean diameter profile in Figure 
59(a) shows higher droplet sizes compared to the single spray case in Figure 44.  

 
Figure 60 Axial velocity contour for milk 20 %TS using two impinging sprays 

(a) (b) 
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However, when  Figure 61 is examined it can be observed that the Sauter mean 
diameter profile for the two impinging sprays case is slightly higher than the single 
spray case. Note that there is a significant difference for the axial velocity profile, which 
is due to the fact that a lower air pressure is used for the two impinging sprays case. 
Since the data for the two impinging sprays case in Figure 61 is based on only a single 
data set, the reliability of these observations is arguable. However, it can be concluded 
that the same range of D[3,2] values is obtained for both cases which is in line with the 
observations for the other liquids used in this work. 

 
 Figure 61 Comparison between two nozzle configurations for 20 %TS milk concentrates 

4.4.4 Conclusion 

The purpose of performing measurements with two impinging sprays was to force the 
droplet to collide in order to increase the collision frequency and hereby increase the 
coalescence collision events. Based on Figure 54, Figure 58 and Figure 61 it can be 
concluded that rearranging the setup to the two impinging nozzles configuration did not 
result in a significant increase in droplet sizes. The exact same range of values are 
found for the single spray and two impinging sprays measurements. Even by forcing 
more droplets to collide and by doubling the flow rate, no significant change in the spray 
characteristics is observed. 
 
In Figure 62 the axial velocity and Sauter mean diameter profile for the three liquids 
are compared. It can be concluded that the same trend is found in relation to the Sauter 
mean diameter when compared to the single spray case in Figure 48. Again, it is 
expected that the difference in droplet size is due to a significant difference in flow rate. 
Note that the velocity profile for milk is relatively flat compared to the other two liquids 
in Figure 62. As already mentioned, this is due to the lower air pressure used for the 
milk measurement. Furthermore, note that the data regarding the milk measurements 
shown in Figure 62 is based on a single measurement, which makes it statistically less 
reliable. 
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Figure 62 Comparison Sauter mean diameter and axial velocity for two impinging sprays at z=320mm. 
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5 Conclusions and discussion 

The objective of this work was to experimentally investigate the effect of viscosity on 
the characteristics of a spray. This was done by performing Phase-Doppler 
Anemometry measurements on different types of liquids, including water, glycerol and 
milk concentrates. An experimental setup was developed to measure the spray 
properties, using an atomizer that is typically used in industry, in a reliable and 
reproducible manner.  
 
In literature PDA is often used for characterizing liquids and is often assumed to be 
considered as a straight forward characterization method since little information is 
provided on the operating conditions of the PDA used in literature. 
This work has demonstrated that the PDA has many limitations (as discussed in section 
4.2), especially when multiple liquids are examined and have to be compared with each 
other. Some of these limitations were not known before starting this work and therefore 
the reliability of the PDA setup has significantly improved. 
 
From the first experiments with a single spray can be concluded that for the operating 
conditions available, the PDA gives similar results for the different liquid solutions used 
in this work. It was observed that the velocity profile was equal for all liquids which is 
expected as the air pressure is kept constant for all measurements. However, a 
significant difference was observed for the various Sauter mean diameter profiles. It is 
expected that this is not caused by the outcome of droplet-droplet collisions, but by the 
change in flow rate imposed by the different viscosities (and other flow properties) of 
the examined liquids. A clear relationship between the flow rate and the droplet sizes 
is observed. When the flow rate decreases, the droplet size tends to decrease which 
is a known characteristic for the specific nozzle used in this work (see Figure 39). This 
makes comparing the droplet size for different liquids challenging. 
 
Another trend could be distinguished regarding the relation between droplet size and 
viscosity. When the viscosity of a specific liquid increases, the average droplet size 
tends to decrease. As discussed, this is mainly caused by a difference in flow rate.  
However, when the flow rates are almost equal, as is the case for the milk concentrate 
measurements, the droplet size still slightly decreases when the viscosity is increased 
(see Figure 48). This is not in line with expectations, since more coalescence is 
expected when the viscosity is increased based on the droplet-droplet collision regime 
maps. 
A possible explanation is that the spray angle increases, and hence the spray width, if 
the viscosity is increased. If the spray density is lower and the spray is thus more 
dispersed, the number of collisions that can result in coalescence is lower and hereby 
decreasing the average droplet size. As a result, no pronounced shift in the droplet size 
profile is observed when the viscosity is increased for the same flow rate and pressure. 
This observation is in line with earlier work on spray characterization in literature 
[11,74,94]. 
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Efforts have been made to increase the collision frequency in the spray system and 
then attempt to relate the droplet sizes to the viscosity of the liquids. This was done by 
adding another atomizer to the setup and was positioned in such a way that the two 
sprays impinge. Due to practical and safety related issues, only a limited amount of 
measurements could be performed with this rearranged experimental setup. 
As is demonstrated in section 4.4, the range of values for the two impinging sprays and 
the single sprays are in a similar range. Even by imposing a higher droplet collision 
frequency, no significant change in spray properties could be observed. It thus can be 
concluded that rearranging the setup to the two impinging sprays configuration did not 
result in a significant increase of droplet sizes.  
For the operating conditions and spray system used in this work, the PDA results were 
not able to relate droplet-droplet interactions with the droplet sizes in the spray. 
However, the effect of coalescence is noticeable  
 
Even though the objective of this work was to relate the viscosity, which influences the 
collision regime map, to the droplet size distributions, still useful results were obtained. 
General trends for the specific nozzle used in this work could be distinguished. The 
Sauter mean diameter decreases towards the edges of the spray and when the axial 
distance from the atomizer increases. Furthermore, due to the many advances that 
have been made on the reliability of the PDA setup, this work can be considered as a 
solid foundation for further research for PDA on spray systems. 
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6 Recommendations 

During this work, the experimental setup has been significantly improved. However, 
the last experiments had to be aborted due to safety issues related to the experimental 
setup. Some adjustments to the experimental setup have to be made in order to extend 
the current line of experimental work.  
As discussed in this work, the flow rate is a critical parameter that influences the droplet 
size distribution. If liquids with different properties have to compared using PDA, it has 
been demonstrated that the flow rate and air pressure have to be the consistent. In this 
work the liquid is fed to the atomizer by hydrostatic pressure. In the current 
experimental setup it was only possible to adjust the flow rate by changing the air 
pressure. However, the air pressure also influences the spray properties and should 
be consistent for all measured liquids. For further work it would be therefore 
recommended to use a pump in order to control the flow rate to the atomizer. 
Another advantage of using a pump for the liquid feed is the fact that liquids with a 
higher viscosity can be examined. In the current work it was not possible to investigate 
46 %TS milk concentrates since the flow rate was not sufficient to provide a consistent 
and stable spray. Finotello et al. 2018 [60] demonstrated that the coalescence regime 
in the collision regime map significantly increased for 46 %TS milk concentrates. For 
further research it would be therefore intriguing to examine if the droplet sizes for 46 
%TS milk are higher than the droplet sizes obtained in this work. 
 
Subsequently, the ventilation system has to be properly calibrated in order to continue 
the work on two impinging sprays. The current setup has proven not to be able to 
handle the large flow rates accompanied with the two impinging sprays setup. When 
further milk measurements have to be performed especially the filter system has to be 
redesigned, since for the milk concentrates the filter has to be replaced after a couple 
of minutes. When the filter is saturated, the blower is not able to remove the formed 
cloud in the experimental enclosure which decreases the quality of the PDA 
measurements. 
Furthermore, it is observed in this work that there is an uneven distribution of air 
pressure of the two atomizers when performing experiments with two impinging sprays. 
A single pressurized air connection is divided using a simple splitter to distribute the air 
over the two atomizers. As a result, it is not possible to adjust the air pressure of each 
individual nozzle. It is therefore recommended to facilitate another air pressure 
connection with a subsequent air flow controller in order to have the same pressure in 
both atomizers. 
 
Due to the limited availability of the industrial mixer used to prepare the milk 
concentrates, measurements have not been performed using the optimal operating 
conditions for the PDA. Since a different mask is used, which results in a lower 
maximum particle diameter, the average droplet sizes are underestimated for the milk 
concentrates. It can be therefore recommended to perform experiments with milk 
concentrates as discussed in section 4.2. If these measurements then are compared 
with the glycerol-water mixture sprays, differences in spray properties might be related 
to the physical properties of milk.  
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This work can be extended to investigate the effect of droplet evaporation on the spray 
characteristics for milk concentrates. In this work, air is fed at room temperature to the 
atomizer. When air is fed at an elevated temperature, smaller droplets are likely to 
evaporate faster which could lead to a higher increase of the average droplet size in 
the axial direction than was demonstrated in this work. If performed successfully, this 
research can be used to validate the heat and mass exchange parts of numerical 
models. 
Furthermore, this work can further be extended by accounting for droplet-wall 
interactions and flow patterns in a spray dryer. In industrial spray dryers, these 
interactions can account for processing problems that affect the quality and quantity of 
the final product [77,78]. By fabricating a small-scale spray drying chamber with 
precision cut holes for the PDA laser beams, more realistic experimental data can be 
obtained that can be better compared with industrial applications. 
 
This work has academic relevance since it can be used for the validation of numerical 
models on spray dryers. However, this work has demonstrated that PDA only provides 
reliable point-wise data for droplet size and velocity. In order to validate numerical 
spray model, using only PDA data is not sufficient to perform a complete validation of 
the model. To properly validate numerical models, it can be therefore recommended to 
use a combination of characterization methods to obtain experimental data. Particle 
image velocimetry for example can be used to obtain a two- or three-dimensional 
vector field for the velocity. 
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11 Appendix  

11.1 Appendix 1 
Reflection [28] 

𝛽_ =∙ 2 1 − cos 𝜗 2 ∙ cos 𝜑_ ∙ cos 𝜓_ + 𝑠𝑖𝑛 𝜗
2 ∙ sin 𝜓_ 	

− 1 − cos 𝜗 2 ∙ cos 𝜑_ ∙ cos 𝜓_ − 𝑠𝑖𝑛 𝜗
2 ∙ sin 𝜓_ 	  

First order refraction 

𝛽_ = 2 1 + 𝑛Pij= − 2 ∙ 𝑛Pij ∙ 𝑓_Ç − 1 + 𝑛Pij= − 2 ∙ 𝑛Pij ∙ 𝑓_y  

 With: 
𝑓_± = 1 + cos 𝜗 2 ∙ cos 𝜑_ ∙ cos 𝜓_ ± 𝑠𝑖𝑛 𝜗

2 ∙ sin 𝜓_  
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11.2 Appendix 2 
 

	 Water_7	 Water_8	 Water_9	 Water_10	 Water_12	 Water_13	

Acquisition	time	[s]	 30	 30	 30	 30	 30	 30	
Sample	number		 20000	 20000	 20000	 20000	 20000	 20000	
Average	Count1	 19879	 19868	 19569	 18761	 20000	 20000	
Average	Count2	 19782	 19754	 19476	 18526	 19740	 19799	
Av.	data	rate1	[#/s]	 6344	 6411	 6345	 5575	 7224	 6692	
Av.	data	rate2	[#/s]	 7513	 7416	 6722	 5648	 7230	 6455	
Av.	Spherical	Validation	[%]	 63,0	 61,6	 74,0	 70,8	 71,7	 69,3	
Av.	Validation	1	[%]	 82,1	 81,8	 81,0	 83,5	 77,4	 80,4	
Av.	Validation	2	[%]	 75,6	 74,6	 78,1	 81,0	 76,4	 79,5	
Mean	D10	[μm]	 11,8	 12,0	 12,1	 11,1	 12,6	 11,8	
Mean	D32	[μm]	 47,7	 47,5	 48,2	 47,5	 48,9	 48,3	
Standard	Deviation	D[3,2]	 3,12	 3,42	 3,88	 4,22	 3,04	 3,29	
Av.	Velocity	[m/s]	 7,65	 7,69	 7,92	 6,59	 7,99	 7,41	
Standard	Deviation	Vel.	 4,73	 4,73	 4,44	 4,39	 4,13	 4,35	

Appendix 11.2-1 Experimental data of the water measurements 
 
 

	 Gly_40_1	 Gly_40_2	 Gly_40_3	 Gly_60_1	 Gly_60_2	 Gly_60_3	

Volume	percent	[%]	 40	 40	 40	 60	 60	 60	
Acquisition	time	[s]	 30	 30	 30	 30	 30	 30	
Sample	number		 10000	 20000	 20000	 10000	 20000	 20000	
Average	Count1	 10000	 20000	 20000	 10000	 20000	 20000	
Average	Count2	 10000	 20000	 20000	 10000	 20000	 20000	
Av.	data	rate1	[#/s]	 7532	 7575	 7789	 7493	 7006	 6310	
Av.	data	rate2	[#/s]	 7341	 6934	 6733	 5642	 4940	 4281	
Av.	Spherical	Validation	[%]	 64,4	 66,8	 70,5	 69,4	 72,2	 74,2	
Av.	Validation	1	[%]	 70,0	 78,0	 78,5	 73,7	 81,2	 84,4	
Av.	Validation	2	[%]	 72,6	 78,3	 79,5	 77,0	 85,7	 88,2	
Mean	D10	[μm]	 9,08	 8,78	 8,47	 7,47	 6,95	 6,42	
Mean	D32	[μm]	 43,9	 41,9	 40,0	 34,6	 31,0	 27,26	
Standard	Deviation	D[3,2]	 3,78	 3,59	 3,88	 4,21	 3,34	 2,02	
Av.	Velocity	[m/s]	 7,50	 7,56	 7,54	 7,75	 7,90	 7,80	
Standard	Deviation	Vel.	 4,45	 4,33	 4,21	 3,93	 3,85	 3,86	

Appendix 11.2-2 Experimental data of the glycerol measurements 
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	 Milk_20_9_1	 Milk_20_10_1	 Milk_20_12_1	 Milk_30_5_2	 Milk_30_6_1	 Milk_30_7_1	

Concentration	%TS	 20	 20	 20	 30	 30	 30	
Acquisition	time	[s]	 20	 20	 30	 20	 30	 30	
Sample	number		 20000	 20000	 20000	 20000	 20000	 20000	
Average	Count1	 20000	 20000	 20000	 20000	 20000	 20000	
Average	Count2	 20000	 20000	 20000	 20000	 20000	 20000	
Av.	data	rate1	[#/s]	 6683	 5196	 7609	 6837	 7198	 7874	
Av.	data	rate2	[#/s]	 6082	 5875	 10488	 7394	 8993	 9686	
Av.	Spherical	Validation	[%]	 66,0	 61,6	 65,7	 68,6	 71,4	 70,6	
Av.	Validation	1	[%]	 77,3	 79,7	 71,8	 76,8	 77,0	 75,9	
Av.	Validation	2	[%]	 79,4	 80,1	 69,7	 75,5	 70,4	 71,6	
Mean	D10	[μm]	 5,6	 8,4	 5,5	 5,2	 5,5	 5,6	
Mean	D32	[μm]	 24,1	 26,2	 26,1	 22,0	 23,3	 24,3	
Standard	Deviation	D[3,2]	 2,5	 1,9	 1,6	 1,4	 2,1	 1,4	
Av.	Velocity	[m/s]	 6,8	 7,7	 9,9	 6,8	 9,2	 7,8	
Standard	Deviation	Vel.	 4,6	 4,9	 4,2	 4,4	 4,4	 3,9	

Appendix 11.2-3 Experimental data of the milk concentrate measurements 
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11.3 Appendix 3 

 
Appendix 11.3-1 Validation, spherical validation and data rate contour plot for water 

 

 
Appendix 11.3-2 Validation, spherical validation and data rate contour plot for two glycerol-water mixtures 
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Appendix 11.3-3 Validation, spherical validation and data rate contour plot for two milk concentrates 
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11.4 Appendix 4 

 
Appendix 11.4-1 Validation, spherical validation and data rate contour plot for water impinging nozzles 

 

 
Appendix 11.4-2 Validation, spherical validation and data rate contour plot for 40 vol% glycerol impinging nozzles 

  



 Technische Universiteit Eindhoven University of Technology 

 
 
 

83 Phase Doppler Anemometry on a Spray 
 
 

11.5 Appendix 5 

 
Appendix 11.5-1 Phase plot for a typical water measurement 

 

 
Appendix 11.5-2 Phase plot for a typical glycerol solution measurement 

 

 
Appendix 11.5-3 Phase plot for a typical milk concentrate measurement 

 


