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Summary

Spray drying is an operation used in many process industries to produce pow-
ders from suspensions containing solid particles. The solution or suspension
is atomized in �ne droplets that are dried in a hot air stream. The process
involves complex, multiphase, multi-scale transport phenomena with recipro-
cal interactions between drying air, droplets, and solid or partially solidi�ed
particles. Furthermore, each phase is not a pure substance but is a mixture
of several components. The quality of the �nal product, in terms of size and
morphology, is signi�cantly a�ected by coalescence, break-up, and agglomera-
tion processes prevailing during spray drying. In order to optimize the powder
morphology towards the desired characteristics, it is important to have a de-
tailed understanding of the phenomena taking place at the individual droplet
scale. The correct prediction of these phenomena is essential for modelling
spray drier processes. To obtain insight into the collision dynamics of droplets
inside a spray dryer a multiscale approach consisting of both experiments and
modelling constitutes a powerful method to investigate mechanisms occurring
at a wide range of time and length scales involving transfer of mass, momentum
and heat.

Almost all theoretical models or correlations that describe the outcome for
the droplet collision boundary do not consider the dissipation because they
refer to water droplets where the viscous forces are usually much less relevant
than the surface tension. The role of viscous dissipation energy is analysed
in collisions of droplets with di�erent sizes and di�erent physical properties
using Direct Numerical Simulation (DNS) based on a Volume of Fluid method
(VOF) in which the �uids �ow are fully resolved. The collision outcomes of co-
alescence, stretching, and re�exive separation were captured while the current
model does not allow a study of the bouncing regime. The di�erence in vis-
cosity leads to a complex evolution of the interphase morphology of the drops.
From the simulation results, a general phenomenological model depending on
the Capillary number (Ca, accounting for viscosity), the impact parameter (B),
Weber number (We) and size ratio (∆) is proposed. To extend the range of We
numbers and impact parameters and to detect all the possible collision regimes,
an experimental investigation is initiated. Experiments on droplet-droplet col-
lisions are performed with generation of two streams of monodispersed drops
forced to collide. The collision events are detected with high speed cameras
and positions, velocity, geometry of impact are derived by image analysis. Col-
lisions of droplets consisting of glycerol-water mixtures and of milk solutions
at three di�erent concentrations are analysed and compared. The model for
the boundaries demarcating the collision outcomes are developed and can be
used for prediction of collisions in sprays for the production of milk powder.
Droplet-droplet collisions of shear thinning non-Newtonian Xanthan solution
are performed to get insights into the collision dynamics of complex liquids.
Unlike glycerol and milk, xanthan (shear thinning) collisions show no re�exive
separation even at high We number. This outcome is related to an increase of
viscous energy dissipation and extensional e�ects, leading to coalescence rather
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than separation.
The regime maps for collision outcome boundaries are used in the spray

drying Direct Simulation Monte Carlo (DSMC) model where an Eulerian-
Lagrangian method is used to describe the dynamics of liquid droplets atomized
in a high pressure spray nozzle. The gas phase is treated as a continuum where
the governing equations are solved on a �xed Eulerian grid. The liquid is
the dispersed phase treated with a Lagrangian method. The droplet collision
rate is detected stochastically with a Direct Simulation Monte Carlo (DSMC)
approach. Because the air is introduced in the spray at high velocities a self-
induced turbulent gas �ow is generated demanding for turbulence modelling. A
turbulent dispersion model has been included to account for the instantaneous
�uid velocities along the particle trajectories. Accounting for the sub grid scale
velocity �uctuations leads to an enhancement of the collision frequency.

The processes of heat and mass transfer greatly in�uence the evaporation
of water from the droplets and hence the �nal powder properties such as the
size distribution. The drying model for the dispersed phase is coupled with
heat and mass transfer equations of the continuous phase. It was observed
that most of the heat and mass exchange occurs in the vicinity of the inlet
atomizer where the velocities are high as well as the surface to volume ratio is
still high because coalescence did not yet prevail.

A full characterization of the size and velocity distributions of drops inside
a spray of viscous liquids has still not entirely been presented in literature.
For this reason Phase Doppler Anemometry (PDA) experiments are performed
on a spray using liquids with di�erent viscosity. The PDA technique is a
non-intrusive optical method which uses laser beams to identify the volume of
measurement. The size and velocity distributions along the spray are derived
without disturbing the spray �ow. These distributions are a�ected by the
viscosity and rheology of the liquid but the spray operating conditions resulted
a stronger in�uence on the system. A detailed analysis of the optical system and
its limitation provided signi�cant advances and guidelines for future studies.
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Chapter

1

Introduction

Powdered milk is a dairy product obtained by dehydrating liquid milk through
drying processes. Milk is converted to a milk powder by removing water to
enable e�cient storage and transport and to enhance storage life. The perma-
nent demand of milk powders is accompanied by the challenge of sustainable
development of the spray drying processes. The increased interest in sustain-
able manufacturing gives opportunities in creating better and new products,
in reducing the consumption of energy, in signi�cantly improving existing pro-
cesses and introducing new ones. Engineering science and technology are the
key instruments towards this type of progress.

One of the most important quality control parameters for milk powder is
the particle size distribution. The particle size distribution of spray-dried par-
ticles in a spray is in�uenced by several parameters such as the atomizer design
and atomization conditions, liquid feed properties, droplet drying conditions
and droplet interactions. Spray-dried powder particles are usually spherical
with diameters ranging from 10 to 250 µm. In the spray small sticky particles
agglomerate, forming a larger, porous and more irregularly shaped structure.
Numerous studies of spray processes have been performed to relate the result-
ing powder properties to the process conditions and parameters. Several au-
thors derived the relevant parameters in�uencing the �nal powder distributions
(Bhandari et al. [1], Chegini and Ghobadian [2], Goula et al. [3]). A powder
needs to quickly regain its original properties when is rehydrated. The recon-
stitution process of a powder depends on wettability, sinkability, dispersibility
and solubility. Rapid dispersion requires a large particle size of about 150 to
200 µm, thus powders with large particle size have superior dispersibility in the
water. Powders with small particles are di�cult to wet because the interpar-
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2 Chapter 1. Introduction

ticle space is reduced and the water cannot easily be absorbed on the surface.
Production of dust or very �ne particles in the powder is also undesired be-
cause of health and safety reasons, product losses and facilities maintenance.
Sinkability is another powder property in�uenced by size. The bulk density is
the weight of the powder per unit volume. Agglomeration decreases the bulk
density while the presence of �ne particles in the powder reduces the empty
spaces between the particles so that the bulk density is high. A high moisture
content in the �nal powder decreases indispensable properties such us bulk den-
sity, �owability and stability. In contrast, low moisture in powders products
not only enhances their shelf life but also provides ease of storage, handling
and transport.

The spray drying process comprises three major phases. The �rst one is
the atomization of the liquid stream. Successively, atomized droplets of the
feed are brought in contact with a drying gas, usually air, at adequate temper-
ature. During this drying phase, the solvent, usually water, contained within
the dispersion of droplets is vaporized, resulting in the formation of solid prod-
uct particles. While droplets are drying they are also colliding with each other
and with partially or completely dried particles. Each of the above-mentioned
phases, as well as the conditions under which they are occurring, have a huge
e�ect on the drying process e�cacy and on the �nal product properties. Specif-
ically, because of the drying of the droplets the liquid viscosity increases by
many orders of magnitude, while the collision outcome (bouncing, coalescence,
agglomeration or breakup) strongly depends on the viscosity and liquid compo-
sition of the droplets. Di�erent collision outcomes modify the initial atomized
droplet size distribution. The prediction of droplet size in sprays helps to de-
termine heat and mass transfer rates, drying e�ciency and collision rates which
all relate to the �nal powder size distribution. As discussed before, the quality
of the produced powder is regulated by the size parameter. It is therefore of
prime importance to be able to predict the outcome of droplet-droplet collisions
for the modelling and development of spray dryer processes.

1.0.1 Objective and outline of the thesis

The objective of this dissertation is to acquire a more thorough understanding
of droplet-droplet collisions in a spray dryer. The �ow pattern, temperature,
humidity and particle size distributions in a spray dryer are usually very di�-
cult and expensive to obtain in large scale dryers. This promoted the design
of spray equipments based on models instead of the more traditional trial-and-
error approach.

The aim of this project is to develop a predictive computational tool able to
describe droplet interactions in spray dryer operations and to predict their per-
formance. To develop such a model the following steps are taken. The dynam-
ics of viscous droplet collisions is investigated through dedicated experiments
and simulations. Liquids with di�erent viscosities and/or solids content reveal
a complex morphology of the collisional events. Phenomenological models of
the boundaries demarcating the di�erent collision regimes provide closures for
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Figure 1.1: Schematic representation of the thesis concept.

the in-house spray model. The droplet collisions and size distributions in the
spray show a spatial evolution dependent on the liquid viscosity and compo-
sition, droplet dispersion, spray operating conditions and drying process. A
schematic representation of the overall approach used to study droplet-droplet
interactions is illustrated in Fig. 1.1.

The models for the collision regimes are derived from viscous dissipation
energy analysis of Direct Numerical Simulations (DNS) of droplet interactions
and from experiments of binary droplet collisions of di�erent liquids. The re-
sults reveal a complex and rich collisional evolution, strongly dependent on
the impact geometry, relative velocity, viscosity and rheology of the liquids.
These models are used as closures for predicting droplet collision outcomes in
an Eulerian-Lagrangian spray model. The droplet collision rate is determined
stochastically with a Direct Simulation Monte Carlo (DSMC) approach. Be-
cause air is entrained by the spray moving at high velocities, a self-induced
turbulent gas �ow is generated demanding for turbulence modelling. A tur-
bulent dispersion model has been included to account for the instantaneous
�uid velocities along the particles trajectories. A drying model for the dis-
persed phase has been coupled with heat and mass transfer equations of the
continuous phase. The spray dynamics is investigated through experiments
based on a non-intrusive, point-wise laser scattering technique. The Phase
Doppler Anemometry (PDA) technique is used to analyse the size and velocity
distributions along the spray.

The thesis is organized as follow:

Chapter 2 presents a numerical investigation of binary droplet collisions us-
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ing Direct Numerical Simulations (DNS) employing the Volume of Fluid (VOF)
method. The numerical simulations enable us to analyse the mechanism of vis-
cous energy dissipation during the collision. The innovative aspect of this work
is the explicit modelling of the e�ect of viscosity on the droplet-droplet collision
outcome.

Chapter 3 shows experimental results of binary droplet collisions of glycerol
and milk for di�erent impact velocity, geometry and viscosity. Mono-dispersed
droplets streams, generated by mechanical vibration, are brought to collision.
Glycerol solutions and milk concentrates have similar collision morphologies
and the regime maps can be described by the same phenomenological model.
The regime of bouncing, however, was not observed for any of the milk con-
centrates.

Chapter 4 explores the complex interactions occurring in non-Newtonian
droplet collisions. Droplet-droplet collisions of shear thinning non-Newtonian
Xanthan solution are performed, from which a full regime map is generated.
Morphological collision behaviour and outcomes are strikingly di�erent from
Newtonian droplet collisions. A detailed analysis reveals that this outcome is
related to increased viscous energy dissipation and extensional e�ects.

Chapter 5 describes the droplet collisions in a spray system and their re-
sponse to the subgrid turbulent dispersion model accounting for �uid velocity
�uctuations along the droplet trajectory. Collision rates for all the regimes
are enhanced if the dispersion is accounted for. With the increase of droplet
viscosity the frequency of collision reduces due to coalescence.

Chapter 6 presents a spray dryer Eulerian-Lagrangian model with coupled
gas phase and droplet heat and mass transfer balances. Air�ow dynamics, tem-
perature and humidity pro�les are studied at di�erent positions of the spray.
Droplet drying and gas coupling have a complementary e�ect on the droplet
size distributions.

Chapter 7 presents a preliminary approach for the prediction of droplet-
particle collision, agglomeration and particle-particle collisions in a spray dryer.
The frequency of di�erent collision events are compared to evaluate the dom-
inant collision outcome in each region of the spray system. Although the col-
lision model accounting for agglomeration needs improvement and validation,
the introductory results can be used for initial design of spray dryers showing
the potential of the integrated model used in this work.

Chapter 8 dispenses some advances and guidelines on the usage of the laser op-
tical technique applied to opaque liquids. The spray generated from a two-�uid
nozzle at low pressure is studied by the Phase Doppler Anemometry (PDA)
technique. The size and velocity distributions in di�erent positions of the spray
are found to be strongly dependent on operating conditions such as liquid �ow
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rate, viscosity and initial droplet size distribution.

Chapter 9 describes the general conclusions of this thesis and provides sug-
gestions for possible improvements.





Chapter

2

E�ect of viscosity on

droplet-droplet collisional

interaction

A complete knowledge of the e�ect of droplet viscosity on droplet-
droplet collision outcomes is essential for industrial processes such as
spray drying. When droplets with dispersed solids are dried, the ap-
parent viscosity of the dispersed phase increases by many orders of
magnitude, which drastically changes the outcome of a droplet-droplet
collision. However, the e�ect of viscosity on the droplet collision regime
boundaries demarcating coalescence, and re�exive and stretching sepa-
ration is still not entirely understood and a general model for collision
outcome boundaries is not available. In this work the e�ect of vis-
cosity on the droplet-droplet collision outcome is studied using Direct
Numerical Simulations (DNS) employing the Volume of Fluid (VOF)
method. The role of viscous energy dissipation is analysed in collisions
of droplets with di�erent sizes and di�erent physical properties. From
the simulations results, a general phenomenological model depending
on the Capillary number (Ca, accounting for viscosity), the impact
parameter (B), Weber number (We) and size ratio (∆) is proposed.

7
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2.1 Introduction

The dynamics of droplet-droplet collisions has been the subject of numerous
numerical [4, 5, 6], and experimental [7, 8, 9, 10], investigations because of its
complexity as a �uid dynamics phenomenon as well as its relevance for various
applications in meteorology and industrial processes. Examples of these ap-
plications are prediction of the behaviour of atmospheric raindrops, pollution
tracking, liquid-liquid extraction, spray combustion and spray drying. In par-
ticular, spray drying is an operation used in many process industries to produce
powders from suspensions containing solid particles. The suspension is atom-
ized to produce �ne droplets that are dried in a hot air stream. The process
involves complex, multiphase, multi-scale transport phenomena with recipro-
cal interactions between drying air, droplets, and solid or partially solidi�ed
particles. Furthermore, each phase is not a pure substance but is a mixture of
several components. The quality of the �nal product is signi�cantly a�ected
by coalescence, break-up and agglomeration processes prevailing during spray
drying. In order to optimize the powder morphology towards the desired char-
acteristics it is important to have a detailed knowledge of the phenomena taking
place at the individual droplet scale. Previous modelling studies on droplet col-
lisions employed water as the medium of investigation so an explicit viscosity
dependence of the droplet collision outcome was not addressed. It is our aim
in this work to formulate a general model, enabling us to describe and predict
the regime boundaries between collision outcomes. Fig. 2.1 illustrates three
examples of collision outcomes predicted by numerical simulations of this work.
The �rst case (left part of the �gure) is a re�exive separation with formation
of one satellite resulting from two droplets impacting on the same axis. The
second case (central part of the �gure) is an example of coalescence. The last
case (right side of the �gure) occurs at high impact velocity after stretching
and consequent separation with three satellites of di�erent sizes. Each frame is
associated with a non-dimensional time scaled by the initial droplet diameter
and relative velocity. The bouncing regime is not represented because it is not
part of this study. This is related to limitations of the VOF method which will
be discussed in detail later.

In recent years, there has been growing interest to use Computational Fluid
Dynamics (CFD) for exploring phenomena of droplet interactions. A front-
tracking method was used by Unverdi and Tryggvason [11] and extended by
Nobari and Tryggvason [12] to track bouncing, coalescence and separation for
low viscosity liquids. Pan and Suga [4] successfully compared the numerical
bouncing collisions with a model, based on experimental results, proposed by
Estrade et al. [13]. These numerical simulations were performed with a level
set method. Sakakibara and Inamuro [14] used a Lattice Boltzmann method
to study di�erent droplet size ratios and viscosities. It was found that as the
inertial forces increase, the mixing rate for the smaller droplet increases, while
the mixing rate for the larger droplet decreases. Georjon and Reitz [15] de-
veloped a model for droplet coalescence and stretching separation occurring at
high We number. Munnannur and Reitz [16] proposed a new model for droplet
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Figure 2.1: Collision outcomes: re�exive separation for We=100, B=0, Ca=0.5
(left), coalescence for We=50, B=0.4, Ca=0.5 (center) and stretching separa-
tion for We=70, B=0.8, Ca=1 (right). The numbers correspond to the dimen-
sionless time (see main text).

collision outcomes with We numbers above 40. The collision dynamics were
predicted by Monte Carlo and discrete particle methods. The spray model was
adapted to track individual droplets and their collision events. In their work
Ashgriz and Poo [9] models were used as a theoretical basis for derivation of
the collision outcome boundaries. For the stretching separation they assumed
that the dissipated energy is 30% of the total initial kinetic energy, since the
estimation was giving reasonable predictions. For the re�exive separation 50%
of the initial total kinetic energy was assumed to be dissipated. The �nal aim
to develop a comprehensive and computationally inexpensive droplet collision
model was accomplished. The volume of �uid (VOF) method was used by
Passandideh-Fard and Roohi [17] for water with unequal drop sizes. With the
variation of the Reynolds (Re) number (note that all dimensionless numbers
mentioned in this introduction will be de�ned in the next section) it was found
that the drop shape oscillation time and its amplitude decrease with increas-
ing viscosity. A detailed analysis of the collision process predicted by VOF,
with a focus on ligament formation and dimensions, liquid-gas interface re-
gion and creation of satellite droplets is provided by Nikolopoulos et al. [6] for
head-on collisions and by Nikolopoulos et al. [18] for o�-center collisions. Dai
and Schmidt [19] conducted numerical simulations using a three dimensional
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moving mesh unstructured �nite volume method of head-on equal size droplet
collisions. They studied the e�ect of viscosity, �nding that the dissipated en-
ergy and the maximum deformation amplitude increase with Re. Chen et al.
[20] performed an analysis of the energy budget for one case of re�exive separa-
tion and one case of stretching separation. The proposed model for stretching
separation, based on the surface and kinetic energy at the droplet maximum
deformation, does not take into account the in�uence of droplet viscosity. More
recently, Planchette et al. [21] compared experimental results with VOF simu-
lations based and developed a collision dynamics model by combining energy
balances and Rayleigh-like criterion. The dynamic of the merged drops and
consequent ligament are modelled as a liquid spring. Their study only con-
sidered the coalescence-re�exive separation boundary, i.e. only nearly head-on
collisions, for a range of viscosity between 1 to 20 mPa s.

Compared to numerical studies, a larger number of experimental works is
devoted to droplet collisions. Brenn and Frohn [22] and Ashgriz and Givi [23]
were among the �rst who studied collisions of hydrocarbon droplets showing
correlation of collision outcomes to the Weber (We) number. An extensive
experimental campaign on binary water droplet collisions was presented by
Ashgriz and Poo [9] for various impact conditions. Beyond coalescence, two
separating collisions regimes have been identi�ed, re�exive and stretching sep-
aration, and theoretical models for their occurrence have been provided. Only
in the work of Jiang et al. [24] a model which explicitly includes the viscosity
has been proposed. The experiments were limited to a small range of viscosi-
ties, from 0.4 to 3.5 mPas, for water and alkanes. They showed that the onset
of re�exive separation increases to higher We as the liquid viscosity to surface
tension ratio increases. The model was later re�ned with the Ohnesorge (Oh)
number by Qian and Law [10]. Furthermore Jiang et al. [24] concluded that the
extent of viscous energy dissipation occurring during the initial stage of droplet
deformation is independent of the droplet viscosity. Willis and Orme [25, 26]
conducted an experimental investigation of viscous droplet collisions in a vac-
uum environment to avoid aerodynamic e�ects during collisions. Their results
showed a proportional dependency of energy dissipation on droplet viscosity, in
contradiction with Jiang et al. [24]. In the work of Brenn et al. [27] a model for
the prediction of satellite formation after stretching separation of equal sized bi-
nary collision was developed. Experiments with propanol showed that the time
to break the ligament between the two drops increases with the We number and
decreases for higher impact parameter. They also found a dependency of the
�lament length on the impact parameter. Brenn and Kolobaric [28] extended
the work of Brenn et al. [27] by including the e�ect of viscosity. The model
gave good predictions for highly viscous liquids and high We numbers but was
not able to describe liquids such as water and alcohol. Gotaas et al. [29] studied
experimentally and numerically the in�uence of viscosity in a range from 0.9
to 50 mPas, analysing n-decane, mono-, di- and triethylenglycole. The analysis
for model development was restricted to the boundary between coalescence and
stretching separation. In general it was observed that this boundary shifts to
higher We number for �uids with higher viscosities. Re�exive separation was
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not identi�ed in the experiments due to a limitation on the amplitude modu-
lation frequency of the setup which a�ects the interdroplet distance. Through
modi�cation of the mutual distance between consecutive droplets it was pos-
sible to obtain data for the onset of re�exive separation. Gotaas et al. [29]
con�rmed that the results for the onset of re�exive separation for viscous �uids
provided by Jiang et al. [24] were not valid and a new empirical correlation was
presented. In the study of Kurt et al. [30] the collision behaviour for pure liq-
uids and suspensions was explored. The number of satellite droplets was found
to increase with viscosity. The opposite behaviour was noticed for �uids with
solid particles. Furthermore an instability in the mono-dispersed droplet chain
was identi�ed for suspensions. An extensive experimental investigation on the
e�ect of viscosity was carried out by Kuschel and Sommerfeld [31]. For the
coalescence-stretching separation boundary, the model of Ashgriz and Poo [9]
was considered inadequate by Kuschel and Sommerfeld [31] for capillary (Ca)
numbers greater than 0.577. To consider a large viscosity range they applied a
combination of Ashgriz and Poo [9] and Jiang et al. [24] models. The bound-
ary of coalescence-re�exive separation was observed only for small solid mass
fractions. Sommerfeld and Kuschel [32] experimentally extended the previous
work of Kuschel and Sommerfeld [31] considering di�erent alcohols and an oil.
The derived models are, also in this case, a combination of Ashgriz and Poo
[9] and Jiang et al. [24] models. Recently Krishnan and Loth [33] collected all
the available experimental data expressing empirical models for all the collision
outcome boundaries. They indicated the limitations of these models due to ex-
perimental uncertainty and important changes in collision conditions between
di�erent experiments.

Numerical investigations have the advantage of capturing all details of the
internal motion of droplets during collision, which is extremely di�cult in small
scale experiments. In this paper viscous dissipation energy, prevailing during
impact evolution, is numerically analysed.

Many studies focussed on collision boundaries based on energy balances
but a quantitative evaluation of the di�erent energy contributions for di�erent
collision outcomes is still not available. In this work we carry out an extensive
energy balances analysis for a large number of collisions including coalescence,
re�exive and stretching separation to be able to quantitatively describe the
in�uence of viscous dissipation energy. The e�ect of viscous dissipation is then
translated to boundary models depending on non-dimensional parameters.

2.2 Theory

2.2.1 Droplet-droplet dimensionless collision parameters

To characterize the droplet-droplet collision outcome, mostly collision maps
are being used, where the non-dimensional impact parameter is plotted ver-
sus the collision Weber number. From previous studies by Qian and Law [10]
and Ko and Ryou [34], it is known that such maps based only on these two
dimensionless numbers are not universal but speci�c to the droplet substance,
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Table 2.1: Main assumptions of phenomenological models.

Collision
boundary

Ashgriz and Poo [9] model Jiang et al. [24] model

Re�exive
separation

viscous energy dissipation is
neglected

viscous energy dissipation is
included

re�exive criterion: Kinetic
energy> 75%Surface energy

We only for head-on collision
(B=0)

Stretching
separation

viscous energy dissipation is
neglected

viscous energy dissipation is
included

stretching criterion: Kinetic
energy> Surface energy

inertia force= viscous
force+surface tension

in particular the droplet viscosity. We therefore need to take into consider-
ation at least one other dimensionless number that characterizes the relative
importance of viscosity. The de�nitions of the dimensionless parameters char-
acterizing a collision of two droplets are given below. The Weber number is
the ratio between inertia forces and surface tension:

We =
ρdds|v2

rel|
σ

(2.1)

where ρd is the droplet density, ds is the diameter of the smallest droplet, vrel
is the relative velocity and σ is the surface tension. The ratio between ds and
the large droplet diameter dl is the size ratio ∆. The impact parameter B
is de�ned, before the moment of impact, as the distance b between the two
droplet centres in the plane perpendicular to the relative velocity vector (Fig.
2.2), normalized by the average droplet diameter.

B =
2b

ds + dl
(2.2)

When B is equal to 0 it is a head-on collision and when it is 1 a grazing collision.

The Ohnesorge number represents the ratio of viscous forces and the com-
bined e�ect of inertial forces and surface tension.

Oh =
µd√
ρddsσ

(2.3)

The capillary number is another non dimensional parameter accounting for
viscosity, directly indicating the ratio of viscous forces and surface tension:

Ca =
µd|vrel|
σ

(2.4)

Finally, some authors use the droplet Reynolds number, de�ned as the ratio of
the inertial and viscous forces.

Re =
ρd|vrel|ds

µd
(2.5)
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Figure 2.2: Droplet collisional system geometry.

It is important to note that next to the We number, only one additional di-
mensionless number is needed to include the e�ect of droplet viscosity. For
example, when Ca is speci�ed, Oh and Re can be calculated according to:

Oh = Ca/
√
We (2.6)

Re = We/Ca (2.7)

2.2.2 Current phenomenological models for regime

boundaries

For the critical We, demarcating the change from coalescence to re�exive sepa-
ration for head-on collisions (B = 0) Jiang et al. [24] proposed a direct depen-
dency on the viscosity:

Wec = C1
µd
σ

+ C2 (2.8)

Successively Qian and Law [10] modi�ed the viscosity to surface tension ratio
with the Oh number and used two constants related to geometrical parameters
and to the surface tension energy of the deformed droplet. The model for the
critical impact parameter demarcating the boundary between coalescence and
stretching separation proposed by same authors is:

Bc =
1

We1/2

[
1 + k

µd
σ

(
ρdds
σ

)]
(2.9)

where k is a constant. It takes into account that a portion of the kinetic energy
will dissipate because of the viscous �ow inside the droplets. The stretching
energy available for separating the merged droplets is less and the separation
becomes more di�cult. It has to be realized that Jiang et al. [24] models
are valid only for relatively low viscous liquid. One of the problems with
Eqs. 2.8 and 2.9 is that they contain constants which are not dimensionless,
and therefore likely to be dependent on the system under consideration. This
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triggered other authors to develop theories or correlations which are presented
in dimensionless form.

For low viscous liquids Ashgriz and Poo [9] proposed a criterion for the
boundary between coalescence and re�exive separation according to which the
e�ective kinetic energy should be larger than 75% of the nominal surface en-
ergy of the merged droplets. The transition for head-on collisions (B = 0)
between these regimes occurs at Wec=19 when ∆ is 1. More generally, for
non-zero values of B, the model for the boundary between re�exive separation
and coalescence is given by:

Wec = 3
[
7
(
1 + ∆3

)2/3 − 4
(
1 + ∆2

)] ∆
(
1 + ∆3

)2
∆6ηs + ηl

(2.10)

where

ηs = 2(1− ξ)2
(
1− ξ2

)1/2 − 1 (2.11)

ηl = 2(∆− ξ)2
(
∆2 − ξ2

)1/2 −∆3 (2.12)

ξ =
1

2
B (1 + ∆) (2.13)

For the boundary between stretching separation and coalescence they found:

Wec =
4
(
1 + ∆3

)2 [
3 (1 + ∆) (1−B)

(
∆3φs + φl

)]1/2
∆2 [(1 + ∆3)− (1−B2) (φs + ∆3φl)]

(2.14)

where

φs =

{
1− 1

4∆3 (2∆− τ)
2

(∆ + τ) h > 0.5ds
τ2

4∆3 (3∆− τ) h < 0.5ds
(2.15)

φl =

{
1− 1

4 (2− τ)
2

(1 + τ) h > 0.5dl
τ2

4 (3− τ) h < 0.5dl
(2.16)

h =
1

2
(dl + ds) (1−B) (2.17)

τ = (1−B)(1 + ∆) (2.18)

The main assumptions used in the derivation of the phenomenological models
are summarized in Tab. 2.1.

A representation of these phenomenological models for the regime bound-
aries is given in Fig. 2.3. For the Jiang et al. [24] model the two constants
obtained experimentally and related to saccharose by Kuschel and Sommerfeld
[31] were used. The Ashgriz and Poo [9] models are represented for ∆ equal to
1, which is also the value considered in our simulations.
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reflexive separation

stretching separation

RS-C:Ashgriz and Poo (1990)

SS-C:Ashgriz and Poo (1990)

SS-C (saccharose 40%):Jiang et al. (1992)

SS-C (saccharose 60%):Jiang et al. (1992)

Figure 2.3: Phenomenological models for re�exive separation-coalescence (RS-
C) and stretching separation-coalescence (SS-C) boundaries from Ashgriz and
Poo [9] and Jiang et al. [24] for the case of two saccharose solutions of di�erent
viscosity.

2.2.3 Viscous dissipation

The study of the viscous energy dissipation is fundamental to understand the
collision dynamics of viscous droplets. Almost all theoretical models or corre-
lations that describe the outcome for the collision boundary do not consider
the dissipation because they refer to water droplets where the viscous forces
are usually much less relevant than the surface tension, i.e the capillary num-
ber is usually small. In this work we will investigate cases where the viscous
dissipation is more important. To this end, similar to Jiang et al. [24], we will
explicitly measure the total amount of dissipated energy DE, which can be
related to the viscous dissipation rate V DR (units J/s) and (local) dissipation
function Φ (units J/s/m3) through a time integral and a spatial integral:

DE(t) =

∫ t

0

V DR(t)dt (2.19)

V DR(t) =

∫ ∫ ∫
Vd

ΦdV (2.20)
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Φ =
1

2
µc
∑
i

∑
j

(
∂ui
∂xj

+
∂uj
∂xi

)2

(2.21)

The dissipation function Φ quanti�es the local volumetric viscous dissipation
rate. Its volume integral, the viscous energy dissipation rate V DR, has rela-
tively high values from the time of droplet impact to the time the two droplets
reach the maximum deformation. This time interval is not the same for all col-
lisions because the shape and volume depend on the physical properties of the
liquid, relative velocity and impact angle. In our analysis in principle also vis-
cous dissipation in the interstitial gas phase is considered because in Eq. 2.21
the local value of the viscosity µc is used, as explained in detail in the next
section. Considering air as continuous phase we found that in all cases the
viscous dissipation inside the liquid droplets gives the dominant contribution
to the overall viscous dissipation rate.

2.3 Numerical simulations

2.3.1 VOF method

The VOF method is an interface capturing technique which utilizes a color
function F to indicate the fractional amount of liquid in each cell. The main
properties of the method are described here. For an extensive and detailed
description of the numerical model, see Van Sint Annaland et al. [35] and
Baltussen et al. [36]. Our VOF implementation is based on the continuity
equation and Navier-Stokes equation for incompressible �ows:

∇ · u = 0 (2.22)

∂

∂t
(ρu) = −∇p−∇ · ρuu+∇τ + ρg + Fσ (2.23)

Fσ represents the surface tension force. The velocity �eld is continuous even
across the interface and it is calculated with a staggered grid con�guration,
using a projection-correction method. All terms in Eq. 2.23 are treated explic-
itly, except for the di�usion term which is treated semi-explicitly. The implicit
part of the viscous di�usion term only depends on the Cartesian velocity com-
ponent that is solved, while the remaining explicit terms are relatively small.
The convective term in the Navier-Stokes equation is discretized with a second
order �ux-delimited Barton scheme, while for the di�usion term a second order
central di�erence scheme is applied. The tentative velocity �eld is corrected to
satisfy Eq. 6.1. Once the velocity �eld is calculated a geometrical advection is
applied to the phase fraction according to the following equation:

DF

Dt
=
∂F

∂t
+ u · ∇F = 0 (2.24)

With the VOF method both phases are allowed to reside in the same compu-
tational cell. Depending on the F value in the neighbouring computational
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cells the orientation of the gas-liquid interface is reconstructed. To preserve an
accurate and sharp interface, the interface is represented in planar segments
according to the Piecewise Linear Interface Calculation (PLIC) algorithm of
Youngs [37]. The local density ρc and viscosity µc are computed from the
colour function F as follow:

ρc = Fρl + (1− F )ρg (2.25)

ρc
µc

= F
ρl
µl

+ (1− F )
ρg
µg

(2.26)

where l stands for liquid and g for gas.
The tensile force model is used in this work for the computation of surface

tension term. This approach describes the surface tension as a tensile force
acting on the closed contour de�ned by a surface element. Each neighbouring
element exerts a tensile force on a reference element because of their relative
orientation. A detailed description of the model is provided by Tryggvason
et al. [38], within the framework of the Front Tracking FT method, with mod-
i�cations in the implementation for the VOF method as reported by Baltussen
et al. [36].

A pressure jump correction based on the theory of Dijkhuizen et al. [39] is
implemented to avoid instabilities due to pressure discontinuity in the gas solid
interface. The calculation of the pressure jump at the interface is coupled with
the surface tension with the following equation:

[pI − τ ] · n = Fσ (2.27)

where I is the unit tensor and n is the interface normal. The viscous stress
force components in the normal direction can be neglected and Eq. 2.27 is
reduced to:

[p] =

∑
s Fσ,m · n∑
s Sm

(2.28)

where Fσ,m is the tensile force that the neighbouring elements exert on element
m and Sm is the surface area of the element m.

The method is suitable to simulate coalescence and breakup with no limi-
tation in the formation of satellites. However, the bouncing regime cannot be
physically predicted. VOF models exhibit automatic coalescence when surfaces
from two elements are in close proximity because the interface is reconstructed
using data from the �xed grid. As a consequence, a proper prediction of the
delay in rupture of the drainage gaseous �lm between two droplets is not pos-
sible. In Nobari et al. [5] and Pan et al. [40] the rupture of the interdrop �lm
was prescribed arti�cially on the basis of critical droplet shape deformation or
experimental observations. In the work of MacKay and Mason [41] a critical
gas �lm thickness of 10 nm was enforced as a coalescence criterion. A multiple
marker method with coupled level set volume of �uid method was applied by
Kwakkel et al. [42] to prevent numerical coalescence when two droplets have
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Table 2.2: Physical properties of the �uids used in this work.

Fluid ρ [kg/m3] µ [mPa s] σ [mN/m]
Air 1.25 18×10−3

Saccharose 40% 1177 6 75
Saccharose 60% 1287 57 77

Figure 2.4: Collision evolution for We=70, B=0.5 at Ca=0.1 (top) and Ca=1
(bottom). Red color indicates region of relatively high values of the viscous
dissipation function Φ.

an interface gap of one grid cell or less. Whichever method is used, it is usu-
ally grid-size dependent and very sensitive to the accuracy of the assumed �lm
drainage model. A change of the gas properties in which collision events occur
leads to changes in the bouncing probability. It was observed by Krishnan and
Loth [33] that an increase in the gas density stabilizes the interdrop layer with
a consequent increase in bouncing probability. Fortunately, it was also a�rmed
that the boundaries between coalescence and both types of separation are in-
sensitive to the surrounding gas properties. We therefore apply (and limit)
the current VOF method to study the in�uence of viscous dissipation on the
transition from coalescence to (re�exive or stretching) separation.

2.3.2 Simulation settings

A total number of 116 binary equal-sized drop collisions have been simulated
in the present work with a variation of We number between 20 and 100 and
B between 0 and 0.8. We numbers below 20 and impact parameters above 0.8
are excluded a priori because a bouncing collision is expected under these con-
ditions. Three values of Ca, 0.1, 0.5 and 1, are considered in this investigation.
The lowest value of Ca number is important to con�rm the re�exive separation
regime which occurs for relatively low viscosity liquids such as water. Tab.
2.2 contains the properties of the �uids used in the present simulations. Our
results will apply more generally to any viscous liquid if we express the results
in terms of dimensionless groups (e.g B, We, Ca) and dimensionless numerical
quantities (e.g number of grid cells per droplet diameter and Courant number).

For the simulations, free slip boundaries are set on all six faces of the cubic
computational domain. In order to contain the deformed liquid droplets during
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the entire collision process, the size of the computational domain is determined
according to the value of the Weber number and the impact parameter. For
head-on and near head-on collisions, a small domain size, with a minimum
of 3 droplet diameter d, was su�cient. For higher B the elongation of the
drops stretching apart from each other and the formation of multiple satellites
require an extension to a maximum of 7.5d. Initially the two droplets are
positioned near the center of the domain along the body diagonal. Depending
on the impact parameter the two centres are shifted above and below the
diagonal. The initial gap between the droplets is 0.4 or 0.5 droplet radius.
At the beginning of the simulation a uniform velocity is imposed on each of
the two liquid droplets in the diagonal direction while the surrounding air is
quiescent. The velocities are set in such a way that relative collision velocities of
1 to 12 m/s are used. The initial condition of uniform velocity of the droplets
and zero initial velocity of the gas will lead to a sudden acceleration of the
gas, which in turn may result in unphysical transient in the droplet surfaces.
Fortunately, since the liquid/gas density ratio is equal or higher than 4800, the
in�uence of the gas phase acceleration on the droplet motion can be neglected.
A Cartesian uniform mesh system is used for all the present simulations. For
all cases, the droplet diameter is resolved by 40 grid points. In the work of
Padding et al. [43] a validation case for a separation case with formation of
one satellite droplet is shown for 45 grid points in the droplet diameter. These
simulations, which use the same methodology as in the current work, were
compared to experiments from Qian and Law [10] and simulations by Pan
and Suga [4]. We opt for a resolution of dp/∆x=40 for all our simulation as
a compromise between a good resolution, leading to reliable and consistent
results, and the very demanding computational time. Because a large range of
We and Ca numbers are considered the droplet diameters are in a wide range
from 20 µm to 2 mm, corresponding to a grid size range of 0.5 µm to 50 µm.
The grid resolution was chosen su�ciently small to have the grid-based Peclet
number |u|∆x/ν, with ν the kinematic viscosity of the liquid, smaller than 1.5
(must be smaller that 2 for stability). Moreover the �ow solver time step ∆t
is chosen such that the Courant−Friedrichs−Lewy (CFL) number |u|∆t/∆x is
typically smaller than 0.2. We have performed a grid dependency study for the
extreme cases (largest and smallest droplets) and con�rmed that the velocity
and energy evolution after impact change by less than 10% when increasing
the grid resolution by a factor of 1.5 in each direction.

For the serial simulations we used a Workstation Z420 and the Cartesius
cluster SURF Cooperative (Amsterdam). The simulations with coalescence as
collision outcome had a duration between 2 and 3 weeks. The separation cases
had a duration between 1 to 4 months, depending on the formation of the
ligament its and breakup.
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2.4 Results

2.4.1 Energy analysis

We anticipated that the energy dissipation in a collision attains high values
from the time of droplet impact to the time when the two droplets reach the
maximum deformation where this interval depends on the physical properties
of the liquid, relative impact velocity and impact angle. However, we observed
that the initial merging of the two droplets is not the only process characterized
by a high energy dissipation rate. Often a second or even a third peak appeared
in the viscous dissipation rate versus time. This occurred mostly for collisions
at low Ca number (low viscosity) which are characterized by a high deformation
and relatively large changes in shape of the combined surface. For higher Ca
numbers the viscosity is su�ciently high to oppose the transversal inertial forces
that elongate the merged droplet so that a high degree of droplet deformation
does not appear. Deformation due to stretching of the merged droplets, with
formation of a �rst liquid bridge and consecutive break-up in satellite droplets
is an observed phenomenon for all Ca numbers but it does not lead to high
values of the viscous dissipation rate.

Fig. 2.4 shows two collision evolutions for the same We number of 70
and impact parameter B equal to 0.5 but di�erent Ca number, together with
a surface contour of the viscous dissipation function Φ, indicating regions of
relatively high viscous dissipation (in red). For Ca 0.1 the deformation of
the evolving droplet is evident and high values of viscous dissipation result
also after the initial merging process, while for Ca 1 the shape change is less
relevant and the viscous dissipation rate does not show major multiple peaks.

The complexity in the spatial and temporal distribution of the viscous dis-
sipation function during a droplet-droplet collision has important consequences
for the validity of phenomenological models which are based on simple geomet-
rical arguments. For example, the model of Jiang et al. [24], which is based on
the assumption that the energy is dissipated predominantly in a lens-shaped
domain after the �rst impact when the drops merge, does not account the total
amount of viscous energy dissipated during the complete collision.

We have tracked the energy budget of a droplet-droplet collision from the
moment the drops are still separated until the moment that the collision out-
come is evident. From energy conservation, the sum of initial kinetic energy
KEinit and initial surface energy SEinit of the droplets must be equal to the
amount of kinetic, surface and dissipated energy at a considered time:

TE = KEinit + SEinit = KE(t) + SE(t) +DE(t) (2.29)

TE is the total energy. KE(t) is calculated as the integral over all cells in the
domain (gas and liquid) of 1

2ρv
2. SE(t) is calculated as σS where S is the sum

of each element surface belonging to the droplet interface. DE(t) is calculated
from Eq.2.19.

In Fig. 2.5 the energy budget during collision for We=20, B=0.7 and
Ca=0.1 is shown. The energies are normalized by the total initial energy.
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Figure 2.5: Normalized energy budget of kinetic energy KE, surface energy SE,
dissipated energy DE and total energy TE for coalescence at We=20, B=0.7
and Ca=0.1. The viscous dissipation rate VDR is given by the red line (note
that an arbitrary vertical scaling was used). The time is normalized by d/vrel.

The viscous dissipation rate V DR it is also shown to highlight the period of
intense viscous dissipation during the collision. In this case, the collision out-
come is coalescence. The dominant peak of the V DR curve corresponds to
the con�guration 1 of �rst impact, shown below in Fig. 2.5, and consecutive
merging with a sudden decrease of the surface energy SE. After the peak,
the viscous dissipation decreases and the coalesced drop returns to a spherical
shape.

The energy budget during collision for We=90, B=0.4 and Ca=1 is illus-
trated in Fig. 2.6. In this case the collision outcome is stretching separation
with the formation of one satellite droplet.

Note that in both cases the loss due to viscous dissipation is almost equal
to the total amount of the initial kinetic energy. It has to be con�rmed that
a collision can be considered completed when the residual kinetic energy is
negligible. In our work the kinetic energy at the �nal time was always less
than 10% of the total energy.

When the total normalized dissipated energy DE at the �nal time tfin is
plotted as a function of the impact parameter B for various values of We and
Ca, as displayed in Fig. 2.7, it is evident that the assumption that a constant
fraction of the energy is dissipated (independent of the viscosity), assumed by
Jiang et al. [24], is too simplistic. For head-on collisions (B=0) the normalized
DE ranges from around 0.3 to 0.7. For higher impact parameters the portion
of the droplet involved in the collision is smaller and, as a consequence, also
the fraction of dissipated energy is smaller.

In Fig. 2.8 we investigate the dependence of this quantity on the We num-
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Figure 2.6: Normalized energy budget of kinetic energy KE, surface energy
SE, dissipated energy DE, total energy TE for stretching separation at We=90,
B=0.4 and Ca=1. The viscous dissipation rate VDR is given by the red line
(note that an arbitrary vertical scaling was used). The time is normalized by
d/vrel.
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Figure 2.7: Normalized viscous dissipated energy of all collision outcomes as
function of B for di�erent We and Ca numbers: Ca 0.1 for continuous lines
and circles, Ca 0.5 for dashed lines and asterisks, Ca 1 for dotted lines and
diamonds. Di�erent colors correspond to di�erent We numbers, as indicated
in legenda.
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Figure 2.8: Normalized viscous dissipated energy as function of We for di�erent
B and Ca numbers: Ca 0.1 for continuous lines and circles, Ca 0.5 for dashed
lines and asterisks, Ca 1 for dotted lines and diamonds.

ber, for di�erent Ca and B. We �nd that, although there is a weak dependence
on We, the dependence on Ca is much stronger. We will use this observation
in the development of an empirical correlation for collision outcome boundaries
in the next subsections. Similar to Ashgriz and Poo [9] we found that sepa-
rate correlations need to be developed for the coalescence-stretching separation
boundary and the coalescence-separation boundary.

In the case of Ca number 0.1 and We number exceeding 60, the total en-
ergy is observed to decrease over time, typically reducing by 10% over the full
duration of collision. We attribute this decrease to the relatively high sur-
face deformations occurring under these conditions, leading to small interfacial
structures with high curvature. The surface forces occurring from such small
structures are not well captured by the tensile force method for our current
resolution of 40 cells per droplet diameter. We investigated the grid resolu-
tion dependence for one such extreme case (Ca=0.1, We=70) and found that
the total energy is better conserved with increasing resolution. However, these
higher resolution are extremely CPU demanding, so we refrained to investi-
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gate all cases at such high resolution. Fortunately, we also observed that the
individual energy contributions normalized by the total energy are much less
a�ected by grid resolution, so our results will still be valid.

2.4.2 Stretching separation model

As mentioned before, because of energy conservation the kinetic energy KEinit
and the surface energy SEinit before collision should be equal to the amount
of kinetic, surface and dissipated energy at any considered time. We will con-
sider a particular time, namely the �nal time tfin where the collision outcome
is evident, meaning that we can distinguish between coalescence, separation,
separation with formation of satellites, and any further dissipation only acts to
relax the deformed droplet shapes to spheres. For example, tfin in Fig. 2.6 is
the time corresponding to the con�guration number 7 where the formation of
the satellite is visible. At that time, we have:

KEinit + SEinit = KEfin + SEfin +DE(tfin) (2.30)

Near the boundary between coalescence and stretching separation, the amount
of new surface created will be relatively small because only a single small satel-
lite droplet will be created. Therefore we assume that the surface energies
before collision and at time tfin are almost equal SEinit ∼ SEfin. Moreover
we assume that the kinetic energy KEfin is close to zero at time tfin. With
these assumptions, the energy balance can be rewritten:

KEinit
TE

=
DE(tfin)

TE
(2.31)

The right term is �tted using the measured total normalized dissipated energy
as shown in Fig. 2.7. The �t is made under the assumption that the normalized
dissipated energy depends on the Ca number and impact parameter B. The
e�ect of We is neglected because we observed that the dependence on We is
smaller than the dependence on B or Ca (although Fig. 2.8 demonstrates there
is an in�uence especially for Ca number 1). An example of the �tting procedure
is illustrated in Fig. 2.9 for stretching separation collisions at di�erent Ca
number. We assume a simple linear relation between the impact parameter
B and the fraction of dissipated energy DE/TE = a1(1 − a2B), where the
two coe�cients a1 and a2 of the linear relation are assumed to depend on the
capillary number.

The left term of Eq. 2.31 can be elaborated considering pre-collision ve-
locities of the small and large drops in the center-of-mass frame of reference,

Us = vrel
1+∆3 and Ul = ∆3vrel

1+∆3 , where vrel is the pre-collisional relative velocity
between the small and the large drop. Considering that the small and the
large drop have a mass ρdπ∆3d3l/6 and ρdπd

3
l/6, respectively, and a surface energy

σπ∆2d2
l and σπd

2
l , respectively, the large drop diameter dl can be simpli�ed in

favour of the We number.
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Figure 2.9: Normalized viscous dissipated energy as a function of B for dif-
ferent We and Ca numbers for stretching separation collisions and derivation
of models. Ca 0.1 for continuous line and circles, Ca 0.5 for dashed line and
asteriks, Ca 1 for dotted line and diamonds.

The model for the stretching separation is therefore expressed as a function
of We number, impact parameter, size ratio and Ca number:

We∆2

12(1+∆3)(1+∆2)

We∆2

12(1+∆3)(1+∆2) + 1
= a1(1− a2B) (2.32)

a1 =
21

22
(Ca

1/22) (2.33)

a2 =
1

1 + 1
4Ca

(2.34)

The coe�cients a1 and a2 in Eqs. 2.33 and 2.34 were obtained empirically
by �tting the observed dependence on Ca.
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2.4.3 Re�exive separation model

In case of head-on collisions Jiang et al. [24] empirically determined that ap-
proximately 50% of the initial kinetic energy is dissipated for water and hydro-
carbon droplets collisions. On the other hand, Qian and Law [10] recognized
that the initial kinetic energy has to overcome the viscous dissipation from
the time of coalescence until the separation of the ligament so that the initial
kinetic energy lost in the deformation processes is more than 50%. The losses
predominantly arise from the time when drops impinge head-on and form a
disk, the period when the disk contracts recovering a spherical shape, and dur-
ing the last stretching in a cylinder which forms an elongating ligament (which
eventually breaks). The theory was developed only for head-on collisions, iden-
tifying the boundary between coalescence and re�exive separation at B=0. The
model by Jiang et al. [24] for the onset was reformulated as a function of the
Oh number, a geometrical parameter and a parameter correlated to variation
of surface tension due to deformation.

The total number of results related to the re�exive separation regime are not
su�cient to derive a model based on the extent of viscous energy dissipation.
For this reason, the model for the boundary between coalescence and re�ex-
ive separation is expressed as a variation of the Ashgriz and Poo [9] re�exive
separation model, with the inclusion of e�ects of viscous dissipation.

Two drops after collision will be in a state of combined mass with no trans-
lational kinetic energy but only surface energy and internal kinetic energy.
Ashgriz and Poo [9] analysed re�exive separation introducing the concept of
e�ective re�exive energy K0

r :

K0
r = Ke +Kc −Ks (2.35)

Kc is the kinetic energy generated by the portions of drops which directly
oppose each other and take part in the collision event. Ks is the kinetic energy
generated by stretching �ows due to the portions of drops which not directly
oppose each other. These �ows are approximately perpendicular to the re�ex-
ive �ows. Ke is the second source of re�exive action due to the surface-induced
�ows. When two drops with zero initial velocities are brought into contact, the
surface tension e�ects will force the �ow towards the contact point. This phe-
nomenon after the re�exive action will generate opposing �ows in the combined
mass. These �ows are generated by the excess surface energy, the di�erence
between the surface energy of the parent drops and that of the combined mass.
The e�ective re�exive energy K0

r can be viewed as the amount of energy that
is available for stretching separation.

To extend the model to viscous liquids, we now make the assumption that a
fraction f of the e�ective re�exive separation K0

r is dissipated, i.e. the amount
of available e�ective re�exive energy is (1− f)K0

r .

Ashgriz and Poo [9] postulated that for a nominal spherical combined mass,
when the e�ective kinetic energy is more than 75% of its nominal surface energy,
re�exive separation will occur. This criterion can be explicated in the following
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relation (with our modi�cation accounting for dissipation):

(1− f)K0
r ≥ 0.75σπ(d3

s + d3
l )

2/3 (2.36)

The boundary between coalescence and re�exive separation can be derived
from Eq. 2.36 with an equal sign. By comparing the predictions of this model
with our DNS simulation data of collision outcome, we found (by �tting) the
following empirical correlation for f :

f =
5Ca

1 + 5Ca
(2.37)

The model for the boundary between coalescence and re�exive separation is
expressed then as:

We =
12∆(1 + ∆3)2

∆6ηs + ηl

[(1.75− f)(1 + ∆3)
2
3 − (1− f)(1 + ∆2)]

1− f (2.38)

Here ηs and ηl are geometric factors introduced by Ashgriz and Poo [9], see
Eqs. 2.11 and 2.12.

2.4.4 Collision outcomes regime maps

Fig. 2.10 shows the collision outcome regime maps for constant Ca 0.1, 0.5
and 1. The proposed model for the boundaries between coalescence-stretching
separation, Eq. 2.32, and coalescence-re�exive separation, Eq. 2.38, boundaries
are shown as black and green lines. The Ashgriz and Poo [9] models for water
are also provided with the purpose of showing the in�uence of the viscosity on
the collision outcomes. Moreover, we show the Jiang et al. [24] prediction for
the coalescence-stretching separation boundary, which also includes viscosity
e�ects. Moving from Ca 0.1 to 1 the transitions between coalescence and
both types of separation shift to higher We number. This trend con�rms the
general experimental observation of Kuschel and Sommerfeld [31]. Note that
our empirically derived model describes the boundaries more accurately than
both aforementioned existing models.

The models for stretching separation and re�exive separation, expressed by
We, B, ∆ and Ca (Fig. 2.11a), can also be expressed as function of We, B, ∆
and Oh (Fig. 2.11b). The Oh numbers values used in Fig. 2.11b are derived
from averages of the di�erent Oh values corresponding to a We number at a
constant Ca number. For example for Ca 0.5 we have Oh=0.11 at We=20 and
0h=0.045 at We=100 so we considered Oh=0.075 to represent the model. The
re�exive separation model at Oh=0.15 does not appear in Fig. 2.11b because
the critical We at B=0 is equal to 310. Fig. 2.11 shows that for both boundary
lines, when moving from lower to higher Ca or Oh number, the boundaries shift
towards higher We number promoting coalescence as collision outcome. The
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Figure 2.10: Collision outcomes regimes for Ca 0.1, 0.5 and 1 with coalescence-
stretching separation and coalescence-re�exive separation boundaries models.

expression of coalescence-stretching separation model, for ∆=1, as a function
of Oh number is:

B =
a3 −

We

We+ 48

a3
1

1 + 1
4Oh
√
We

(2.39)

a3 =
21

22
(Oh
√
We)

1/22 (2.40)

For the coalescence-re�exive separation model a numerical solution was found
for di�erent We number due to the complexity of the model correlation:

2
[
2(1−B)2(1−B2)

]
=

48

We

(1.75− f)22/3 − 2(1− f)

1− f (2.41)
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Figure 2.11: Collision outcomes models (a) for constant Capillary number, Eqs.
2.32 and 2.38, and (b) for constant Ohnesorge number, Eqs. 2.39 and 2.41.

f =
5Oh
√
We

1 + 5Oh
√
We

(2.42)

2.5 Conclusions

The e�ect of viscosity on binary equal-sized droplet collision dynamic was in-
vestigated for a wide range of impacting conditions. Weber numbers ranging
from 20 to 100, impact parameters B from 0 to 0.8 and capillary numbers from
0.1 to 1 were considered for our DNS study. The collision outcomes of coales-
cence, stretching and re�exive separation were captured while the model does
not allow a study of the bouncing regime. In general, the wide range of param-
eters introduces a high complexity in the evolution of the interphase topology
and for each case a di�erent pro�le of the viscous dissipation rate during the
collision process. Nevertheless, we were able to summarize our observations in
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relatively simple correlations.
The transition between coalescence and stretching separation was derived

through an analysis of the viscous dissipation relative to the total energy budget
during the collision event. The model, expressed in terms of We number, B,
∆ and Ca number enables a considerable and satisfactory prediction of the
in�uence of droplet viscosity on the boundary.

The coalescence-re�exive separation boundary is visible only in the Ca 0.1
and partially in the Ca 0.5 regime maps so that a complete energy analysis was
not possible. A model based on the Ashgriz and Poo [9] theory for water was
extended to include viscous e�ects. Although the empirical model is crude,
including a single parameter f (the dissipated fraction of the e�ective re�exive
energy), it has the bene�t of predicting not only the onset of re�exive separation
at B = 0 but also the complete boundary for B > 0. Due to computational
limitations, this study focused on a range of capillary numbers (Ca=0.1 to 1)
where most changes from a non-viscous to a viscous liquid are expected to take
place. Moreover, we focused on equal sized droplet (∆ = 1). The empirical
correlations are therefore only strictly valid in this range of parameter, and
should be checked outside this range in future work.



Chapter

3

The dynamics of milk

droplet-droplet collisions

Spray drying is an important industrial process to produce powdered
milk, in which concentrated milk is atomized into small droplets and
dried with hot gas. The characteristics of the produced milk powder
are largely a�ected by agglomeration, combination of dry and partially
dry particles, which in turn depends on the outcome of a collision be-
tween droplets. The high total solids (TS) content and the presence
of milk proteins cause a relatively high viscosity of the fed milk con-
centrates, which is expected to largely in�uence the collision outcomes
of drops inside the spray. It is therefore of paramount importance to
predict and control the outcomes of binary droplet collisions. Only
a few studies report on droplet collisions of high viscous liquids and
no work is available on droplet collisions of milk concentrates. The
study in this chapter therefore aims to obtain insight into the e�ect of
viscosity on the outcome of binary collisions between droplets of milk
concentrates. To cover a wide range of viscosity values, three milk
concentrates (20%, 30% and 46% TS content) are investigated. An
experimental set-up is used to generate two colliding droplet streams
with consistent droplet size and spacing. A high-speed camera is used
to record the trajectories of the droplets. The recordings are processed
by Droplet Image Analysis in MATLAB to determine the relative ve-
locities and the impact geometries for each individual collision. The
collision outcomes are presented in a regime map dependent on the
dimensionless impact parameter and Weber (We) number. The Ohne-
sorge (Oh) number is introduced to describe the e�ect of viscosity from
one liquid to another and is maintained constant for each regime map

31
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by using a constant droplet diameter (d ∼ 700 µm). In this chapter,
a phenomenological model is proposed to describe the boundaries de-
marcating the coalescence-separation regimes. The collision dynamics
and outcome of milk concentrates are compared with aqueous glycerol
solutions experiments. While milk concentrates have complex chemical
composition and rheology, glycerol solutions are Newtonian �uids and
therefore easy to characterize. The collision morphologies of glycerol
solutions and milk concentrates are similar and the regime maps can
be described by the same phenomenological model developed in this
work. The regime of bouncing, however, was not observed for any of
the milk concentrates.

3.1 Introduction

A liquid suspension of solid particles, such as milk, can be converted into a
powder by means of a spray drying process. This unit operation is widely
used in chemical applications such as paint pigments and ceramic materials
production and has multiple applications in pharmaceutical, food and dairy
industries Mujumdar [44]. For example powdered milk is used in the baking
industry to keep the bread fresh for a longer time, in pastry dough to make
it crispier or in the production of ice-cream, milk chocolate and baby food
Fontana et al. [45], Early [46].

Milk powder manufacturing varies, depending on the �nished product spec-
i�cation, but it comprehends common heat treatment processes. Whole and
skim milk typically have a water content of approximately 87% and 91%, re-
spectively. In a �rst step, the water is partly removed by evaporation under
reduced pressure and low temperature. At this point the condensed milk typi-
cally has a high total solids content of about 48%. Without this �rst concen-
tration step, very small particles will be produced with a high air content, a
low wettability and a short shelf life. The condensed milk is then fed to a spray
dryer chamber where it is atomized through a spray nozzle by high pressure,
resulting in a distribution of small droplets. The droplet size distribution in
spray applications is extremely broad and ranges approximately from 10 to
100 µm. In the work of Han et al. [47] and Madsen [48] the Rosin-Rammler
distribution, Rosin and Rammler [49], was identi�ed as the most accurate in
predicting droplet size distribution for high pressure swirl injector. In the spray
chamber the dispersed suspension is brought in contact with hot air, enabling
evaporation of the moisture. As a �nal process, while the �nal product is col-
lected, the �ne particles are separated from the hot gas stream and recycled to
the spray dryer tower by means of a cyclone, Fritsching [50].

The dried product has some advantages over liquid milk, such as an ex-
tended shelf life due to the low moisture content. The water activity of the
dried material (2.5 - 5%) is below the level where bacteria can multiply, which
corresponds to 60%. A storage of approximately 1 year does not lead to any
substantial loss of quality of the powder Sharma et al. [51]. Furthermore, due
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Figure 3.1: Droplet collision outcomes of glycerol: (a) bouncing for We=5.8,
B=0.05, Oh=0.02, (b) coalescence for We=23, B=0.55, Oh=0.36, (c) re�exive
separation for We=41, B=0.01, Oh=0.02, and (d) stretching separation for
We=69, B=0.74, Oh=0.065.

to its lower bulk volume, the transport and storage of milk powder is more
cost-e�cient compared to liquid milk and less packaging material is required.

Milk powders may vary in their composition (milk fat, protein, lactose),
the heat treatment they receive during manufacture, powder particle size and
packaging. Instant powders for example should disperse quickly and closely
resemble fresh milk without undissolved particles. Some other powders are
forti�ed with vitamins and minerals. A certain powder is therefore produced
in order to be suitable to the intended application.

Although the powder morphology is optimized towards the desired char-
acteristics, the properties such as �ow ability, water solubility and dustiness
are largely a�ected by the agglomeration and currently still di�cult to con-
trol. An agglomerate is a combination of small particles forming a permanent
larger mass where original particles are identi�able. The size and integrity of
the agglomerate depends on the drying process, the contact time, the viscos-
ity for sticking and the collision outcomes of droplets. A substantial amount
of droplet collisions are expected near the spray nozzles, due to the high lo-
cal droplet number density and relative velocity. The droplet size, velocity
distribution and initial spray angle are signi�cantly altered by the collision
dynamics: coalescence of droplets will produce larger droplets, whereas sepa-
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ration will produce smaller satellite droplets. Fig. 3.1 illustrates four examples
of collision outcomes observed in the experiments of this work. The mechanism
of bouncing is shown in case (a). The second case (b) is an example of coales-
cence. The case (c) is a re�exive separation with formation of one relatively
large satellite resulting from two droplets impacting on the same axis. The last
case (d) occurs at high impact velocity after stretching and consequent sepa-
ration with a satellite of smaller size. The transition between these collision
outcomes are determined by relative velocity, impact angle and droplet size,
density and surface tension. Viscosity is also an important factor which has
been considered only recently.

The droplets with a large diameter do not evaporate completely, while too
small droplets lead to undesired dust particles. Agglomeration is a desired
phenomenon in this application and one of the important factors to control
the quality of the �nal powder, Sharma et al. [51], van der Hoeven [52]. As
a result of the concentration step and the drying process, the solids content
of the milk concentrates increases and, correspondingly also the viscosity. The
presence of (cow) milk proteins is the cause of a relatively high viscosity of milk
concentrates Nitsche [53]. It is expected that high viscosity values largely a�ect
the collision outcomes for milk concentrate droplets. A predictive spray dryer
model can support the process development and can contribute to reduction
of costs and improvement of product quality in the industrial production of
milk powder. The optimization of the spray drying process and of the �nal
product characteristics often requires an experimental campaign with a pilot
setup, which is very expensive and time consuming.

Spray drying is usually the �nal step of the processing line and therefore
essential to the product quality of the milk powder. Detailed knowledge of colli-
sion dynamics in the spray dryers is thus important. Therefore, it is essential to
get insight in the droplet collision dynamics of viscous milk concentrates. Many
studies, Jiang et al. [24], Willis and Orme [26], Gotaas et al. [29], Kuschel and
Sommerfeld [31], focussed on the e�ect of viscosity on the transition boundaries
between di�erent regimes of collision outcome, but a general evaluation of the
viscosity contribution for milk collision outcomes is still not available. In this
chapter we carry out an extensive experimental investigation to be able to quan-
titatively describe the in�uence of viscosity. The e�ect of viscous dissipation
is then translated to regime boundary models depending on non-dimensional
parameters. Glycerol is chosen as a reference �uid to compare results obtained
with milk and to elaborate on the possible role of speci�c surface interactions
in the proposed boundary models for the collision outcomes.

3.2 Droplet-droplet collisional theory

Droplet collision dynamics received considerable attention over the last few
decades, both because of fundamental interest and because of its various appli-
cations. A few studies address the e�ect of viscosity on the collision outcome by
means of a numerical approach, Munnannur and Reitz [16], Dai and Schmidt
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[19], Planchette et al. [21], Finotello et al. [54]. The advantage of this approach
is the potential to capture all the internal motion of droplets during collision.
However, the interface capturing methods are usually computationally very
demanding.

Compared to numerical works, a larger number of experimental studies
have addressed droplet collisions. An extensive experimental campaign on wa-
ter droplet collisions was presented by Ashgriz and Poo [9] for various impact
conditions. The investigation concentrated on collision dynamics description
and identi�cation of the regimes of coalescence, re�exive and stretching sep-
aration. Theoretical models for the collision outcome occurrence have been
provided as well. Despite the fact that no viscous dissipation energy is consid-
ered, most of the current collision outcome boundary models are still based on
Ashgriz and Poo [9] theory.

In the work of Jiang et al. [24] a model which explicitly includes the viscosity
has been proposed. The experiments were limited to a small range of viscosi-
ties, from 0.4 to 3.5 mPas, for water and alkanes. They showed that the onset of
re�exive separation shifts to higher We as the ratio of liquid viscosity to surface
tension increases. The model was later re�ned using the Ohnesorge (Oh) num-
ber by Qian and Law [10]. Furthermore, Jiang et al. [24] concluded that the
extent of viscous energy dissipation occurring during the initial stage of droplet
deformation is independent of the droplet viscosity. Willis and Orme [25, 26]
conducted an experimental investigation of viscous droplet collisions in a vac-
uum environment to avoid aerodynamic e�ects during collisions. Their results
showed a proportional dependency of energy dissipation on droplet viscosity,
in contradiction with Jiang et al. [24]. Brenn and Kolobaric [28] extended the
model for the prediction of satellite formation after stretching separation of
Brenn et al. [27] by including the e�ect of viscosity. The model gave good
predictions for highly viscous liquids and high We numbers but was not able
to describe liquids such as water and alcohol. Gotaas et al. [29] studied ex-
perimentally and numerically the in�uence of viscosity in a range from 0.9 to
50 mPas, analysing n-decane and mono-, di- and triethylenglycole. In general
it was observed that the coalescence to separation boundaries shift to higher
We number for �uids with higher viscosities. They con�rmed that the results
for the onset of re�exive separation for viscous �uids provided by Jiang et al.
[24] were not valid for relatively high viscosity and a new empirical correlation
was presented. In the study of [30] the collision behaviour for pure liquids
and suspensions was explored. They identi�ed the di�culty of working with
suspensions because of instability in the mono-dispersed droplet chain. The
number of satellite droplets was found to increase with viscosity. The opposite
behaviour was noticed for �uids with solid particles. Also Kuschel and Som-
merfeld [31] investigated the e�ect of viscosity by an experimental campaign.
For the coalescence-stretching separation boundary, the model of Ashgriz and
Poo [9] was considered inadequate by Kuschel and Sommerfeld [31] for capil-
lary (Ca) numbers exceeding 0.577. To consider a large viscosity range they
applied a combination of Ashgriz and Poo [9] and Jiang et al. [24] models. The
boundary between coalescence and re�exive separation was observed only for
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small solids mass fractions. Sommerfeld and Kuschel [32] experimentally ex-
tended the previous work of Kuschel and Sommerfeld [31], considering di�erent
alcohols and an oil. The derived models are, also in this case, a combination
of Ashgriz and Poo [9] and Jiang et al. [24] models.

The gas properties in which collision events occur are also a relevant factor
determining changes in the bouncing probability. It was observed by Qian and
Law [10] and later con�rmed by Krishnan and Loth [33] that an increase in
the gas density stabilizes the interdrop layer, with a consequent increase in
bouncing probability. The boundaries between coalescence and both types of
separation are instead insensitive to the surrounding gas properties. Estrade
et al. [13] proposed an empirical model for bouncing based on deformation of
ethanol droplets. Although the viscous energy dissipation is not accounted for,
the model is the most commonly used to develop new correlations to demarcate
the bouncing regime.

The transition between bouncing and coalescence is also found in collisions
of laminar jets, Bush and Hasha [55]. In the work of Wadhwa et al. [56] the
noncoalescence regime is due to a thin �lm of air which keeps the streams sep-
arated as in the case of two colliding drops. Surface instabilities are identi�ed
as responsible for the governing transitions between the two regimes.

An important contribution in the �eld of droplet collisions with non-Newtonian
�uids is the work of Motzigemba et al. [57], reporting experiments and numer-
ical simulations on collisions of droplets from aqueous shear-thinning solutions
of carboxymethylcellulose (CMC). In this work, glycerol/water mixtures and
shear-thinning water/CMC solutions were compared. The zero shear viscosity
of the water/CMC solutions was similar to the viscosity of the glycerol/water
mixture, but the non-Newtonian droplets experienced deformations that were
two times larger than for the Newtonian droplets. Chen et al. [58], through Di-
rect Numerical Simulation (DNS), concluded that a collision of shear-thinning
droplets can be modelled by a collision of Newtonian droplets with an e�ective
viscosity. This �nding was supported also by the work of Focke and Bothe [59].

3.2.1 Dimensionless collision parameters

Di�erent regimes of droplet collision outcomes are usually indicated in terms
of non-dimensional regime maps, often with Weber number We and impact
parameter B along the two axes. Because these two dimensionless numbers do
not take into account the viscosity, at least one other dimensionless parameter
needs to be used. In Tab. 3.1 the droplet collision parameters are reported.
For the detailed de�nition of the dimensionless numbers the reader is referred
to Chapter 2.

3.2.2 Current models for regime boundaries

A model that can be applied for low viscous liquids is the one proposed by Ash-
griz and Poo [9]. They assumed that re�exive separation occurs if the e�ective
kinetic energy is larger than 75% of the nominal surface energy of the merged
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Table 3.1: Dimensionless collision parameters.

We Weber number We =
ρdds|vij |2

σ

Oh Ohnesorge number Oh = µd√
ρddsσ

Ca Capillary number Ca = µd|vrel|
σ

B Impact parameter B = 2b
ds+dl

∆ Size ratio ds/dl

Re Droplet Reynolds number Re = ρd|vrel|ds
µd

droplets. The onset for head-on collisions (B = 0) between these regimes cor-
responds to Wec=19 when ∆ is 1. More generally, for non-zero values of B,
the model for the boundary between re�exive separation and coalescence is
function of We, ∆ and B. The boundary between stretching separation and
coalescence is also dependent on these parameters.

Jiang et al. [24] models are valid only for relatively low viscous liquids but
their formulation takes into account that a portion of the kinetic energy dis-
sipates because of the viscous �ow inside the droplets. For the critical We,
demarcating the transition from coalescence to re�exive separation for head-
on collisions (B = 0) Jiang et al. [24] proposed a direct dependency on the
viscosity. Successively, Qian and Law [10] modi�ed the viscosity to surface
tension ratio with the Oh number and used constants, related to geometrical
parameters and to the surface energy of the deformed droplet. Jiang et al.
[24] proposed also a model for the critical impact parameter demarcating the
boundary between coalescence and stretching separation. Both boundary mod-
els contain constants which are not dimensionless, and therefore likely to be
dependent on the system under consideration. This motivated other authors
to develop theories or correlations which are presented in dimensionless form.
The boundaries model correlations for Ashgriz and Poo [9], Qian and Law [10]
and Jiang et al. [24] can be found in Chapter 2. The criterion for bouncing,
formulated by Estrade et al. [13], occurs when the droplet initial kinetic energy
of deformation does not exceed the energy required to produce a limit defor-
mation. The viscous dissipation was neglected. The model predicts especially
well at large Weber numbers.

Wec =
∆
(
1 + ∆2

)
(4φ′ − 12)

φl(1−B2)
(3.1)

φ′ = 2

(
3

φ2
+ 1

)− 2
3

+

(
3

φ2
+ 1

) 1
3

(3.2)
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Table 3.2: Overview of the collision regime boundary models discussed in this
work. The abbreviations refer to the various collision outcomes: re�exive sep-
aration (RS), stretching separation (SS), coalescence (C) and bouncing (B).

Authors
Model

boundaries

Viscosity
range
[mPa·s]

Viscous dissipation

Ashgriz and Poo [9] RS-C, SS-C 1 Neglected
Jiang et al. [24] RS-C, SS-C 0.4 to 3.5 Via µ to σ ratio
Qian and Law [10] RS-C 2 Via Oh number
Estrade et al. [13] B-(C,SS) 1.22 Neglected
Willis and Orme [26] RS-C 10-30 Via Oh number
Gotaas et al. [29] RS-C 0.9-48 Via Oh number

The shape parameter φ depends on the material properties of the liquid
and the gas and is determined experimentally. The value reported by Estrade
et al. [13] for ethanol droplets is φ=3.351. Eq. 2.16 in Chapter 2 de�nes
φl. Kuschel and Sommerfeld [31] found a continuous distribution of the shape
factor as a function of viscosity for both PVP K30 and saccharose. Successively
Sommerfeld and Kuschel [32] attributed values between 3.3 and 3.8 for various
alcohols. Tab. 3.2 summarizes some of the collision outcome boundaries models
mentioned above.

3.3 Milk Properties

The complex chemical composition and rheology of di�erent milk concentrates
make the systematic investigation of the viscosity e�ect on collision dynam-
ics very challenging. The solids fraction generally consists of approximately
36% lactose, 31% fats, 25% proteins, 5% minerals substances and 3% other
substances (e.g. organic acids), all by weight. The solids are suspended or
dissolved in the water, depending on the type of solid and the size of the corre-
sponding particles Walstra et al. [60]. The total solids content TS is calculated
with

TS =
drymass

total wetmass
· 100 (3.3)

The sections below introduce a brief description of the parameters in�uenc-
ing the surface tension and shear viscosity of the milk concentrates.

3.3.1 Surface tension

Proteins and milk fats are the surface-active constituents causing the surface
tension of milk to be lower than that of water, Walstra et al. [60]. Milk fats are
the largest and lightest component of milk and have the tendency to distribute
at the surface. Proteins are present in milk as a colloidal suspension in water,
which forms an unimolecular layer at the surface. No work is found in literature
on the surface tension of milk for whole milk concentrates with high total solids
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Figure 3.2: Apparent viscosity of investigated milk concentrates depends on:
(a) total solids (TS) content at 46 0C, (b) shear rate for TS = 50% and (c)
temperature. Data from Trinh et al. [65] (a-c) and Zisu et al. [66] (b). Please
note that the curves for 40% and 44% overlap.

content. Jenness et al. [61] reported relevant values for rennet whey (51-52
mN/m), skim milk (52-52.5 mN/m), whole milk (46-47.5 mN/m), 25% fat
cream (42-45 mN/m) and sweet-cream buttermilk (39-40 mN/m). Kristensen
et al. [62] reported values at 25°C for skim milk (47.3 mN/m), 3.5% milk (41.9
mN/m) and 38% cream (31.4 mN/m). The surface tension values used for
collisions in this work are in the same range.

Besides the total solids content, the surface tension also depends on pro-
cesses such as homogenization and temperature history, Mohr and Brockmann
[63]. When milk is for instance exposed to high shear rates, the surface tension
decreases due to the release of the surface-active components of the milk fat
globule membrane, Michalski and Briard [64].

3.3.2 Viscosity and rheology

The viscosity of milk concentrates increases exponentially with increasing TS
content Snoeren et al. [67], due to the loss of free motion Hinrichs [68] and
protein-protein interactions which occur more frequently as they are in closer
proximity Corredig and Dalgleish [69], Kessler [70]. The e�ect of solids content
on the viscosity of reconstituted whole milk concentrates at 46 °C is illustrated
in Fig. 3.2a.

Also the rheological behaviour of milk depends on the total solids content:
below 30% TS content, milk concentrates behave as a Newtonian �uid, while
non-Newtonian shear-thinning behaviour is observed for higher TS content milk
concentrates Trinh et al. [65]. Also lower values for this critical TS content
have been reported, e.g. 22.3% Vélez-Ruiz and Barbosa-Cánovas [71], 25%
Chang and Hartel [72], 20% Morison et al. [73] and 15% Solanki and Rizvi [74].
Di�erent values reported can be explained by di�erences in milk composition
combined with processing e�ects. For a 50% TS content skim milk concentrate,
the e�ect of shear rate on the apparent viscosity can be seen in Fig. 3.2b.
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For these shear-thinning milk concentrates, the viscosity decreases with
increasing shear rate. An increased shear rate deforms or rearranges particles,
resulting in a lower �ow resistance. Thixotropic behaviour (time-dependent
behaviour) is observed for milk concentrates above 44% TS content Trinh et al.
[65]. This is the result of a breakdown in the microstructure of the material as a
consequence of the applied shear. To recover its structure, the milk concentrate
must rest for a certain period. It is also reported that the changes in apparent
viscosity were irreversible for milk concentrates stored for a long time under
high shear Bienvenue et al. [75]. Some other processes, such as whey protein
heat denaturation, also irreversibly change the apparent viscosity, Fritsching
[50].

The droplets in a spray dryer are exposed to high shear rates. Values
reported are in the range of 104 s-1 to 106 s-1 Fritsching [50], 103 s-1 to 104

s-1 Mezger [76] and 105 s-1 Larsson and Orucoglu [77]. An estimation of the
shear rate of a droplet collision can be based on the approximation for the
shear rate of a droplet collision with a solid surface, as given by equation 3.4,
Chandra and Avedisian [78]. It states that the shear rate is proportional to the
ratio of the droplet relative velocity divided by the droplet height at maximum
spreading.

.
γ =

∣∣∣∣∂vrel∂z

∣∣∣∣ ∼ V

H
(3.4)

The viscosity of milk is thus dependent on shear rate, total solids content and
time or shear history. But there are more factors in�uencing the viscosity of the
milk. First of all, the state and concentration of the proteins are substantially
changing the viscosity. High TS contents have a low pH thus the positive and
negative charges attract each other and the protein molecules form large protein
clusters, which leads to a high viscosity of the milk concentrate, Bienvenue
et al. [75] and Anema and Li [79]. Furthermore, the viscosity increases with
increasing concentration of fats.

Another factor that a�ects the viscosity in a complex way is the tempera-
ture Walstra et al. [60], Snoeren et al. [67], Westergaard [80]. The signi�cant
decrease of viscosity with increasing temperature can be partly explained by the
fact that the viscosity of the aqueous solution is lower at higher temperature.
In addition, the volume of the proteins in the form of micelles is substantially
higher at low temperatures, which consequently increases the viscosity. On the
contrary, temperatures above 70°C lead to the denaturation of whey proteins
and a considerable increase in viscosity. This trend can be observed in Fig.
3.2c, where the viscosity pro�le as a function of temperature is displayed for
various whole milk concentrates.

Finally, milk concentrates with a high TS content are strongly susceptible
to a process called age thickening, which is the increase of viscosity over time
during storage at rest. The mechanism involved in this gelling e�ect is still
not completely clear. The rate of age thickening increases with increasing total
solids content and temperature Walstra et al. [60], Snoeren et al. [67].
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Figure 3.3: Measured rheology data of investigated milk concentrates. H-B is
the Herschel-Bulkley model (Eq. 3.5).

Trinh et al. [65] investigated age thickening for milk concentrates. Their
work shows that no age thickening occurs after 4 hours storage at 45°C for
10, 20, 30 and 34% TS content milk concentrates, although age thickening
was observed for 30 and 34% TS content after 7 hours storage at 85°C. For
concentrates with higher solid contents they stated that, in order to observe age
thickening within 4 hours storage, the minimum storage temperature required
is 85°C, 65°C and 45°C for 44%, 46% and 48% TS content, respectively.

3.4 Materials and methodology

3.4.1 Liquids characterization

As previously mentioned the rheology of milk concentrates is Newtonian for
milk concentrates below approximately 30% TS content and non-Newtonian
when the milk is more concentrated. The viscosity of the 20% TS content con-
centrate is measured with a viscometer (Fungilab Alpha Series) and a viscosity
value of 4.3 cP is found for various shear rate settings and is thus considered
exhibiting Newtonian behaviour. The viscosity values of the 30% TS content
and 46% TS content concentrates are measured with a rheometer (Anton Paar
MCR 302). The apparent viscosity as a function of shear rate is given in Fig.
3.3. Shear-thinning (non-Newtonian) behaviour is found for both 30% TS and
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46% TS content concentrates. A larger e�ect of shear-thinning is observed for
higher TS concentrates.

We propose to �t the shear rheology data of milk solutions with the Herschel-
Bulkley (H-B), Bird et al. [81], model according to:

τ = τ0 +Kγ̇n (3.5)

where τ is the shear stress, τ0 is the yield stress, γ̇ is the shear rate, K
the consistency index and n the �ow index. Because milk is shear thinning
n < 1. τ0, K and n are correlated as a function of the TS content based
on correlation functions provided by Tetra Pak, Heerenveen (Netherlands).
The same constants are used to �t the measured data of 30% and 46% milk
concentrates.

As discussed in the theoretical background, the droplets in a spray dryer
are exposed to high shear rates. Reported values are in the range of 103 s-1 to
106 s-1. In our set-up, binary droplet collisions with droplet diameters in the
range of 620 - 770 µm and relative velocities in the range of 0.5 - 3 m/s are
observed. Eq. 3.4 yields an approximation for the shear rate of 800 - 4700 s-1.
This lower boundary corresponds to the lower boundary of the values reported
in the literature. Fig. 3.3 shows that in this range of shear rates (white region
with dashed border), the viscosity can be considered constant, but substantially
lower than the zero shear rate viscosity. The shear rate range can be calculated
from the nozzle diameter of 300 µm and the volumetric �ow rate between 4.5
and 11 ml/min. The shear rate, calculated as the ratio of the jet velocity and
nozzle diameter, lays in a range of 860 to 2170 s-1. This is very similar to the
one calculated with the relative velocity and diameter of the drops.

The viscosity value used in this work, is the average value in the expected
range of experimental shear rates. The viscosity values used can be found in
Tab. 3.3. It is probably not meaningful to compare the viscosity values to lit-
erature, since most of the values reported are measured at higher temperatures
or the work does not specify the shear rate at which the viscosity is measured.

The density of milk concentrates used in this work is based on a correlation
provided by Tetra Pak. Density can variate because milk is a natural product
and several applied processes (e.g. standardization, homogenization and pas-
teurization) can in�uence the density as well. Density values used in this work
can be found in Tab. 3.3.

Milk concentrates were used in collision experiments at 20°C for a maximum
of 3 hours to make sure no age thickening e�ect or contamination in�uence the
results. The surface tension and viscosity values were measured before starting
the experiments and later every hour. For 20% TS content, no change in
viscosity was observed, while for the 46% TS content, a small increase (ca.
10%) in the viscosity was observed after 3 hours. No signi�cant change in
surface tension was observed.

A reconstitution method is used to prepare milk concentrates with more
reproducible physical properties than fresh milk and to be able to reach rela-
tively high solids (TS) content. Please note that it is known that fresh milk
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Table 3.3: Physical properties used in this work for the investigated milk con-
centrates and glycerol solutions.

Liquids ρ [kg/m3] µ [mPa·s] σ [mN/m]
Milk 20% TS content 1041 4.3 46.8
Milk 30% TS content 1061 8.8 46.1
Milk 46% TS content 1094 83 46.9
Glycerol 40 vol% 1104 5.01 68.5
Glycerol 60 vol% 1158 15.5 67.9
Glycerol 80 vol% 1211 88.8 65.1

Table 3.4: Composition of investigated reconstituted milk concentrates.

Milk concentrate Total weight [g] Water [g] Powder [g]
20% TS content 1000 800 200
30% TS content 1000 700 300
46% TS content 1000 540 460

and reconstituted milk do not necessary have the same properties Trinh et al.
[65]. A summary of the values used in this work are given in Tab. 3.3 together
with the properties of glycerol solutions used in this work. A Kruss K20 Force
Tensiometer was used to measure the surface tension of the liquids. The surface
tension measured for glycerol at 20°C are very similar to the one from Taka-
mura et al. [82], Connors [83]. The viscosity and density measurements are in
perfect correspondence with the trends described in Cheng [84]. Also for the
glycerol mixture, surface tension and viscosity are calculated before and after
the experiments, with a maximum usage of the same liquid for 3 hours. This
procedure enables to minimize contamination and relevant physical property
changes.

3.4.2 Reconstitution of milk concentrates

It is known that the properties of fresh cow's milk can vary substantially. For
this work, it is desirable to perform experiments with constant properties of
milk concentrates. The reconstitution method consists of adding water to skim
milk or whole milk powder (SMP or WMP). In this work, Arla spray-dried
whole milk powder, made from cow's milk, is used. The milk powder consists
of 26% milk fats, 24%-28% milk proteins, 36%-42% lactose, 5%-6% minerals
and 3.2% moisture.

The procedure to prepare milk concentrates with controllable chemical
properties and various TS contents was provided by Tetra Pak. In the sec-
tion below, the procedure used to reconstitute milk is described. Batches of
1000 grams are prepared and, depending on the desired TS content, the amount
of dry whole milk powder is weighed using a scale (Tab. 3.4). Water at approx-
imately 55°C is positioned in a mixer (IKA RW16 basic overhead stirrer with a
range of 40-1200 rpm). Subsequently, the lid of the mixing chamber is locked in
place and the stirring speed is set at approximately 370 rpm. The pre weighted
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Figure 3.4: Schematic of the experimental set-up.

dry milk powder is slowly added through a funnel into the mixing container
during a maximum time of 5 minutes. The mixing process is continued for 4
more minutes. The mixing container is then removed from the mixing cham-
ber and the foam layer, deposited after mixing on the top, is carefully removed
with a spoon.

In the next stage, the milk solution is centrifuged at 2000 g for 3 minutes
by a centrifuge (SIGMA 3-30X super-speed refrigerator). The mixing process
leads to inclusion of air bubbles, which are removed by the centrifugation step.
The centrifugation step also ensures complete homogenization of the milk con-
centrate. The milk solution is �nally cooled in an ice bath at 5°C until the
temperature approaches room temperature. The experiments are performed at
atmospheric pressure and room temperature.

3.4.3 Experimental set-up

The experimental setup, illustrated in Fig. 3.4, is composed of a droplet gen-
erator (BUCHI, Switzerland) that produces two streams of monodispersed
droplets. The main parts of the droplet generator are the control unit, the
producing unit and the syringe pumps. The perturbation of the streams is
produced through an oscillating electrical signal at the desired frequency which
causes a mechanical vibration of the structure. The frequency for these experi-
ments is in the range of 500 to 750 Hz. The received vibrations can be adjusted
independently for both jets. The liquid is introduced into the producing unit by
two 60 ml syringe pumps. The liquid then passes thought the vibration cham-
bers and nozzles of 300µm. On exiting the nozzle the liquid stream separates
into equal size droplets. The droplet chains are brought to collision by two
rotating components and a linear component. The collision parameters can be
controlled by imposing the nozzle diameter correlated to the droplet diameter,
the �ow rate of the syringe pumps, that in�uence the droplet speed before col-
lision, and the frequency, which a�ects the distance between two consecutive
droplets.

The area before and after the collision is recorded by a high-speed camera.
The background of this area is a white plastic plate illuminated by a series of
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LEDs, to optimize the contrast of the droplets with respect to the background.
The angle between the two droplet streams and the vertical axis can be set

by rotating components. The y-position (Fig. 3.5) of the left vibration chamber
can be adjusted as well with the purpose to modify the impact parameter. In
addition, the x-position of both vibration chambers can be changed to adjust
the distance between the two nozzles. Finally, to ensure the two droplet streams
to collide in the same plane, the z-position of the left vibration chamber can
be adjusted. For this alignment procedure, a second high-speed side camera
is added in the collision plane, perpendicular to the front camera. During
experiments, the side camera is used to accurately align the two streams in the
z-direction, while after experiments, this alignment can be visually checked once
more for a speci�c collision. The Davis cameras are operated at a frequency of
4000 Hz and an exposure of 1/20000 s. A Sigma 105mm f/2.8 EX DG Macro
lens is used for the camera in front of the droplet. As the side camera is further
away from the droplet streams, it is combined with a Nikon 200mm f/4 AF-D
Macro lens to provide more magni�cation at a larger distance. The observation
area was adapted for di�erent collision outcomes: for coalescence the camera
can be positioned closer than for the stretching separation where the rupture
of the ligament takes long time. This is the result of a compromise between
the possibility of visualizing the entire collision dynamics and, oppositely, of
having a high resolution. For each speci�c collision, the Weber number, the
Ohnesorge number and the impact parameter is determined by post-processing
the pre-collision area of the recorded video. The area below the collision is used
to visually determine the collision outcome.

The choice of using droplet diameters of 700µm is due to experimental
restrictions. The viscous liquids need a high �ow rate from the syringe pumps
to be injected through the nozzles. With smaller nozzles diameter than the
300µm used in our work, injecting issues occurred in stabilizing the stream
breakup. The camera resolution was also an important factor to take into
consideration. Our aim is to observe the total collisional event, pre and post
collision, with a su�cient number of pixels per drop diameter, therefore we
choose a suitable observation frame. With smaller droplet sizes the process of
tracking and analysis of drops would have not been accurate.

3.4.4 Droplet collision tracking

The parameters a�ecting impact collision, namely the We, Re, Oh, Ca and
B need to be identi�ed for each event, tracking the drops velocity and posi-
tion from frame to frame. The recorded images are analysed using MATLAB
R2015a and processed following two di�erent procedures, corresponding to be-
fore and after collision. If the error of the two streams alignment in the colliding
drop pair is greater than 5% of the droplet diameter, the recording is discarded.
Based on a sample of 500 droplets the mean radius corresponds to 11.35 pix-
els with a standard deviation of 0.64 pixels. If smaller satellites are visible in
the recording before collision or if the di�erence in the droplet diameter of the
streams is greater than 4%, the recordings are discarded and a new optimal
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Figure 3.5: Observation area recorded by the front camera (a) and by the side
camera (b). The black arrows indicate the same droplet collision. pair.

frequency is established. The analysis of the pre-collisional part consists of the
following steps:

� The viscosity, density and surface tension of the colliding liquid in the
recording are entered in the script. Furthermore, the pixel to meter
ratio is entered, as well as the average droplet radius. A ruler is used to
calibrate the pixel to meter ratio, once the camera position is set.

� The pre-collision area is selected manually, the drops are distinguished
from the background using the edge and imfill image analysis commands
and the locations of all droplets are determined with the imfindcircles
function (step 1-3 in Fig. 3.6).

� The frame is divided in two vertical sides so that one droplet from one
stream collides with one droplet belonging to the other jet. The drop
on the left side is associated with the one on the right side which has
the smallest vertical distance. This is illustrated by step 4 in Fig. 3.6.
The pair is labelled with a number which remains the same for the entire
recording. For the new pairs appearing in the next frames new labels are
provided.

� The script now continues with Frame 2. All droplets are again localized,
the droplet pair of the colliding droplets is found by using the location
of the droplet pair of the previous frame. Once the droplet pair has
again been identi�ed, the horizontal and vertical displacements from the
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Figure 3.6: Droplet Image Analysis.

previous frame are measured and velocity coordinates are derived. The
script continues with the next frame.

� The process for a pair stops when the circles around the two droplets
overlap.

� With the displacements and position of droplets at the moment of colli-
sion, the relative velocity and impact parameter are calculated for each
pair in the recording. The distance b between the two droplet centres, is
calculated according to:

b =

∣∣∣∣∆y∆vx −∆x∆vy
vrel

∣∣∣∣ (3.6)

In case the two drops have no point of contact in the last frame before
merging, an extrapolated position, based on the previous velocity and
displacement of the drops, is considered for calculating the impact pa-
rameter. Therefore the relevant dimensionless numbers are calculated
and then stored in a matrix.

� When the droplet pairs are detected, a video in which the pair label is
shown next to the moving droplets is created.

The procedure corresponding to the post-collision consists of visual analysis
of the recording and identi�cation of the collision outcome for each droplet pair.
In case of separation the number of satellites is also registered. The minimum
detectable droplet size is of the order 1 pixel, corresponding to approximately
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Figure 3.7: Head-on collisions for 20% TS content milk for increasing We
number:(a) coalescence at We=31.5 and B=0.001, (b) re�exive separation at
We=35.2 and B=0.07, (c) re�exive separation with formation of one satellite at
We=41.3 and B=0.02, (d) re�exive separation with formation of one satellite
at We=59.2 and B=0.05, (e) re�exive separation with formation of one satellite
at We=80.4 and B=0.002.

32µm. Although this is a limitation of the tracking analysis, the satellites size
is not the main focus of this work and the regimes boundaries can still be
correctly estimated. The time a droplets remains inside the view of the camera
is approximately 7.5 milliseconds.

3.5 Results and discussion

3.5.1 Milk

The milk entering a spray dryer has a high viscosity due to the earlier temper-
ature treatments, meaning that the collision behaviour does not correspond to
the one of water. In this work experiments with 46% TS content, correspond-
ing to Oh=0.44, are carried out. This is the maximum concentration which
does not present viscosity variations within 3 hours of usage. To observe the
re�exive separation regime which occurs for relatively low viscosity liquids such
as water, lower values of Oh number (0.05 for 30% TS and 0.022 for 20% TS)
are also considered in our experiments. The collision outcomes are discussed
in the section below.
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The head-on (B=0) and near head-on collision and the boundary demar-
cating coalescence and re�exive separation are presented �rst, followed by the
description of the grazing collisions and coalescence to stretching separation
regimes.

In Fig.3.7 head-on collisions for 20% TS content milk droplets for di�er-
ent Weber numbers are illustrated. It can be seen that in all cases the two
droplets merge and deform into a disk-like drop (4 and 5 in the �gure) in a
time interval of approximately 1 ms. The merged droplets oscillate and relax
after some time to a spherical shape (6). In case 3.7a the two droplets merge,
deform into a disk-like drop and extend to an ellipsoidal shape (7 and 8). The
consequent retraction restores the spherical shape of the merged droplets (12).
In the other cases the Weber number and thus the amount of kinetic energy
is increased. The initial kinetic energy is su�cient to break the ligament and
re�exive separation occurs. The internal momentum rate is in this case higher
than the surface tension force. A very small satellite droplet is formed in case
c (We=41) and its size increases with increasing Weber number (d (We=59),
e (We=80)). Fig. 3.7e shows that the satellite droplet can be similarly sized
as the parent droplets. The range of satellite sizes is 7 to 35 µm for We∼40,
approximately 100 µm for We∼60 and 100 to 200 µm for We∼70. Moreover,
it is possible to observe the ligament breakup behaviour with the initial neck
destabilization from the two tip edges and consequent pinch-o� (9-12 for cases
c, d and e). The total time duration for the collisions illustrated in Fig. 3.7 is
approximately of 5.5 ms. According to Ashgriz and Poo [9], the large contour
of the disk-like shape creates a pressure di�erence between the inner and outer
regions. As a consequence, the disk-shape contracts inward (to recover the
spherical shape) and the liquid is pushed out from its center. A stretched liq-
uid cylinder is then formed. When the amount of energy available is su�cient
to move the two ends further apart, a liquid bridge is formed that eventually
breaks. The head-on onset of re�exive separation for 20% TS milk concentrates
is expected to be in between We 32 and 35. This value is substantially higher
than the onset for water droplets, which is approximately We=19 Ashgriz and
Poo [9]. From the experiments we observed that the onset of re�exive separa-
tion for the 30% TS content milk concentrate is between We=44 and We=51.
For the 46% TS content milk concentrate, no re�exive separation was observed
even for We=156.

The stretching separation occurs at su�ciently high B and high relative ve-
locities. Because B is high for two impacting drops only a part of the droplets
become into contact (interacting region) while the peripheral regions have the
tendency to continue their motion. The surface energy, responsible for holding
the combined droplet, is relative to only the interacting region and thus lower
than the kinetic energy. In Fig. 3.8 the e�ect of viscosity is shown, illustrating
a collision outcome for similar impacting conditions but di�erent milk concen-
tration. A portion of the kinetic energy dissipates because of the viscous �ow
inside the droplets. The stretching energy available for separating the merged
droplets is less and separation becomes more di�cult.

A bouncing regime is observed for both head-on collisions (at low We) and
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Figure 3.8: Grazing collisions :(a) 20% TS content milk at We=18.7 and
B=0.89, (b) 30% TS content milk at We=22.7 and B=0.89, (c) 46% TS content
milk at We=23.2 and B=0.92.

grazing collisions (at low and intermediate We) for hydrocarbon droplets Jiang
et al. [24], alcohols, oil and saccarose Estrade et al. [13], Kuschel and Som-
merfeld [31], but this regime is absent for head-on collisions of water droplets
Ashgriz and Poo [9], Estrade et al. [13], Jiang et al. [24], Kuschel and Sommer-
feld [31]. In literature the presence of a bouncing regime for head-on collisions
of hydrocarbons and absence of this regime in water is attributed to the dif-
ference in surface tension. Similarly for milk concentrates, no bouncing was
observed for head-on collisions at very low We numbers nor for high impact
parameters (see Fig. 3.8). The lowest limit of the Weber number obtained in
the experiments of this work is approximately 5.5. If for low relative veloci-
ties the promoted coalescence can be attributed to interfacial mechanisms, the
same can not be concluded for collision at high impact parameters, where the
surface energy in the interaction region is lower. The phenomenon is therefore
more complex and requires further analysis although it is di�cult to perform
experiments in the region of low We numbers and very high B because of exper-
imental limitations previously mentioned. The demonstration that bouncing
does not occur in milk collisions at any concentration is however very important
for milk spray applications.
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Figure 3.9: Onset for re�exive separation regime for head-on collisions (B=0)

3.5.2 Proposed models

The model proposed by Qian and Law [10] for the relation between the critical
Weber number of re�exive separation (for head-on collision, B=0) and the Oh
number is:

Wecrit = C3 + C4Oh (3.7)

Later, Gotaas et al. [29] proposed two di�erent correlations depending on the
Oh number:

Wecrit =

{
14.8 + 643.1Oh Oh < 0.04

9309Oh1.7056 Oh > 0.04
(3.8)

These models, as well as the critical Weber numbers for water Ashgriz and Poo
[9], the reconstituted milk concentrates and glycerol-water mixture used in this
work, are plotted in Fig. 3.9. The error bars indicate the range of Ohnesorge
numbers for the speci�c regime map and the range of Weber numbers in which
the critical Weber is expected to be located. The linear correlation between
the critical Weber number of re�exive separation and the Ohnesorge number
matches well with the two values found for 20% TS content and 30% TS content.
The power function which is proposed for Oh>0.04, however, overestimates the
critical Weber number of glycerol substantially. The linear relation and power
function proposed by Gotaas et al. [29] predict the critical Weber number of
298 and 2295, respectively, for 46% TS content. Our experiments for 46% are
limited to a Weber number of 156, for which no re�exive separation is observed.
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As discussed in the introduction, the general approach to describe the
boundary demarcating coalescence and re�exive separation is to give a hor-
izontal translation to the model of Ashgriz and Poo [9] for water, with a crit-
ical We dependent on the Oh number. The model proposed in this work is
a combination of the model by Ashgriz and Poo [9] for re�exive separation,
horizontally translated in the (We,B)-map in order to predict a correct on-
set of re�exive separation, and the model by Jiang et al. [24] for stretching
separation, with two constants �tted to the experimental data on milk. This
approach is used also in the recent study of Sommerfeld and Lain [85]. The two
�tting constants for water are proposed by Jiang et al. [24] and for saccharose
by Kuschel and Sommerfeld [31]. The model is given by Eq. 3.9 (re�exive
separation-coalescence) and Eq. 3.12 (coalescence-stretching separation).

Wereflexive = 3
[
7
(
1 + ∆3

)2/3 − 4
(
1 + ∆2

)]
∆
(
1 + ∆3

)2
(∆6η1 + η2)

+W translation (3.9)

Wetranslation = Wemilk,crit −Wewater,crit (3.10)

Wemilk,crit = 17.05 + 510 ·Oh (3.11)

Here η1 and η2 are geometric factors as introduced by Ashgriz and Poo [9]
(Eqs. 2.11 and 2.12 in Chapter 2).

Westretching =

[
3.0

B

(
1 + 0.05

µ

σ

√
ρd

σ

)]2

(3.12)

The model is expressed also in terms of the size ratio, but we only considered
equal sized droplets (∆=1) and d∼700µm in this work. It follows that the
model is valid and limited to binary droplet collisions of milk concentrates
with TS contents between 20% and 46% and with equal droplet diameters at
atmospheric pressure and room temperature. A representation of the adapted
models for re�exive and stretching separation, derived in this work, is shown
in Fig. 3.10.

3.5.3 Collision regime maps

Fig. 3.11 shows the collision outcome regime maps for constant Oh numbers
0.022, 0.05 and 0.44. The proposed model for the boundaries between coales-
cence and stretching separation, Eq. 3.12, is represented by a black continuous
line. The coalescence-re�exive separation boundary, Eq. 3.9, is shown as a
black dashed-dotted line. The Ashgriz and Poo [9] models for water are also
provided, dashed line for stretching and dotted line for re�exive, with the pur-
pose of showing the in�uence of viscosity on the collision outcomes.

Although some overlap is present between the di�erent collision regimes in
the transition areas, we can de�ne the boundaries and observe their evolution
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Figure 3.10: Theoretical models for collision outcomes regime.

with increasing viscosity. The overlap can be explained by small di�erences
in droplet size, a small o�set within the alignment of the two droplet streams
in the z-direction and some small changes in the physical properties of the
investigated liquids over time.

We can observe that a higher impact parameter is required for low Weber
numbers to achieve stretching separation. In addition, the critical Weber num-
ber for re�exive separation increases with increasing impact parameter. For
our experiments the critical Weber number of re�exive separation increases
from the 20% to the 30% TS content, while for 46% the onset is not observed
in the range considered in this work (also at We=156 the outcome is coales-
cence). In accordance with the observation of Jiang et al. [24],Gotaas et al.
[29] and Kuschel and Sommerfeld [31], the increased viscous dissipation shifts
the separation regimes towards higher We numbers, promoting coalescence.

3.5.4 Glycerol

For milk droplets no bouncing regime is observed, neither for very low We
numbers where coalescence is found instead, nor for high impact parameters
where the merged droplet is separated by stretching. As already anticipated,
the complex macromolecular and colloidal composition of milk might lead to
surface mechanisms at the collision interface which promote coalescence instead
of bouncing as collision outcome. We carried out experiments with glycerol-
water mixtures to compare milk with a reference liquid, which is reproducible
and stable over time. Although in literature there are examples of Newtonian
droplet collisions for di�erent concentrations, thus also for di�erent Oh number,
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Figure 3.13: Grazing droplet collision for milk concentrates and glycerol solu-
tion at similar conditions: (a) We=40.6,B=0.61,Oh=0.022 for milk 20% and
We=41.3, B=0.63, Oh=0.021 for 40 vol% glycerol, (b) We=61.5, B=0.63,
Oh=0.049 for milk 30% and We=61.9, B=0.64, Oh=0.068 for 60 vol% glycerol,
(c) We=97.6, B=0.68, Oh=0.44 for milk 46% and We=97.9, B=0.68, Oh=0.38
for 80 vol% glycerol.

the aim is to carefully analyse the collision morphology.

Fig. 3.12 shows the three regime maps for glycerol solutions with the phe-
nomenological models for stretching separation (black continuous line) and
re�exive separation (black dashed-dotted line) developed in this work for milk
concentrates. Glycerol 40% vol has an Oh=0.021, glycerol 60% vol an Oh=0.64
and glycerol 80% an Oh=0.38. As for milk concentrates, the Ashgriz and Poo
[9] models for water are also provided with a dashed line for stretching and a
dotted line for re�exive separation. The model for bouncing by Estrade et al.
[13], with shape factor χ1=3.351, is represented by the magenta continuous
line.

The constants applied to the Jiang et al. model Jiang et al. [24] and the
modi�ed Ashgriz and Poo model Ashgriz and Poo [9] are �tted on data on
water and milk concentrates. The results presented in the glycerol solution
regime maps are not used for �tting the models. The model matches well
with the experimental results that show the boundary between coalescence
and stretching separation. As already discussed in 3.5.2, the onset of re�exive
separation is underpredicted by the modi�ed model of Ashgriz and Poo [9],
possibly due to the non-linear behaviour of the critical Weber number with
respect to the Ohnesorge number for Oh≥0.04.
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The triple point is the intersection between the regimes of bouncing, coa-
lescence and stretching separation.The Weber number of the triple point does
not clearly change between the three glycerol maps. This point is located at
We∼30 for all the maps. The corresponding impact parameter increases slightly
with higher Ohnesorge number, from B∼0.50 (40 vol%) to B∼0.57 (60 vol%)
to B∼0.70 (80 vol%), but the overlap in this area does not allow an accurate
description of the triple point position. From Sommerfeld and Kuschel [32] we
are aware that the triple point prediction is di�cult also for alcohols and oils
because of the large scatter of data around the transition of the three regimes.

Bouncing occurs over the full range of impact parameters in the 40 vol%
and 60 vol% glycerol regime maps while the 80 vol% glycerol solution map
shows coalescence for We∼10 and B<0.15. For even lower Weber numbers,
it is expected that coalescence occurs, since the resistance against drainage
from the gap between the droplets is substantially lower Qian and Law [10],
Li and Fritsching [86]. This region is the so-called coalescence with minor
deformation at lower Weber numbers. Possibly due to the lower limit of the
Weber number as a consequence of experimental limitations, which are common
in the considered literature, this region is not found.

Glycerol droplets bounce at high Weber numbers only when the impact
parameter is high. During the bouncing process, the surfaces deform by �at-
tening. In this process, the initial kinetic energy of the interaction region is
converted into surface energy. When the remaining energy is not su�cient to
overcome the pressure force, the droplets will bounce apart. At constant We-
ber number, the initial kinetic energy of the interaction region decreases with
increasing impact parameter due to a lower overlap of the droplet upon impact.
Therefore, bouncing is still observed for high Weber numbers and high impact
parameters.

If the impact parameter is not high enough and the relative velocity is
relatively high, stretching separation occurs. As it was for milk, when the ra-
tio between the initial kinetic energy, that stretch out the combined droplet, is
higher than the surface energy of the interacting region, there is breakup. More-
over, also for glycerol the stretching separation regime moves toward higher We
number when the viscosity is increased.

3.5.5 Comparison of milk and droplet collision dynamics

In Fig. 3.13 milk and glycerol collisions are compared for the same impact
conditions. From our experiments, no remarkable di�erences are found with
respect to the transition between coalescence and separation regimes.

The onset of re�exive separation for both liquids follows a similar trend.
In accordance with other previous work we can conclude that the curve of
the Ashgriz and Poo [9] model for re�exive separation does not accurately
predict the boundary but the relatively scattered data in this area allow only
an approximate prediction.

The boundary between coalescence and stretching separation can be de-
scribed reasonably well by the same phenomenological model and, as shown
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Figure 3.14: Droplet collision for milk concentrates and glycerol solution at
similar conditions: (a) We=19 ,B=0.38,Oh=0.022 for coalescence of milk 20%
and (b) We=18.1, B=0.4, Oh=0.021 for bouncing 40 vol% glycerol.

in Fig. 3.13, also the collision dynamics for glycerol solutions and milk con-
centrates are comparable for similar Weber numbers, impact parameters and
Ohnesorge numbers.

Two main di�erences characterize the two liquids: milk has a complex
macromolecular and colloidal structure and exhibits non-Newtonian behaviour,
while glycerol has a simpler chemical structure and exhibits Newtonian be-
haviour (see Fig. 3.14). It is likely that the complex chemistry of milk at the
droplet surface promotes coalescence. To fully understand this phenomenon
further investigations, with other possible reference liquids, are required.

3.6 Conclusions

The objective of the study described in this chapter was to experimentally in-
vestigate the e�ect of viscosity on binary droplet collisions in a spray dryer,
in particular for milk concentrates. To investigate this e�ect, three milk con-
centrates with a wide range of viscosity values were used (20%, 30% and 46%
total solids content). The e�ect of viscosity was investigated by comparing the
three regime maps.

The critical We number for re�exive separation increased with the Oh num-
ber. The kinetic energy is dissipated due to viscous �ow and thus needs to
be higher with higher viscosity to achieve re�exive separation. Similarly, the
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boundary between coalescence and stretching shifted to the right in the regime
map with increasing Oh number.

The second objective of this study was to develop a phenomenological
model, describing the collision regime boundaries in the (We,B)-map as a func-
tion of, among other properties, the liquid viscosity. The experimental results
show that the critical We number of re�exive separation can be described as
a linear function of the Oh number, at least in the range of Oh numbers in-
vestigated for milk concentrates. The model by Ashgriz and Poo [9] describing
the boundary between re�exive separation and coalescence, without viscous
dissipation energy e�ects, is extended by a horizontal translation to take into
account the e�ect of viscosity. The model by Jiang et al. [24], also taking the
e�ect of viscosity into account, describes the boundary between coalescence
and stretching separation and contains two �tting constants, generally deter-
mined in the literature by experimental results. These constants are determined
based on a �tting method to the experimental data on milk concentrates. The
adapted model describes the experimental data well, but slightly underpredicts
the boundary for the 46% TS content milk concentrate.

Additionally, binary collision experiments with three aqueous glycerol solu-
tions (40, 60 and 80 vol% glycerol in water) were performed to create glycerol
regime maps with Oh numbers in the same range as the milk concentrate
regime maps. The boundaries between coalescence and the two types of sepa-
ration in the glycerol regime maps showed similar trends as in the milk regime
maps. However, in contrast to collisions with milk concentrate droplets, glyc-
erol droplets bounce at low collision kinetic energy or high impact parameters.

Finally, we demonstrated that the model proposed in this work for collisions
of milk concentrate droplets, is applicable to the glycerol regime maps too.
Milk and glycerol exhibit similar collision behaviour and develop analogous
collision morphologies. Unlike glycerol milk collisions show no bouncing at
any impacting condition and at any viscosity. Further investigation need to
be carried out on the complex colloidal chemistry of milk to investigate the
mechanisms promoting coalescence rather than bouncing.
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We investigate the collision behaviour of a shear thinning non-Newtonian
�uid xanthan, by binary droplet collision experiments. Droplet colli-
sions of non-Newtonian �uids are more complex than their Newtonian
counterpart as the viscosity no longer remains constant during the col-
lision process. Despite the complex collision dynamics, we are able
to present a complete regime map based on non-dimensional Weber
(We) number and impact parameter (B). We compare the collision out-
comes of xanthan, glycerol and a milk concentrate at similar impact
conditions. These experiments reveal very rich and complex collision
morphologies for shear thinning xanthan solution, strikingly di�erent
from Newtonian droplet collisions. Unlike glycerol and milk, xanthan
collisions show no re�exive separation even at very high We number.
Instead of breakup, we observe disk like shapes with an oscillating be-
havior of the colliding droplets. A detailed analysis reveals that this
outcome is related to increased viscous energy dissipation and exten-
sional e�ects.
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the role of extensional viscosity

4.1 Introduction

The study of droplet-droplet collision behaviour has been of considerable in-
terest for more than a century because of its complexity as a �uid dynamics
problem and because of its numerous industrial applications. Waste treat-
ment, liquid-liquid extraction, combustions engines, surface treatment and
dense spray systems are some examples of industrial processes in which droplet
collisions appear ([8, 10, 23, 26]). In spray applications the reliable predic-
tion of the droplet collision outcome is essential to control and manipulate the
droplet size distribution in order to achieve the desired performance, [16].

The production of powders is common in chemical, pharmaceutical, food
and dairy industries. Powders are often manufactured from highly viscous
liquid suspensions which are non-Newtonian in nature. Non-Newtonian droplet
collisions occur for example during the production of powdered milk. Milk
shows a shear thinning behaviour at increased milk solid concentrations, Trinh
et al. [65]. A spray dryer consists of a large spray drying tower coupled with
a cyclone. The highly viscous suspension is atomized with heated air through
the pressure nozzle in the drying chamber. The very small droplets are dried
by the hot air fed to the drying chamber. Dry product particles then leave
the drying chamber at the bottom. The prediction of the collision outcomes
enables production of high quality powder with optimized characteristics suited
for the intended application.

Numerous experimental ([8, 9, 10, 13, 24, 25, 26, 28, 29, 30, 31, 32, 87])
and numerical studies ([4, 6, 12, 86, 88]) on Newtonian droplet collisions have
already been performed in the last half century. The major objectives of these
works consisted of investigating collision outcomes and their characteristics
as well as the parameters de�ning the boundaries between di�erent types of
collisions for di�erent �uids and conditions.

4.1.1 Newtonian and Non-Newtonian collisions

Ashgriz and Poo [9] performed binary water droplet collisions experiments for
various impact conditions. The collision regimes of coalescence, re�exive and
stretching separation have been identi�ed and theoretical models for their oc-
currence have been provided. The current collision outcome boundary models
are based on Ashgriz and Poo [9] theory and extended to include viscous dis-
sipation of energy.

The model of Jiang et al. [24] was one of the �rst approaches which ex-
plicitly includes the viscosity as a parameter. The experiments for water and
alkanes were limited to a small range of viscosities, from 0.4 to 3.5 mPas. They
showed that the onset of re�exive separation shifts to higher Weber number
(We) as the liquid viscosity to surface tension ratio increases. The model was
later re�ned with the introduction of the Ohnesorge (Oh) number by Qian and
Law [10]. Furthermore, Jiang et al. [24] concluded that the extent of viscous
energy dissipation occurring during the initial stage of droplet deformation
is independent of the droplet viscosity. Willis and Orme [25, 26] conducted
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an experimental investigation of viscous droplet collisions in a vacuum envi-
ronment to avoid aerodynamic e�ects during collisions. Their results showed
a proportional dependency of energy dissipation on droplet viscosity, in con-
tradiction to Jiang et al. [24]. Brenn and Kolobaric [28] extended the model
for the prediction of satellite formation after stretching separation of Brenn
et al. [27] by including the e�ect of viscosity. The model gave good predictions
for highly viscous liquids and high We numbers, but was not able to describe
low-viscous liquids such as water and alcohol. Gotaas et al. [29] studied ex-
perimentally and numerically the in�uence of viscosity in a range from 0.9 to
50 mPas, analysing n-decane and mono-, di- and triethylenglycole. In general,
it was observed that the coalescence to separation boundaries shift to higher
We number for �uids with higher viscosity. They con�rmed that the results
for the onset of re�exive separation for viscous �uids provided by Jiang et al.
[24] were not valid for relatively high viscosity �uids and a new empirical cor-
relation was presented. In the study of Kurt et al. [30] the collision behaviour
for pure liquids and suspensions was explored. They identi�ed the di�culty
of working with suspensions because of instabilities appearing in the monodis-
persed droplet chain. The number of satellite droplets was found to increase
with viscosity for glycerine solutions. The opposite behaviour was noticed for
suspensions of solid particles. The authors claim that a higher concentration
of particles may develop perturbations of the combined drop and the break-up
of the ligament becomes faster. Also Kuschel and Sommerfeld [31] investigated
experimentally the e�ect of viscosity. The model of Ashgriz and Poo [9] for the
coalescence-stretching separation boundary was considered valid by Kuschel
and Sommerfeld [31] only for low capillary numbers (Ca) (< 0.577). For liq-
uids exceeding this critical Ca number they applied a combination of Ashgriz
and Poo [9] and Jiang et al. [24] models. The boundary of coalescence-re�exive
separation was observed only at small solid mass fractions. Sommerfeld and
Kuschel [32] experimentally extended the previous work of Kuschel and Som-
merfeld [31] considering di�erent alcohols and an oil. The derived models are,
also in this case, a combination of Ashgriz and Poo [9] and Jiang et al. [24]
models.

While the studies on Newtonian �uids are numerous, only few are dedicated
to non-Newtonian droplet collisions and mostly are based on computational in-
vestigations. Brenn [89] mentioned the complexity of performing experiments
with non-Newtonian �uids and therefore explains the lack of experimental in-
vestigations in the literature. There are practical experimental di�culties con-
nected to the jet generation and control of the droplet size before impact.

Some experiments have been carried out for cases where the colliding �uid
droplets are non-Newtonian, such as in the work of Motzigemba et al. [57].
Their experiments involved Newtonian and non-Newtonian liquids by using
Newtonian water/glycerol solutions and non-Newtonian shear thinning wa-
ter/carboxymethylcellulose (CMC) solutions. CMC was chosen because it has
strong shear thinning behaviour and low elastic e�ects. Droplets were created
by liquid �ow through a circular ori�ce and subsequent Rayleigh break-up of
the produced jet. It was found that the collision of CMC droplets produces a
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disc of larger diameter post collision compared to the Newtonian droplet ex-
periments. The increase of the collision complex diameter over time during
collision was also measured for both types of �uids at di�erent We numbers.
The time for the colliding droplet to reach maximum expansion was found to be
monotonously dependent on the We number. Newtonian and non-Newtonian
collisions were compared, where the Newtonian viscosity was set equal to the
zero shear rate viscosity of the non-Newtonian �uid. In their experiments only
the dynamics of coalescence was analysed for We numbers higher than 500.
Because non-zero impact parameters were not considered the collisions were
not analysed in terms of a regime map.

In Focke and Bothe [90], the experimental data of Motzigemba et al. [57]
were investigated using Direct Numerical Simulations (DNS) with the Volume
of Fluid (VOF) method. An important result of their investigation is that
for a Newtonian �uid, an �e�ective� viscosity can be chosen, which reproduces
the same droplet collision dynamics as the shear-thinning �uid. This viscosity
is found by simulating the collisions with di�erent Newtonian viscosities and
comparing each maximum collision complex diameter with the one formed in
the collision of non-Newtonian droplets. The e�ective viscosity was not equal
to the zero shear rate viscosity. The simulated viscosity �eld showed that half
of the energy at zero shear viscosity is dissipated in the early stages of colli-
sions. The study was limited to collisions at B=0 and very high We, therefore
a systematic analysis of the viscosity variation for di�erent impacting condi-
tions is not presented. Focke and Bothe [59] introduced a lamella stabilization
method to demonstrate that an �e�ective� viscosity also exists in case of o�-
center collisions at high We. Non-Newtonian collisions lead to the formation
of a thin liquid �lm in the center of the collision complex and a simulation
can lead to reliable results only when the collision lamella remain intact. In
the work of Sun et al. [91] the collisions of non-Newtonian shear thinning and
shear thickening �uid droplets were computationally investigated by using the
lattice Boltzmann method. The regimes of interest were only coalescence and
re�exive separation for head-on collisions and the range of We number was ap-
proximately between 20 and 200. Their results show that the in�uence of the
shear thinning viscosity on the collision dynamics is very complex and strongly
dependent on the �uid rheology. For shear thickening �uid, the droplet de-
formation is signi�cantly suppressed due to the increasing viscous dissipation
with the extent of shear thickening. Non-Newtonian rheological e�ects have
been considered in the �eld of droplet impact onto a solid surface by Berg-
eron et al. [92]. By adding a very low concentration of polymer to water, the
droplet rebound after impact with the surface is inhibited promoting deposi-
tion. This behaviour is explained by considering non-Newtonian extensional
viscosity, which provides a large resistance to drop retraction after impact.

Most of the previous research on non-Newtonian droplet collisions are fo-
cused on head-on interactions (B=0) and so far a complete regime map has
unfortunately not been presented. Moreover, current literature lacks a detailed
experimental study and analysis on non-Newtonian droplet collisions. In our
experiments a full regime map for binary droplet collision of a shear thinning
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Figure 4.1: Collision outcome regime map Qian and Law [10].

liquid is developed. Although the solute concentration of the considered liq-
uid is low, a complete study on the collision dynamics dependent on impact
conditions, is presented. The collision outcome regimes of bouncing, coales-
cence and separation are obtained and physically analysed. To highlight the
shear thinning e�ect on the collision interactions, similar impact conditions are
compared with a Newtonian liquid. The morphological evolution of impacting
droplets of complex �uids, reported in this work, can serve as a benchmark for
development of CFD methods for free-surface non-Newtonian �ows.

4.1.2 Droplet collisional theory

In most of the droplet-droplet collisional theories a regime map, where the non-
dimensional impact parameter and the collision Weber number are on the axes,
is used to represent the droplet collision outcomes. A typical collision outcome
regime map is illustrated in Fig. 4.1. Previous researches show that the colli-
sion of two droplets will result in one of four outcomes: bouncing, coalescence,
stretching separation or a re�exive breakup. When two spherical droplets ap-
proach each other, a gas layer is formed in between the surfaces. This layer of
compressed gas can be of such high pressure that the drops are unable to make
contact, resulting in deformation of both droplets and subsequent bouncing
apart. If two droplets do not bounce and their surfaces make contact, they can
permanently form one large droplet by coalescence, or temporarily by re�exive
separation or stretching separation. These maps are not universal but speci�c
to the droplet substance, in particular the droplet viscosity, therefore we need
to consider at least one other dimensionless number. The de�nitions of the
dimensionless parameters characterizing a collision of two droplets are given in
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Table 4.1: Dimensionless collision parameters.

We Weber number We =
ρdds|vij |2

σ

Oh Ohnesorge number Oh = µd√
ρddsσ

Ca Capillary number Ca = µd|vrel|
σ

B Impact parameter B = 2b
ds+dl

∆ Size ratio ds/dl

Re Droplet Reynolds number Re = ρd|vrel|ds
µd

Tab. 4.1. For the detailed de�nition of the dimensionless numbers see Chapter
2.

For a non-Newtonian �uid either the zero shear viscosity can be used or,
more appropriately, the viscosity at an estimated dominant shear rate during
the collision. We will take the latter approach as we will discuss in more
detail later. The collision outcome boundary models for Newtonian liquid are
presented in Chapter 2 and 3.

A collision theory for shear rates dependent liquids was never fully devel-
oped because, as mentioned before, of the lack of investigations on collisions of
non-Newtonian droplets.

4.1.3 Shear and Extensional �ow

Flows are broadly classi�ed in shear and extensional �ow. For example, for
shear �ow in the x-direction with a gradient of magnitude γ̇ in the y direction
the velocity gradient �eld is:

−→∇−→u = γ̇

0 1 0
0 0 0
0 0 0

 (4.1)

For an incompressible Newtonian �uid, the stress tensor is given by

τ = µ(
−→∇−→u +

−→∇−→u T ) (4.2)

with µ the shear viscosity of the �uid. Therefore, for a Newtonian �uid under
shear �ow the viscous dissipation per unit volume is:

τ :
−→∇−→u = µγ̇2 (4.3)

The �ow resulting from an incompressible �uid subjected to uniaxial ex-
tension with extensional rate ε̇ in the x-direction is characterized by a velocity
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gradient �eld expressed as:

−→∇−→u = ε̇


1 0 0

0 −1

2
0

0 0 −1

2

 (4.4)

In general for both Newtonian and non-Newtonian �uids, the extensional

viscosity is de�ned as µE = − (τxx − τyy)

ε̇
. First of all, it is simple to show

that this implies that for a Newtonian �uid the extensional viscosity is equal
to µE = 3µ. More generally for non-Newtonian �uids the so-called Trouton

ratio Tr =
µE
µ

is no longer 3, and the viscous dissipation per unit volume is:

τ :
−→∇−→u = µE ε̇

2 (4.5)

Because for non-Newtonian �uids the Trouton ratio can be signi�cantly
higher than 3, the amount of viscous dissipation in extensional �ow can be
higher than for an equivalent Newtonian �uid. The loss due to viscous dissipa-
tion decreases the amount of kinetic energy available for breaking the merged
droplet. Therefore more coalescence is expected in extensional �ow.

4.2 Experimental methodology

4.2.1 Fluid characterization

As non-Newtonian �uid, a shear thinning xanthan solution is used in this work.
Xanthan is extensively used in the industry as a food additive and viscosifying
agent Palaniraj and Jayaraman [93]. A xanthan solution of 500 ppm was
prepared by addition of xanthan to distilled water with careful stirring to obtain
uniform mixing. The viscosity of the xanthan solution was measured with an
Anton Paar MCR 302 series rheometer, using standard strain controlled double
gap rheometry at room temperature (22 oC). The xanthan solution has a shear
thinning rheology, as shown in the rheogram in Fig. 4.2. The viscosity pro�le
obtained here is similar to other literature results Zhong et al. [94], Wyatt
et al. [95]. We have �tted the steady shear rheology data with the Carreau-
Yasuda (CY) model Bird et al. [81]. The CY model describes the shear thinning
behaviour of xanthan accurately,

η(γ̇)− η∞ = (η0 − η∞) [1 + (λγ̇a)]

(n− 1)

a (4.6)

where η is the shear rate dependent viscosity, η0 is the shear rate viscosity,
η∞ is the in�nite shear viscosity, λ is the relaxation time, n is the power law
index, and a is a parameter describing the rate of transition from the Newtonian
plateau to the power law region. Tab. 4.2 shows the �t parameters from the
CY model. The average error between the experimental and predicted viscosity
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Figure 4.2: Steady shear viscosity vs. shear rate for the xanthan solution, �tted
with the Carreau � Yasuda (CY) model.

Table 4.2: Rheological parameters from Carreau � Yasuda (CY) model.

Liquid λ [s] n a η0 [Pa·s] η∞ [Pa·s]
Xanthan 3.29 0.40 9.40 0.228 2.5x10−3

values is less than ±1% for the �t. The rheological measurements have been
repeated over time, to observe any possible polymer degradation. For the
typical duration of our experiments no polymer degradation was found.

The surface tension of each prepared Xanthan solution was measured prior
to each droplet collision experiment with a Kruss K20 Force Tensiometer. The
surface tension showed a low amount of variability, with an average and stan-
dard deviation of 72.2±0.3 mN/m.

4.2.2 Setup

The experimental setup, illustrated in Fig. 4.3 consists of a droplet generator
(BUCHI, Switzerland) which produces two streams of monodispersed droplets.
The perturbation of the streams is produced though an oscillating electrical
signal at the desired frequency which causes a mechanical vibration of the
structure. On exiting the nozzle, the liquid stream separates into equal size
droplets. The frequency for these experiments is in the range of 500 to 750 Hz.
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Figure 4.3: Schematic of the experimental set-up.

The liquid is introduced into the producing unit by two 60 ml syringe pumps.
The liquid then passes thought the vibration chambers and nozzles of 450µm.

The area before and after the collision is recorded by a Davis high-speed
camera. The background of this area is a white plastic plate illuminated by
a series of LEDs, to optimize the contrast of the droplets with respect to the
background. A Sigma 105 mm f/2.8 EX DG Macro lens is used for the camera
in front of the droplets.

Finally, to ensure the two droplet streams collide in the same plane, the
z-position of the left vibration chamber can be adjusted. For this alignment
procedure, a second high-speed side-camera is added in the collision plane,
perpendicular to the front camera. As the side camera is further away from
the droplet streams, it is combined with a Nikon 200 mm f/4 AF-D Macro lens
to provide more magni�cation at a larger distance. The cameras are operated
at a frequency of 4000 Hz and an exposure of 1/20000 s.

For each speci�c collision, the Weber number, the Ohnesorge number and
the impact parameter is determined by post-processing the pre-collision area of
the recorded video. The area below the collision is used to visually determine
the collision outcome. The processing procedure of the recorded frames is
described in Chapter 3.

4.3 Results

4.3.1 Xanthan

The lack of experimental investigations in this �eld is due to the extremely di�-
cult calibration of the operating conditions in order to obtain streams of mono-
dispersed drops stable streams. The complexity of performing droplet collision
experiments resides in the di�culty of controlling the two streams. Brenn [89]
attributed the experimental complications to elastic stresses upon extensional
and/or shearing motion of the liquid. For shear thinning inelastic liquids we
observed a delay of the jet droplet breakup and an unstable formation of the
monodisperse stream of droplets. A patient calibration of the syringe pump
�ow rate in correspondence to the vibrational frequency allowed us to achieve
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Table 4.3: Estimated Oh numbers corresponding to low and high shear rates.

Case γ̇ [1/s] µ [Pa·s] Oh number
Low shear rate 0.9× 103 0.0043 0.0161
High shear rate 3.2× 103 0.0032 0.0116

a remarkable number of droplet events for di�erent impacting conditions. A
large number of analysed recordings were neglected and discarded because of
satellite droplet formation before impact or undesired collisions between two
consecutive droplets in the same stream. In the case smaller satellites were vis-
ible in the recording before collision or if the droplet diameter di�erence in the
stream was greater than 4%, the recordings were discarded and a new optimal
frequency was individuated. We observed many injecting issues in stabilizing
the stream breakup using smaller nozzles diameter than 450µm. Because of
this experimental restriction droplet diameters of approximately 1 mm were
generated.

The camera resolution was also an important factor to take into consider-
ation. Our aim is to observe the total collisional event, pre and post collision,
with a su�cient number of pixels per drop diameter, therefore we choose a
suitable observation frame. With smaller droplet sizes the process of tracking
and analysis of drops would have not been accurate.

All the collision events presented in this work are with equal size droplets
(∆=1).

When placing the outcomes of non-Newtonian �uid droplet collisions in
regime maps, it is important to have an estimate for the most relevant shear
rate because the viscosity is shear rate dependent. The work of Finotello et al.
[96] showed that the range of shear rates in which experiments with milk were
performed are in between 0.8 · 103 s−1 and 4.7 · 103 s−1. These were calculated
according to Eq. 4.7, where vr is the relative velocity between the droplets
at the moment of collision and d is the diameter of the droplets (Chandra
and Avedisian [78]). The diameters of the droplets in Finotello et al. [96]
experiments ranged from 620-770 µm and the relative velocities from 0.5-3
m/s.

γ̇ =

∣∣∣∣∂ur∂z
∣∣∣∣ ∼ vr

d
(4.7)

The relative velocities of the droplets in this study range from 0.8-3.8 m/s
and the droplet diameters from 990-1200 µm. Eq. 4.7 thus yields an approxi-
mation for the shear rates of the �uids of 800 to 3200 s−1. To properly consider
the viscosity variations an apparent viscosity needs to be measured for each
colliding pair of drops and therefore a corresponding Oh number. This is not
convenient when the collision events are analysed in a regime map, which is
obtained for a constant Oh. We measured the Oh number for the extremes
cases of experienced shear rate, see Tab. 4.3. Because in our experiments the
di�erence in Oh number between the most extreme cases is not very large,
we decided to represent the results in a regime map at the average Oh number
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Figure 4.4: Collision regime map of 500 ppm Xanthan solution, Oh=0.014.
Blue stars are used for representing coalescence, green squares for stretching
separation and magenta circles for bouncing.

equal to 0.014. An alternative approach would be to consider a di�erent dimen-
sionless parameter, depending on the shear rate or shear thinning exponent,
for example. Since our objective is to compare also collision morphologies at
similar impacting conditions we opted for using an average Oh number.

The resulting collision regime map of the 500 ppm xanthan collision exper-
iments can be seen in Fig. 4.4. The observed collision outcomes are bouncing
(magenta circles), coalescence (blue stars) and stretching separation (green
squares). The regimes of bouncing, coalescence and stretching separation oc-
cur very similarly as in collisions of a Newtonian �uid. The main di�erence
resides in the absence of the re�exive separation regime. Re�exive separation,
which is typically observed in Newtonian �uid droplets for head-on collisions
(B=0), is not observed in any of the collision experiments with xanthan. Even
for We larger than 200, there is only coalescence at low impact parameters.
Three droplet collisions have been selected in which re�exive separation would
be expected, for a Newtonian �uid, and shown in Fig. 4.5. As the Weber num-
ber increases, the disc diameter of the combined droplet after initial merging
increases without breakage. From the side camera views a very thin �uid �lm
(lamella) with a thick toroidal rim can be detected. Also in Focke and Bothe
[90] non-Newtonian �uids presented an enlargement of the collision complex
compared to Newtonian cases. Successively the combined droplet evolves in
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Figure 4.5: Three droplet collisions for xanthan at We=40, 99 and 211 and an
impact parameter B close to zero. Note that the droplets seen in a collision
example are the same, in both the side camera and front camera frame.

Table 4.4: Droplet collision parameters.

Liquid
ρ

[kg/m3]
µapp
[mPa·s]

σ
[mN/m]

ddrop
[µm]

vrel
[m/s]

Aver-
age
Oh

Inves-
ti-

gated
We
range

Xanthan 1000 3.8 72.2
990 -
1200

0.8-
3.8

0.014
9 -
212

Glycerol
40% vol

1104 5.01 68.5
620 -
770

0.5-3 0.021
5.8-
46

Milk 20%
TS content

1041 4.3 46.8
620 -
770

0.5-3 0.022
12 -
89

time until reaching an approximately spherical shape. In the side images in
Fig. 4.5 the droplets before collision are not in focus. This is because they
are out of the plane of focus which is imposed for our experiments to be at
the droplet impact position. Proper alignment of the two streams needs to be
indeed veri�ed at the droplet impact position.
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Figure 4.6: Collision regime maps of 20 % TS milk concentrate, 40 v% glycerol
solution obtained by Finotello et al. [96], together with the collision regime map
of 500 ppm xanthan (this work). The dashed lines are the boundary models
for re�exive separation (adapted from Qian and Law [10]), the continuous lines
for stretching separation (adapted from Jiang et al. [24]). The Estrade et al.
[13] prediction for bouncing is represented by the dashed-dotted line.
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4.3.2 Comparison with glycerol and milk

The 500 ppm xanthan solutions have a comparable viscosity pro�le as that of
20% total solids (TS) content milk concentrate used in the collision experiments
by Finotello et al. [96]. The total solids content TS is calculated with

TS =
drymass

total wetmass
· 100 (4.8)

In their work, experiments were also carried out with 40 v% glycerol, which
has a constant viscosity of 5 × 10−3 Pa s, similar to that of a 20% TS milk
concentrate at 4.3 × 10−3 Pa s. Trinh et al. [65] explained that the rheology
of milk concentrates is Newtonian for milk concentrates below approximately
30% TS content and non-Newtonian when the milk is more concentrated. From
Eq. 4.7 we obtain an approximation for the shear rate of 800 to 3200 s-1. For
40 v% glycerol and 20% TS milk the shear rates are between 800 and 4700
s-1. The range of Oh numbers investigated in this work is lower than the
average Oh numbers corresponding to the collision experiments for the 20 %
TS milk, which were 0.022, and for the 40 v% glycerol experiments, which were
0.021. However, they are still in the same range and a comparison between the
collision outcomes can be made between the three di�erent �uids. In Tab.
4.4 the physical and collision parameter of the three liquids considered in this
comparison are summarized. The collision results of 20 % TS milk concentrate
and 40 v% glycerol solution, as well as that of 500 ppm xanthan, are shown
in Fig. 4.6. The regime map for xanthan is the same as in Fig. 4.4, but now
includes the collision model boundaries, while We numbers larger than 100 are
not shown to facilitate comparison with the other two regime maps. The
models that predict collision boundaries for bouncing, stretching separation
and re�exive separation are also shown in Fig. 4.6. The model that is used for
predicting the boundary between coalescence and stretching separation, seen
in Eq. 2.9, is developed by Jiang et al. [24]. The �tting parameters C1 and C2

obtained by Finotello et al. [96] from collision experiments with milk, C1 = 3
and C2 = 0.05, are also used in this work. As seen in Eq. 2.9, the model is
dependent on �uid characteristic parameters η, σ and ρ, which were entered
accordingly for each �uid.

The empirical model used for prediction of the bouncing collision boundary
is seen in Eq. 3.1, and is developed by Estrade et al. [13]. In this model, ∆
represents the size ratio and Θ represents the shape parameter, which was em-
pirically found to be Θ = 3.351, as obtained from ethanol collision experiments.

A combined model of Ashgriz and Poo [9] and Qian and Law [10] is used for
predicting the boundary between the re�exive separation regime and coales-
cence regime. The Ashgriz and Poo [9] model is developed for water droplet col-
lisions, without accounting for the viscous dissipation. Qian and Law [10] fur-
ther developed this model by including a dependence on the viscosity through
the Ohnesorge number. The model curve from Ashgriz and Poo [9] is therefore
shifted to higher Weber numbers by moving the position of the critical Weber
number, the Weber number from which re�exive separation occurs at impact
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Figure 4.7: Collision of 40 v% glycerol, 20% TS milk and 500 ppm xanthan
droplet collisions at Wev40 and Bv0.63.

parameters close to zero. The model is dependent on �tting parameters Ca
and Cb. The �tting parameters derived for milk experiments are Ca = 510 and
Cb = 17.05.

Signi�cant di�erences between the collision outcomes of Xanthan, glycerol
and milk are observed.

Bouncing is present in both glycerol and xanthan for a comparable regime of
Weber numbers, impact parameters and similar Oh. Shear thinning behaviour,
even if at very low concentrations, seems not to be the mechanism that leads
to the absence of bouncing in milk. The collision boundary of the bouncing
regime is not very well predicted by the bouncing model of Estrade et al. [13],
but it can still be used for reference as it is one of the very few models that
describe the bouncing regime of droplets. Further investigation is required to
include viscous energy dissipation and to de�ne a shape parameter which better
describes our experiments.

Stretching separation is present in all three �uids and can be described in
a reasonable way by the adapted Jiang et al. [24] model. Recording examples
of stretching separation droplets of 20% TS milk, 40 v% glycerol and 500 ppm
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Figure 4.8: Collision of 40 v% glycerol, 20% TS milk and 500 ppm xanthan
droplet collisions at Wev40 and Bv0.

xanthan are shown in Fig. 4.7 for comparable Weber numbers. Note that while
for xanthan we are still in the ligament formation stage, for glycerol and milk
the collision outcomes can already be observed. The stretching morphology
appears to be similar for all three �uids.

Re�exive separation is not found for any collisions of 500 ppm xanthan,
even at very high Weber numbers. Instead of a breakup, we see the formation
of a disk with a large radius, and oscillation of the combined drop shape due
to elongation and retraction dynamics, as seen in Fig. 4.5. To illustrate the
di�erence between milk and glycerol droplet collisions, Fig. 4.8 shows recording
examples of all three �uids at We∼40 and B∼0, where the 20% TS milk and
40 v% glycerol droplet collisions have a re�exive separation outcome and the
500 ppm xanthan droplets have a coalescence collision outcome. Although the
spherical shape of a typical coalesced droplet is not visible in the last frame we
can de�nitely predict coalescence as collision outcome. One reason is related
to the fact that we observe coalescence for B=0 also at higher We number so
an onset for the re�exive separation boundary is not determined. Secondly the
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ligament formed after collision does not breakup but instead the two tip edges
retract back to each other and the droplet complex is newly compressed. The
initial kinetic energy is not su�cient to separate the ligament in the early stages
after collision and because it dissipate after collision, will not be able later to
breakup the droplet. As for the stretching separation case, while xanthan is
still in the process of forming a stable coalesced droplet, for glycerol and milk
the collision outcomes can already be observed.

4.3.3 Energy dissipation and extensional e�ect

We hypothesize that the absence of re�exive separation in xanthan droplets in
the considered range of Weber numbers might be related to the fact that the
shear viscosity is not the only relevant viscosity component, but that there is
also an extensional viscosity component.

Indeed, Figs. 4.5 and 4.8 suggest that for nearly head-on collisions, the
droplets experience extensional �ow rather than shear �ow. At the high de-
formation rates investigated in our experiments the Trouton ratio (ratio of
extensional to shear viscosity) for xanthan solutions of comparable concentra-
tion is found to be much more than the value of 3 valid for Newtonian �uids,
as shown in the works of Secor et al. [97], Fuller et al. [98], Khagram et al. [99].
For the 500 ppm xanthan solution the extensional viscosity was found to be
almost two orders of magnitude higher than the corresponding shear viscosity,
Tr=104.9, Fuller et al. [98]. The presence of such a high extensional viscosity
component might strongly in�uence the collision dynamics. The extensional
viscosity µE for xanthan 500 ppm corresponds therefore to µE = Trµ(γ̇) = 0.4
Pa s.

Note that the theoretical derivations for energy dissipation assumed a New-
tonian �uid, and therefore largely underestimated the energy dissipation for
non-Newtonian �uids at low impact parameter. However, we also note that
in deriving the energy dissipation for low impact parameters, these theoretical
derivations actually assumed an extensional �ow. So the results for low impact
parameters may still be valid for non-Newtonian �uid provided that we replace
all occurrences of the shear viscosity µ by 1/3rd of the extensional viscosity.
This implies that for low impact parameters, one should take into account an

e�ective extensional Ohnesorge number OhE = Oh
Tr

3
, with Tr the Trouton

ratio. For a droplet of xanthan of 1 mm diameter, we have OhE = 0.495. Ap-
plying the model for re�exive to coalescence boundary we can predict an onset
of the transition between the two regimes Wecrit(OhE) of approximately 270.
So we �nd that the extensional viscosity dominates during drop retraction, and
consequently inhibits droplet separation in the range of collision velocities ex-
amined in our work. As already mentioned, in our experiments the maximum
We number reached for head-on collision was 220 and no re�exive separation
was observed. For higher We number the streams became very unstable and
the drops were exhibiting shape deformation even before collision so that the
automated detection of the diameters was negatively a�ected. It was there-
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Figure 4.9: Evolution in time of the two axial sizes of the collisional complex
for milk 20% TS content, glycerol 40 v% and xanthan at We=40 and B=0.

fore not possible to perform experiments at higher We number to verify the
prediction of 270 as Wecrit for xanthan but we can con�rm with certainty
that re�exive separation does not occur before We=220. Also in the work of
Bergeron et al. [92] the capillary number Ca was reformulated using the exten-
sional, rather than the shear viscosity to demonstrate the di�erence between
the Newtonian and non-Newtonian solutions. When a water droplet collided
onto a solid surface, a retraction and rebound was observed while the impact of
a droplet of a very dilute polymer solution in water showed deposition on the
surface. They attributed this behaviour to the predominance of the extensional
over the shear viscosity.

The kinetic energy before impact, responsible for the droplet separation
after impact, is dissipated by viscous dissipation. For Newtonian �uids such
as glycerol solutions and 20% TS milk concentrate, the kinetic energy is only
partially dissipated but still su�cient to lead to separation. For non-Newtonian
liquids such as xanthan solutions, the extensional viscosity is typically much
larger than the shear viscosity, and therefore might play a crucial role. In
this case, the same amount of kinetic energy is not su�cient (as compared to
a Newtonian �uid) to generate breakup, since more is dissipated by viscous
dissipation. Focke and Bothe [90] also reported that the extensional part of
the dissipated energy is higher than the shear part for non-Newtonian binary
droplet collisions.

The total amount of dissipated energy DE can be related to the viscous
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Figure 4.10: Evolution in time of the two axial sizes of the collisional complex
for xanthan with B=0 and for the cases We=40, We=99 and We=210.

dissipation rate V DR (units J/s) and dissipation function Φ (units J/s/m3)
through a time integral and a spatial integral:

DE(t) =

∫ t

0

V DR(t)dt (4.9)

V DR(t) =

∫ ∫ ∫
Vd

ΦdV (4.10)

The dissipation function Φ quanti�es the local volumetric viscous dissipa-
tion rate. Its volume integral, the viscous energy dissipation rate V DR, has
relatively high values from the time of droplet impact to the time the two
droplets reach the maximum deformation.

In extensional �ow the viscous dissipation per unit volume and unit time is

τ :
−→∇−→u = Φ = µE ε̇

2. The extensional rate ε̇ is of the order of the ratio of the

relative velocity of the drops and the typical droplet size
vrel
d

. The total volume

of the two droplets is deformed due to extensional e�ects changing the spherical
shape to a disc of large diameter. The time that the drops collide towards
each others and reach the maximum deformation is of the order of tmaxDef =
d

vrel
. The total dissipated energy is therefore of the order of DE(tmaxDef ) =
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Table 4.5: Estimate of extensional e�ect for droplet collisions of newtonian and
Non-Newtonian liquids. Here we assume impact at a relative velocity of 3 m/s
between 1 mm droplets having an extensional viscosity of 3 times the shear
viscosity (Newtonian) and the actual extensional viscosity (non-Newtonian),
respectively of xanthan.

Liquids KE/DE
Newtonian 33
Non-Newtonian 0.94

2µE
vrel
d

πd3

6
. The kinetic energy of two droplets in relative motion, calculated

with their reduced mass, is KE =
1

2

[
1

2
ρ
πd3

6

]
v2
rel. The ratio of the kinetic

over the dissipated energy KE/DE for a collision of two droplets of xanthan
500ppm with diameter 1mm and relative velocity 3 m/s is reported in Tab.4.5.

Fig. 4.9 shows the evolution of the normalized dimension in x and y direc-
tions of the colliding complex for the impact condition of We=40 and B∼0 for
xanthan, glycerol 40 v% and milk 20% TS content. The ∆x and ∆y values are
normalized with the corresponding initial droplet diameter. These dimensions
have been obtained in Matlab by forming a bounding box around the collision
complex. From this �gure we learn that the collision dynamics is very similar
in the �rst stages because a �rst disc is formed which retracts back to a cylin-
drical shape. The initial neck destabilization from the two tip edges is visible
for glycerol already at t=3 ms while for milk 20% TS only at t=4 ms. The
consequent pinch-o� of the liquid bridge between the two edges appears only
for these two liquids, while for xanthan the internal forces move the two edges
once again towards each other. In the work of Sun et al. [91] a droplet collision
of Newtonian liquid at We=40, B=0 and Oh=0.0265 is compared with a shear
thinning droplet collision (CY model with n=0.4) at We=40, B=0 and an ef-
fective Oh=0.0350. The time sequence of the non-Newtonian droplet collision
shows similar morphologies to the one observed in our work (Fig. 4.9) with
formation of a disc which retracts to an ellipsoidal shape. Moreover, also in
their results coalescence is preferred as a collision outcome. This con�rms that
re�exive separation is more di�cult to occur compared to Newtonian droplet
collisions.

To investigate the e�ect of the relative velocity on the collision complex of
xanthan, three impact conditions, We=40, We=99 and We=210 at B∼0, are
considered in Fig. 4.10. The collision morphology presents more �uctuations
from the typical spherical or cylindrical shape when the We is higher. Also the
disc formed after impact is more extended as indicated by the �rst peak in the
normalized ∆y plot in Fig. 4.10.

We stress that the data from Figs. 4.9 and 4.10 should not be taken as
absolute values. A small misalignment of the streams leads to a slight rotation
of the collision complex so ∆x and ∆y are not fully aligned with the sym-
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Figure 4.11: Regime map for Xanthan 500ppm with adapted collision boundary
for coalescence to re�exive separation.

metry axes of the impact, especially after 5 ms (see Figs. 4.9 and 4.10). The
regime boundary model demarcating stretching separation and coalescence can
well describe the transition for glycerol 40 v%, milk 20% TS and xanthan 500
ppm. This demarcation boundary is therefore not in�uenced by the extensional
viscosity, in contrast to the boundary between re�exive separation and coales-
cence. This can be understood because in a stretching separation case, the
impact parameter is large, meaning that the internal �ows during impact are
expected to be more of shearing character than of extensional character. As a
consequence, the viscous dissipation during stretching separation collisions is
similar to that of a Newtonian liquid with similar (e�ective) viscosity, and the
kinetic energy is still su�cient to lead to breakup of the combined droplet.

In Fig. 4.11 the regime map for xanthan 500ppm is illustrated together with
the collision regime boundaries. The coalescence to re�exive separation model
has been adapted taking into consideration that the critical We, Wecrit(OhE),
is dependent of the shear and extensional viscosity. The coalescence regime
for near head-on collision of Xanthan 500ppm drops would be extended until
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Wecrit(OhE)=270 where re�exive separation occur. It has to be noted that
this collision transition is only predicted and needs to be veri�ed by future
experiments or simulations. Due to experimental limitations we cannot reach
We number larger than approximately 210. Note that at high We number
the separation of droplets is characterized by �ngering where the periphery
of the expanding disk after impact is wrinkled and formation of very small
satellites might occur, Pan et al. [100]. At even larger We number breakup
with fragmentation of the disc in satellites and splattering occur.

Although with this work only a qualitative description can be provided, it is
the �rst attempt to investigate shear thinning liquid droplet collisions through
a large number of highly complex experiments and to characterize them using
droplet-droplet collisional theory. A systematic quanti�cation of extensional
e�ects remains the subject of future work.

4.4 Conclusions

Binary collisions between droplets of non-Newtonian shear thinning xanthan
have been experimentally investigated with jet generation and break up equip-
ment. The di�culties of performing experiments with non-Newtonian liquids
were overcome by a careful optimization of the vibration frequency and initial
impact conditions. The collision dynamics for a broad range of We number
We = 8.8− 220 and impact parameters B = 0.0015− 0.95 were identi�ed and
analysed. These experiments generate a benchmark for validation of numerical
methods for free surface �ows with non-Newtonian �uids. The regime map, ob-
tained in this work, can be used for modelling spray processes of non-Newtonian
liquids. The di�erent impact conditions enabled us to identify the regimes of
bouncing, coalescence and stretching separation together with the transition
boundaries. For the �rst time a complete We-B regime map of non-Newtonian
droplet collisions is obtained.

The collision outcomes and the boundaries demarcating collisional regimes
are analysed and compared with a previous investigation on viscous droplet
collisions, in which 20% TS reconstituted milk concentrate and Newtonian
40 v% glycerol/water solutions were studied. These liquids have a similar
viscosity in the range of shear rates experienced by the droplets at the moment
of impact, so that also the Oh numbers are similar. The bouncing behaviour
of 500 ppm xanthan is comparable to that of glycerol. The bouncing model by
Estrade et al. [13] is able to predict the boundary only in the region of high We
numbers. The stretching separation is observed for all three liquids and can be
reasonably well described by the adapted Jiang et al. [24] collision boundary
model.

The regime of re�exive separation is however not observed for any of the
xanthan droplet collisions, even for relatively high Weber numbers of We>200.
Instead, droplet coalescence is promoted. For 20% TS milk and 40 v% glyc-
erol re�exive separation occurs already at We approximately equal to 35. The
collision dynamics of head-on interactions are temporally analysed for Newto-
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nian and non-Newtonian counterparts. The results reveal a more complex and
rich collisional evolution for our shear thinning droplets. The lack of re�ex-
ive separation in xanthan might be related to dominant extensional e�ects at
such high deformation rates. Because the extensional viscosity in xanthan is
at least an order of magnitude higher than the shear viscosity at these rates
of deformation, signi�cantly more viscous dissipation takes place during colli-
sion. Therefore droplet coalescence is promoted instead of breaking up for low
impact parameter collisions.

This research provides signi�cant new insights in droplet collisions of shear
thinning non-Newtonian �uids. In future work, droplet collisions with more
complex rheologies should be studied and compared with numerical models.
New phenomenological models for collision boundaries can also be developed
to include such non-Newtonian e�ects based on our experimental �ndings.
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In this work we investigate droplet-droplet collision interactions in a
spray system using an Eulerian-Lagrangian model with subgrid turbu-
lence dispersion. The e�ect of di�erent droplet viscosities on the type
and frequency of droplet collision is investigated, knowledge of which
is essential for industrial processes such as spray drying for production
of milk powder. The dispersed phase is treated with Lagrangian trans-
port of droplets and the turbulent self-induced gas �ow using large
eddy simulation (LES). A stochastic Direct Simulation Monte Carlo
(DSMC) method is used to detect collisions between droplets. The
outcome of a binary collision is described by a collision boundary mod-
els for water and milk concentrates. A turbulence dispersion model,
based on the Langevin equation, accounts for the stochastic subgrid
�uid velocity �uctuations along the droplet trajectory. We compare
the spray dynamics with and without droplet interactions and turbu-
lence dispersion. For a spray with typical droplet size of 50 µm, we
�nd that the turbulence dispersion model enhances the total collision
frequencies by approximately 25%. The performance of the turbulent
dispersion model is tested by investigating the rate of collisions for dif-
ferent milk concentrates. The evolution of size distributions inside the
spray is strongly in�uenced by the complementary e�ects of collision
boundary models and turbulence dispersion.

83
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5.1 Introduction

Atomization of liquids is an important unit operation in industrial and technical
processes such as fuel combustion, spray drying, agricultural spraying, paint
spraying and air conditioning. For each speci�c application the atomization
process needs to be optimized. Unless the spray is extremely dilute, collision
and break-up phenomena lead to an evolution of the droplet size distribution
along the spray. For rational design of a spray processes, a fundamental un-
derstanding of their multiphase �ow dynamics is essential.

The most relevant processes to be modelled in a spray are gas �ow tur-
bulence, droplet transport and its interaction with the turbulent gas �ow and
droplet-droplet collisions. In the �eld of liquid sprays, size and velocity distri-
butions are commonly used to compute parameters that characterize the spray
such as the mean velocity and the Sauter Mean Diameter (SMD). Also other
properties, describing the droplet interactions, are important to obtain insight
into the spray �ow. Gavaises et al. [101] evaluated the e�ect of droplet colli-
sions on the spray mixing of two water nozzles in a cross-�owing gas. They
showed that droplet interactions need to be included in order to obtain a good
prediction of the spray behaviour.

The dispersion of droplets in a spray depends both on gas parameters, such
as velocity, level of turbulence, temperature and pressure, and on the droplet
interactions. The coupling between the phases and the prediction of �uctuat-
ing velocities have a pronounced in�uence on the dispersed �ow �eld and on
droplet collision probabilities. O'Rourke [102] demonstrated the importance
of applying a turbulent dispersion model and the possible errors on particle
positions arising by ignoring turbulent contributions.

In our work the droplet drying and heat and mass transfer with the gas
phase are not considered. The study of Ruger et al. [103] revealed that the fre-
quently observed changes of the integral droplet Sauter mean diameter along
the spray are due mainly to coalescence and break-up instead of droplet evap-
oration.

Mostafa and Mongia [104] have shown that both Eulerian and the La-
grangian approaches are able to predict the main features of the turbulent
dispersion of droplets in a spray. In the Eulerian formulation all the droplets
present in the system must be divided into a number of separate size classes,
each one requiring its own set of transport equations describing collisions and
evaporation. The Lagrangian method has fewer transport equations to solve
numerically, but a three-dimensional transient solution is needed to model the
e�ect of collisions and turbulence interactions on the trajectories of individ-
ual droplets. In the eddy-lifetime Lagrangian approach of Mostafa and Mongia
[104], developed and examined later by Gosman and Loannides [105] and Shuen
et al. [106], the equation of motion of each droplet or particle p is given by:

dv̄p

dt
=

(ug − vp)

τp
+ g (5.1)
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where the dynamic relaxation time of the droplet is given by:

τp =
4dpρp

3CDρf |ug − vp|
(5.2)

and the instantaneous gas phase velocity is ug = ū+u∗. ρf is the density of the
continuous gas phase, ρp of the dispersed phase, dp is the droplet diameter and
CD is the drag coe�cient. ū is determined from the solution of the mean �ow
equations of the continuous phase while the velocity �uctuation u∗ is chosen
randomly from an isotropic Gaussian distribution with mean square deviation
2/3k, where k is the turbulent kinetic energy of the continuous gas phase. A
new u∗ value is calculated for each droplet after a turbulent correlation time τ .
τ is the minimum of two time scales, τe, which is the turbulent eddy lifetime
and τr, which is the residence time of the droplet in the eddy according to the
following equations:

τe = le/|u∗| (5.3)

τr = le/|ug − vp| (5.4)

with the assumption that the characteristic size of the sampled eddy is the

dissipation length scale le = C
3/4
µ k3/2/ε. Cµ is a coe�cient of the turbulence

model and ε is the dissipation rate of the turbulent kinetic energy. Shuen
et al. [106] found better agreement with measurements by employing τe =
le/(2k/3)1/2. Therefore, according to the eddy-lifetime method, the motion of
the particles is tracked as they interact with a succession of turbulent eddies,
each of which is assumed to have constant �ow properties.

Also Nijdam et al. [107] compared the Eulerian and Lagrangian approach to
include turbulent dispersion and coalescence in a spray. The Reynolds-averaged
Navier−Stokes equations together with the k/ε turbulence model were used
to simulate the air�ow patterns. The turbulent e�ect was included within a
droplet-parcel transport model using the eddy-lifetime method of Gosman and
Loannides [105]. They indicated that the Eulerian approach is more limited
than the Lagrangian approach with respect to the range of applicability to
multiple systems and ease of implementation. This study included a detailed
analysis of the dispersion of droplets in a turbulent system and a comparison
of Eulerian and Lagrangian performance. However an investigation on the
droplet dynamics and collision outcomes in the presence of turbulent dispersion
is missing.

The eddy-lifetime method has the disadvantage that the resulting �uctuat-
ing velocity time correlation coe�cient is constant over the eddy lifetime, rather
than exponentially decaying, and the �uctuating velocity evolution is discon-
tinuous. For the �rst drawback Ormancey [108] considered the time interval
between subsequent velocity changes as an exponentially-distributed random
variable, i.e. a Poisson process. To deal with the unphysical discontinuous
�uctuating velocity records, the Langevin stochastic di�erential equation has
been proposed to model the behaviour of �uctuating �uid velocities:

du∗ = −u∗

TL
dt+ σf

√
2

TL
dW (5.5)
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where TL = CLk/ε is the Lagrangian (velocity �uctuation) time scale with
CL an experimental constant and dt is an in�nitesimal time increment. In
isotropic turbulence the droplet Stokes number can be de�ned as the ratio of
droplet response time and time scale of the turbulence St = τp/TL. σf is
the �uid velocity variance and dW is the Wiener process (white noise). It is
a stochastic process of zero mean, a variance (in each Cartesian direction i)
equal to the time increment,〈(dWi)

2〉 = dt, and delta-correlated in the time
domain. Formally integrating Eq. 5.5 over a �nite time step ∆t from the time
step n to time step n+ 1, we �nd:

u∗n+1 = au∗n + ben (5.6)

where e is a random vector, with each Cartesian component i taken from the
standard Gaussian distribution, 〈ei〉 = 0 and 〈e2

i 〉 = 1 and the coe�cients a
and b are given by:

a = exp

(
−∆t

TL

)
(5.7)

b2 = σ2
f (1− a2) (5.8)

A detailed explanation of the Langevin approach can be found in Perkins et al.
[109], adopted and extended also in the work of Pozorski and Minier [110].

In the work of Breuer and Hoppe [111] the Langevin subgrid scale model
was tested for turbulent bubble laden and particle laden �ows. It was found
that the dispersion only marginally changes the velocity statistics or the vol-
ume fraction of the bubbles, possibly due to the small magnitude of the subgrid
scale velocities obtained by the Langevin model. Indeed, for a system of smaller
solid particles with a Stokes number St=τu2

τ/νf=1.67, based on the response
time τ , the wall shear velocity u2

τ and the kinematic viscosity νf , the in�uence
of the Langevin model on the velocity statistics of the particles is found to
be more pronounced. The results showed that the in�uence of the Langevin
subgrid-scale model on the particle velocity �uctuations and the volume frac-
tion increases with decreasing Stokes number. Also Sommerfeld [112] applied
the Langevin method to generate the instantaneous �uid velocity �uctuations
along the particle trajectory. A considerable over prediction of the frequencies
of collisions was observed for particles with St number lower than 10 in case
the particle motion was not correlated with the turbulent �eld.

The prediction of droplet collision outcomes has been the subject of several
studies, which started already decades ago. In these studies the characteris-
tics as well as the parameters de�ning the boundaries between di�erent types
of collisions for di�erent �uids and conditions are investigated. When two
spherical droplets approach each other, a gas layer is formed in between the
surfaces. This layer of compressed gas can be of such high pressure that the
drops are unable to make contact, resulting in deformation of both droplets
and subsequent bouncing. If two droplets do not bounce and their surfaces
make contact, they can permanently form one large droplet by coalescence, or
temporarily by re�exive separation or stretching separation. Examples of the
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Figure 5.1: Regime map predicted in the current spray model for water. The
numerical collisions for re�exive separation are represented in red diamonds,
coalescence in blue circles, stretching separation in green triangles and bouncing
in magenta squares. The lines represent the phenomenological model of Ashgriz
and Poo [9] and Estrade et al. [13] for ∆=1. Examples of the 4 collision regimes
obtained by experiments are reported.

experimentally obtained collision regimes and the regime map obtained by sim-
ulations are illustrated for water in Fig. 5.1. More details on droplet-droplet
collision characterization will be discussed later.

Our current collision outcome boundary models are based on Ashgriz and
Poo [9] theory, and have been extended to include viscous dissipation of en-
ergy, Finotello et al. [96]. The model of Jiang et al. [24] was one of the �rst
approaches which explicitly included the droplet viscosity as a parameter. They
showed that the onset of re�exive separation shifts to higher Weber number
(We) as the droplet viscosity to surface tension ratio increases. The model was
later re�ned with the introduction of the Ohnesorge (Oh) number by Qian and
Law [10]. Willis and Orme [25, 26] conducted an experimental investigation
of viscous droplet collisions in a vacuum environment to avoid aerodynamic
e�ects during collisions. Their results showed a proportional dependency of
energy dissipation on droplet viscosity, in contradiction to Jiang et al. [24].
Brenn and Kolobaric [28] extended the model for the prediction of satellite
formation after stretching separation of Brenn et al. [27] by including the e�ect
of viscosity. The model gave good predictions for highly viscous liquids and
high We numbers, but was not able to describe low viscous liquids such as wa-
ter and alcohol. Gotaas et al. [29] studied experimentally and numerically the
in�uence of droplet viscosity and observed that the coalescence to separation
boundaries shift to higher We number for �uids with higher viscosity. In the
study of Kurt et al. [30] the collision behaviour for pure liquids and suspen-
sions was explored. The number of satellite droplets was found to increase with
viscosity for glycerine solutions. The opposite behaviour was noticed for sus-
pensions with solid particles. The authors claimed that a higher concentration
of particles may develop perturbations of the combined drop and the break-up
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of the ligament becomes faster. Also Kuschel and Sommerfeld [31] investigated
experimentally the e�ect of viscosity. The model of Ashgriz and Poo [9] for the
coalescence-stretching separation boundary was considered valid by Kuschel
and Sommerfeld [31] only for low viscous liquids. For the highly viscous liquids
they applied a combination of Ashgriz and Poo [9] and Jiang et al. [24] models.
The boundary of coalescence-re�exive separation was observed only at small
solid mass fractions. Sommerfeld and Kuschel [32] experimentally extended the
previous work of Kuschel and Sommerfeld [31], considering di�erent alcohols
and an oil. The derived models are, also in this case, a combination of the
Ashgriz and Poo [9] and Jiang et al. [24] models.

Di�erent models for droplet interactions have also been developed based
on numerical simulation studies, see e.g Pan and Suga [4], Nikolopoulos et al.
[6], Munnannur and Reitz [16]. The growing interest in numerical investiga-
tions is due to the advantage of capturing all details of the internal motion of
droplets during collision, which is extremely di�cult to measure in small scale
experiments.

Powders are often manufactured from highly viscous liquid suspensions
which are non-Newtonian in nature. Non-Newtonian droplet collisions occur for
example during the production of powdered milk. While the studies on New-
tonian �uids are numerous, only few are dedicated to non-Newtonian droplet
collisions and mostly are based on computational investigations, see Focke and
Bothe [59, 90] and Sun et al. [91]. Only in the work of Finotello et al. [113] a
complete regime map of shear thinning xanthan is shown. In general these stud-
ies show that the collision dynamics is very complex and strongly dependent on
the �uid rheology. Given the complexity of non-Newtonian droplet collisions,
for the milk collisions investigated in this work we will use experimentally ob-
tained results for the boundaries between di�erent collision outcomes, Finotello
et al. [96].

In all the above-mentioned studies, the in�uence of the sub-grid scale tur-
bulent model on the droplet collision outcomes and on the distribution and fre-
quencies of droplet collision events such as coalescence, separation and bouncing
is still not present.

In spray drying the quality of the �nal product is signi�cantly a�ected
by coalescence and break-up processes. The powder morphology needs to be
optimized towards the desired characteristics of the intended product through
the control of the atomization, liquid to air �ow, collision and drying process.
The study of the spray considering all these phenomena is representative of
the total system but can result in a very complex investigation. The main aim
of our work is to estimate the combined e�ect of droplet collisions and their
response to turbulent dispersion in a spray. Especially coalescence, leading to
droplets with larger sizes, have the bigger in�uence in the spray performances.

The chapter is organized as follow. In section 2 the numerical model is
described for the dispersed and continuum phase, including a summary of the
DSMC method for the detection of droplet collisions and the model to deter-
mine the collision outcomes. The operating conditions and geometry of the
simulation cases are in section 3. The results are shown and discussed in sec-
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tion 4 together with the veri�cation of the turbulent dispersion model and the
boundaries for the collision outcomes. The conclusions are given in section 5.

5.2 Model description

In this study we will use an Euler-Lagrange spray model, based on Direct Sim-
ulation Monte Carlo (DSMC) to e�ciently handle the droplet collisions. For
an extensive description of the DSMC model, see Pawar et al. [114, 115]. The
gas phase is treated as continuum and solved on an Eulerian grid and its trans-
port phenomena are computed by solving the volume-averaged Navier-Stokes
equations, accounting for the local porosity and the drag force exerted by the
droplets. A Lagrangian particle-based model is used for the dispersed phase
motion. The detection of droplet collisions is performed applying the stochastic
DSMC scheme. In an Eulerian-Lagrangian approach phenomenological models
are required to account for various physical processes taking place at subgrid
scale. A droplet turbulent dispersion model is needed to estimate the instan-
taneous �uid velocity �uctuation along the droplet trajectory, which are not
calculated explicitly in the conservation equations for the averaged �uid �ow.

5.2.1 Gas phase

The motion of the gas phase is described by the averaged Navier-Stokes equa-
tions with two-way coupling for the momentum exchange between the dispersed
and continuous phase.

∂

∂t
(ερg) +∇ · (ερgūg) = 0 (5.9)

∂

∂t
(ερgūg) +∇ · (ερgūgūg) = −ε∇p−∇ · (ετ̄g) + ερgg − Sp (5.10)

where ūg is the gas velocity, ρg the gas density, ε the gas volume fraction (i.e.
porosity), p the pressure and τg is the stress tensor. The gas/discrete-phase
coupling is accounted for via the drag force term, which is added to the gas
momentum equation as a source, Sp:

Sp =
1

V

∫ Nd∑
i=1

βVi
1− ε (ug − vi)δ(r− ri)dV (5.11)

where ug = ūg + u∗i is the local gas velocity near droplet i, V is the volume
of the cell and Vi the volume of droplet i. The delta-function δ distributes
the reaction force on the gas phase to the cells with a trilinear interpolation.
To calculate the inter-phase momentum transfer coe�cient β, we employed
the drag model of Beetstra et al. [116], which is valid for monodisperse and
polydisperse systems.
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In this study the Vreman [117] subgrid model is used for gas �ow e�ects
on the droplet trajectories in Large Eddy Simulations. In LES of turbulent
�ow, the averaging operator is a linear �ltering operator, e.g. a local weighted
average over a small volume of �uid. In the averaged Navier-Stokes equations
additional terms appear, for which a model has to be assumed before the
equations can be solved. The additional terms in the momentum equations are
spatial derivatives of the turbulent stress tensor. In a large-eddy simulation
this tensor is modelled with a subgrid model, so called since the scales which
can be represented on the grid are solved explicitly, while the e�ect of the small
subgrid scales is modelled.

The e�ect of LES turbulence on the �ltered gas velocity is taken into account
through a stress model, Vreman [117] which increases the e�ective gas viscosity:

τg = −ν
(

(∇ūg) + (∇ūg)
T − 2

3
(∇ · ūg)I

)
(5.12)

ν = νlaminar + νe (5.13)

The eddy viscosity for turbulent shear �ow is formulated with the following
correlation (Einstein summation implied over Cartesian indices i and j):

νe = ρgc

√
Bβ

αijαij
(5.14)

αij =
∂ūj
∂xi

(5.15)

Bβ = β11β22 − β2
12 + β11β33 − β2

13 + β22β33 − β2
23 (5.16)

βij = ∆2
mαmiαmj (5.17)

where ∆m is the cell grid size in the m direction. The theoretical subgrid
dissipation is proportional to the subgrid kinetic energy k, taking c1 = 2

√
2:

k = c1νe||S|| = 2νe|S| = 2νe
√

2SijSij (5.18)

S̄ij =
1

2

(
∂ūi
∂xj

+
∂ūj
∂xi

)
(5.19)

For LES the subgrid turbulent motion is usually assumed to be locally
homogeneous and isotropic, leading to a relation between subgrid velocity and
kinetic energy:

usgs =

√
2

3
k (5.20)
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5.2.2 Droplet dynamics and turbulent dispersion

In the Lagrangian approach the equations of motion of each droplet are given
by:

drp
dt

= vp (5.21)

dvp
dt

=
urel
τp
− ∇p
ρp

+ g (5.22)

where the droplet dynamic relaxation time is:

τp =
d2ρl

18µgf(Re)
(5.23)

and urel = ug − vp with ug = ūg + u∗p. ug is the gas velocity at the droplet
location, ūg is the �ltered resolved velocity and u∗p the stochastic subgrid veloc-
ity at the location of particle i. f(Re) is the drag factor. The subgrid velocity
Langevin stochastic di�erential equation is updated according to:

u∗n+1 =

(
1− ∆t

τ∗L

)
u∗n + usgs

√
2∆t

τ∗L
ζ (5.24)

with usgs given by Eq. 5.20 and τ∗L the Lagrangian time scale is given by :

τ∗L =
τsgs√
1 + ϑ2

(5.25)

Here τsgs = Csgs∆/usgs is the characteristic subgrid time scale and ϑ = |ū −
vp|/usgs is the normalized drift velocity. Csgs is an empirical constant equal
to 0.1, [118]. The random vector ζ is obtained from a isotropic 3D Gaussian
distribution with mean 0 and standard deviation (in each Cartesian direction)
of 1. In case ∆t > τ∗L the new residual velocity is directly obtained from u∗ =
usgsζ. For simpli�cation we do not distinguish between characteristic time
scales for the parallel and perpendicular direction, see Irannejad and Jaberi
[119], which occurs only for large particles.

5.2.3 Droplet detection and collision outcomes

Direct Simulation Monte Carlo (DSMC) was introduced by Bird [120] and later
applied to two impinging droplet sprays by Du et al. [121]. Below we present the
main features of our modi�ed DSMC method. For details the reader is referred
to Pawar et al. [114]. With this approach, a group of droplets, a parcel, is
represented by a single droplet. Only the trajectories of these representative
droplets need to be calculated and collisions are detected stochastically rather
deterministically, which reduces computation time.

The �rst part of the algorithm is the search for a collision partner. In
this version of DSMC, we use a local spherical searching scope, Rs,i, within
which a droplet of diameter di searches for its colliding partners. The droplet
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time step is updated by calculating the mean free path of each moving droplet
Li = |vi|/fi, where the collision frequency is:

fi =
∑
j∈Rs,i

|vij |
π

4
(di + dj)

2 nj
4

3
πR3

s,i

(5.26)

where j stands for the droplet within the searching scope of the droplet i, |vij | is
the magnitude of the relative velocity,

π

4
(di+dj)

2 is the e�ective collision area,

4

3
πR3

s,i the volume of the searching scope and nj the real number of droplets

represented by the parcel j, or parcel size. During one droplet time step ∆td,i,
the probability of droplet collision should be less than 1. This condition, known
as the principle of uncoupling, is necessary to separate calculations of inter-
droplet collisions from those of free droplet motion. Because the droplet time
step can be at maximum equal to the gas phase time step, we choose ∆td,i =

min

[
Li
3vi

,∆tg

]
.

Having determined the droplet time step, the DSMC algorithm proceeds
with the choice of the collision partner. The collision probability between a
speci�c pair of droplets i and j is:

Pij = |vij |
π

4
(di + dj)

2nj∆td,i
4

3
πR3

s,i

(5.27)

According to the Nambu method, [122], an actual collision is performed only if

χ >
j

Ni
− Pij where χ is a random number with uniform distribution between

0 and 1, j is the candidate collision partner chosen as j = int[χNi] + 1 and Ni
is the total number of droplets in the searching scope of i.

Once the collision pair is determined, the outcome of the binary collision
needs to be predicted. Phenomenological models for the collision outcome
are provided as a function of Weber number, Ohnesorge number and impact
parameter. The �rst two numbers can be calculated based on liquid density,
droplet diameter, surface tension, viscosity and the relative velocity.

The de�nitions of the dimensionless parameters characterizing a collision of
two droplets are given in Tab. 5.1 and their detailed de�nition is in Chapter 2.

The impact parameter cannot be determined deterministically for each spe-
ci�c collision, since the DSMC simulation does not speci�cally track the trajec-
tories of all individual droplets. Therefore, it is assumed that droplets collide
at random positions, in which case the normalized probability distribution for
a certain impact parameter is given by P (B) = 2B. This can be generated by
choosing B =

√
ξ with ξ a uniform random number between 0 and 1. Note that

lower impact parameters have a lower probability. The position of the Weber
number with respect to the critical Weber numbers for re�exive separation and
stretching separation, determines the collision outcome.
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Table 5.1: Dimensionless collision parameters.

We Weber number We =
ρdds|vij |2

σ

Oh Ohnesorge number Oh = µd√
ρddsσ

Ca Capillary number Ca = µd|vrel|
σ

B Impact parameter B = 2b
ds+dl

∆ Size ratio ds/dl

Re Droplet Reynolds number Re = ρd|vrel|ds
µd

In case of coalescence, the smallest droplet is removed from the simulation
and the size of the larger droplet is increased, based on conservation of mass.
In case of re�exive separation and stretching separation, one or more new
(satellite) droplets are generated. Consequently, the mass and volume of the
parent droplets is reduced. A model predicting the number and size of the
satellite droplets was adapted from Ko et al. [34]. In all cases, a momentum
balance is used to calculate the new velocities after collision. To account for
the droplet viscosity the Ohnesorge number (Oh) is used.

For water sprays the boundary collision model of Ashgriz and Poo [9] is
applied for the boundaries demarcating coalescence and stretching separation
as well as re�exive separation. For the bouncing regime the Estrade et al. [13]
is used. In Fig. 5.1 the regime map used in the simulations is illustrated for
water together with the 4 collision regimes. Some collisions are outside their
regime because in the simulation they are not occurring always at ∆=1. For
representing the models we chose a �xed size ratio of 1. For milk concentrates
we use Finotello et al. [96] model, which expression is de�ned in Chapter 3.

5.3 Numerical simulation geometry and parameters

In the numerical spray model new droplets are introduced from a hollow cylin-
drical shell. Droplets are assumed to be spherical and released with an angle
direction linearly proportional to the radial direction so that the axial and
radial velocities are: vzi = vinj cos (2riθ/dout) and vri = vinj sin (2riθ/dout)
where vinj is the initial nozzle injection velocity, dout is the outer cone diam-
eter, θ is the spray cone angle and ri is the radial position of the drop from
the symmetry axis of the spray. For many real sprays, the Rosin-Rammler
distribution predicts the droplet size distribution. The mass fraction of all the
droplets with a diameter smaller than d, Y(d), is equal to:

1− Y (d) = exp

[
−
(
d

d

)ns
]

(5.28)
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Table 5.2: Numerical simulation parameters

Parameters Symbols Values
Number of Eulerian cells NX x NY x NZ 60x60x120
System width [m] Lx 0.6
System depth [m] Ly 0.6
System height [m] Lz 1.2
Mass �ow rate [kg/s] q 0.1275
Nozzle radius [m] rnozzle 0.889 ×10−3

Rosin-Rammler spreading parameter n 3.5
Inlet droplets velocity [m/s] vinj 200
Initial Sauter mean droplet radius [m] rmean 25.5 ×10−6

Cone nozzle spray angle [degree] θ 81
Parcel size ni 1500
Typical number of droplets in the system 109

where d is the Rosin-Rammler diameter and ns is the spreading parameter,
set equal to 3.5 as in the work of Madsen [48]. New droplets are introduced
in a cylindrical region until the introduced cumulative mass is equal to the
desired total mass for the given time step. Droplet diameters are generated in
accordance with Eq. 5.28 by generating a uniform random number ξ between 0

and 1 and then choosing d = d (−lnξ) 1
ns . The smallest droplets whose collective

masses are 0.5% of the total injected mass as well as the biggest droplets with a
collective mass of 0.5% of the total mass are excluded. Additionally, the random
number ξ has to be smaller than (d0.5%/d)

3
because the number of droplets in

a Rosin-Rammler distribution, which is a cumulative mass probability, scales
with d−3.

In the Lagrangian method a single particle in the simulation is representa-
tive of a large number of real particles in the spray. In this work a simulated
droplet is representative of 1500 droplets.

In Tab. 5.2 simulations parameters are given. The initial spray cone an-
gle, the mass �ow rate and the initial average droplet size are based on the
experimental data in the work of Pawar et al. [115]. In the spray dryer model,
the nozzle is placed 20 cm from the top wall of the rectangular domain. For
the domain boundary conditions a prescribed pressure of 1 bar is used. The
boundaries allow for in�ow and out�ow of gas. Droplets are immediately elim-
inated when the system boundaries are crossed. The gas �ow is self-induced
by the droplet motion.

We checked the e�ect of grid size and parcel number on the droplet size
distribution. The results are invariant for a re�ned grid size of 80x80x140 and
for a parcel number of 2500.

In Tab. 5.3 the physical properties of the liquids used in this work are
reported. In Fig. 5.2 schematics of the system used for the veri�cation case of
the turbulence dispersion model and for the simulation of the spray system are
shown.
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(a)

(b)

Figure 5.2: Schematic of the system used for the veri�cation case of the tur-
bulence dispersion model (a) and for the simulation of the spray system (b).
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Table 5.3: Physical properties of the liquids.

Liquids
Droplets density

[kg/m3]
Droplets

viscosity [Pas]
Droplets surface
tension [N/m]

Water 1000 0.001 73·10−3

Milk 20% TS 1041 0.0043 46.8·10−3

Milk 46% TS 1094 0.083 46.9·10−3

Reference �uid 1094 1.2 48·10−3

5.4 Results and discussion

Initially we verify the implementation of the Langevin equation for the resid-
ual velocity analysing the kinetic energy of the droplets. With the inclusion
of the turbulent dispersion model, the changes on the droplet phase in terms
of number and frequencies of collisions are discussed. The implementation of
the collision outcome boundaries for viscous liquids are then veri�ed by rep-
resenting the respective regime maps. The droplet-droplet collision outcomes
in the spray are analysed in terms of non-dimensional parameters. We expect
that the combined processes of collisions and dispersion have a relevant e�ect
on the spray dynamics.

The droplet probability distribution function (PDF) or probability density
function indicates the total mass or total volume of all the droplets belonging
to a certain size class. m(d)∆d is the fractional mass of the droplets whose
diameters are in the range [d, d + ∆d]. The mass- or volume- averaged PDF
is preferable to a PDF based on number of particles in a certain size, because
it avoids the emphasis of smaller droplets over the entire population, which
however contribute relatively little to the total droplet mass.

To demonstrate that the droplet size distributions are statistically correct
and not in�uenced by the �nite simulation time during which the distributions
are calculated, a time dependency analysis, depicted in Fig. 5.3 for two di�erent
positions in the spray, is performed. The distribution in Fig. 5.3a is narrow
while the one in Fig. 5.3b is broader. Far from the inlet region the droplets
signi�cantly grow in size due to the predominance of coalescence over separation
events caused by the reduction in relative velocity. In this region the spray is
less dense and the droplet sizes ranges from very small, 10 µm, to very large,
200 µm. For both cases the measurement time has no in�uence after 0.26 s.
This demonstrates that the number of drops in these locations is measured
for a su�cient long time to obtain results statistically representable of the
distributions. All the simulations of this work have a total simulation time of
0.3 s.

5.4.1 Veri�cation of the turbulent dispersion model

The veri�cation of the turbulent dispersion model is performed by measuring
the turbulent kinetic energy of the droplets in a known random turbulence �eld
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Figure 5.3: Time dependency analysis on the droplet distribution function.
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and comparing with analytical results. A number of 2000 drops are placed
randomly in a spherical con�guration in a cubic domain, see Fig. 5.2a. The
drops disperse in a homogeneous and isotropic turbulent �ow. For this test the
�ltered velocity of the gas ū is set hard to zero, and the subgridscale velocity
usgs, instead of being updated with the turbulent kinetic energy, is set to 2 m/s
or 4 m/s, respectively. The particles also have a zero initial particle velocity
vp(t = 0) = 0. Here we focus on a single Cartesian component of the �uctuation
velocity. Given that this �uctuating velocity at time n is u∗n it easy to show
that the expected mean square �uctuating velocity at time n+ 1 is :

〈u∗n+1u∗n+1〉 =

(
1− ∆t

τ∗L

)2

〈u∗nu∗n〉+
2∆t

τ∗L
u2
sgs (5.29)

So the kinetic energy k =
〈
(u∗)2

〉
associated with the �uctuating velocity, the

residual kinetic energy, should evolve according to the above equation.
The particle or droplet will respond to the time-dependent �uctuating gas

velocity according to:

dvp
dt

=
1

τs
(u∗ − vp) (5.30)

τs =
m

βVp
(5.31)

Formally integrating the Langevin equation for the �uctuating gas velocity
u∗, and solving the equation of motion of the particle, it is possible to �nd
an analytical solution for the expected evolution of the kinetic energy of the
particle. For an initial particle velocity vp = 0 and initial �uctuating gas
velocity u∗ = 0 the solution is:

〈vp · vp〉 = 3u2
sgs

1

(1 + St)(1− St)2[
(1− St)2 − St (1 + St) e−2t/τs + 4Ste−(1+St)t/τs − (1 + St) e−2Stt/τs

]
(5.32)

where St = τs/τL is the Stokes number. A detailed explanation of Langevin
equation and solutions of equations of this kind can be found in Co�ey and
Kalmykov [123]. The above analytical solution for the kinetic energy of the
particles kp has been found by assuming the friction β and therefore the droplet
response time τs is constant so it is not compatible with the measured kp in
case the friction factor β is changing in time. However in the steady state, we
can estimate the characteristic relative velocity, and therefore the characteristic
values of β and τs. From the above analytical equation, we expect in the steady
state:

lim
t→∞
〈vp · vp〉 = 3u2

sgs

1

1 + St
(5.33)

with St = τs/τL the Stokes number expressing the ratio of the particle relax-
ation time to the Lagrangian (eddy) relaxation time.
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Figure 5.4: Particle kinetic energy and residual kinetic energy of the simulation
for usgs=4 m/s, St=2.23, Rep=4.
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Figure 5.5: Particle kinetic energy and residual kinetic energy of the simulation
for usgs=2 m/s, St=2.25, Rep=1.

In Fig. 5.4 the kinetic energy of the particle is shown for St=2.23 and
Reynolds number of 4 for usgs=4 m/s together with the residual kinetic energy.
Although not reported here, we performed the same analysis also for other
particles sizes keeping constant the subgrid scale velocity. Another example
of kinetic energy and residual kinetic energy for a subgrid velocity of 2 m/s,
St=2.25 and Re=1 is illustrated in Fig. 5.5. The residual kinetic energy kres
predicted by the simulations corresponds to the analytical solution for all cases.
The calculated particle kinetic energy kp has been normalized by the steady
state solution of the residual kinetic energy (kres)steadystate = 3u2

sgs to be
compared to the steady state analytical solution. This is due to the fact that
the analytical solution was derived assuming that the drag factor β remains
constant in time.

Fig. 5.6 shows the steady state solution of the normalized particle kinetic
energy compared to the steady state analytical solution 1/(1+St) for di�erent
St numbers. A good agreement of the calculated particle kinetic energy with
the analytical solution characterizes the entire range of Stokes number. For
very small droplets the Lagrangian time scale assumption τ∗L=τsgs has been
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used while for larger droplet diameters τ∗L=
τsgs√
1 + ϑ2

. In the considered case

of usgs=2 m/s the critical Stcrit number demarcating the �rst and second
assumption for τ∗L is around 2.

5.4.2 E�ect of turbulence dispersion on the frequency of

collisions

The e�ect of the dispersion model on the spray can be evaluated by comparing
the size distributions at di�erent location in the spray with or without inclusion
of the turbulence dispersion model. It is expected that di�erences in the size
distribution function will occur mainly at small droplet diameter rather than
large diameter, because larger droplets are less correlated with the motion of
the gas �ow. Small droplets are more responsive to turbulent �uctuations and
therefore expected to collide more frequently when the turbulent dispersion
model is included. More generally, we expect that the number of collisions in
a simulation of a spray with turbulent dispersion will be higher than without
dispersion, as con�rmed in Fig. 5.7. In particular the regimes of bouncing
and stretching separation are enhanced. This is consistent with the increase
of the relative velocities and therefore of the range of We numbers so that, as
can be predicted from the regime map in Fig. 5.1, these two types of collision
events are more likely to happen. Note that the re�exive separation occurs
only in case of near head-on impact, which has a lower probability compared
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Figure 5.7: Number of collisional events for water spray with and
without turbulent dispersion model, separated by collision type
B=bouncing,C=coalescence, SS=stretching separation, RS=re�exive sep-
aration.

to grazing collisions. For this reason the increase of the re�exive breakups is
not signi�cant in relation to the others collision outcomes.

In Fig. 5.8 the frequency of collisions leading to bouncing, coalescence,
re�exive and stretching separation of water and milk 20% droplets are shown
as a function of radial distance from the central symmetry axis to the edge of the
spray, at an axial position of 10 cm from the droplet inlet for the cases with and
without turbulence dispersion. For all the simulated cases the measurement
time was 0.3 s to obtain statistically accurate results. The turbulent dispersion
model has a strong in�uence on the rate of inter-droplet collisions for both
water and milk because the velocity �uctuations are higher. In general it
can be observed that close to the axis of the spray the frequency of collisions
is low because of the lower droplet number density in the central region of
the hollow-cone spray. But it is in the vicinity of the axis that the e�ect of
dispersion is more pronounced rather than at larger radial coordinates, because
the turbulent intensity is highest inside the hollow cone spray. This explains
why the dispersion model does not strongly in�uence the initial cone angle and
spray width.
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Figure 5.8: Frequency of collisions for (a) water and (b) milk 20 % with and
without turbulent dispersion model as a function of radial distance from the
central symmetry axis, at an axial position of 10 cm from the droplet inlet.
B=bouncing,C=coalescence, SS=stretching separation, RS=re�exive separa-
tion.
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Figure 5.9: Regime maps of collision outcomes predicted in the current spray
model for milk 20%, 30% and 46% TS content. The numerical collisions for
re�exive separation are represented in red diamonds, coalescence in blue cir-
cles and stretching separation in green triangles. The lines represent the phe-
nomenological model proposed in Finotello et al. [96], with continuous lines for
∆=1 or d=ds and dashed lines for ∆=0.5 or d=dl.

5.4.3 Veri�cation of the droplet-droplet collisional model

To verify a correct implementation of the boundaries between di�erent collision
outcomes, we consider three simulations to reproduce the regime maps found
for milk 20%, 30% and 46% TS content reported in the study Finotello et al.
[96]. In these experiments, binary droplet collisions of the same size (∆ =
1) are carried out through generation of mono dispersed droplets brought to
impact. In a spray the atomized droplets at the inlet do not all have the same
size. Therefore when colliding we generally have ∆ 6= 1, as we will show more
in detail later in this chapter. Because the droplet size varies, the boundaries
between the regimes can be observed to shift.

Fig. 5.9 illustrates the simulated collision outcomes in a spray as a func-
tion of We number and impact parameter B. The markers represent numerical
collisions with Ohnesorge numbers in the same range as the experimental re-
sults with milk concentrates and with 0.5 < ∆ < 1: re�exive separation (red
diamonds), coalescence (blue circles) or stretching separation (green triangles).
The lines represent the phenomenological model proposed in Finotello et al.
[96]. For the model describing the boundary between coalescence and re�exive
separation, the solid lines represent the model for ∆ =1, while the dashed for
∆ =0.5. Note that the coalescence-stretching separation boundary in Finotello
et al. [96] is function of the droplet diameter and not of the size ratio. Thus
the solid lines of the boundary demarcating coalescence and stretching separa-
tion reproduce the model when the smallest droplet, detected during the entire
simulation, is considered, while the dashed, when the largest is considered.
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Figure 5.10: Sauter Mean Diameter averaged in the radial direction as a func-
tion of axial position for a water spray in case of presence or absence of colli-
sional interactions and turbulent dispersion model, respectively.

5.4.4 Droplet collision outcomes in a spray

Accounting for the droplet interactions as well as for the dispersion has an
e�ect on the size distribution of the droplets along the spray. It is possible to
observe in Fig. 5.10 that neglecting collisions, the mean Sauter Mean Diameter
changes only close to the feed distribution but remains constant in the spray.
The SMD is averaged radially only for the locations in presence of droplets.
If the collisional interactions are modelled (water without dispersion and with
collisions), the SMD tends to increase along the entire axis of the spray. As ex-
plained before, the rate of collisions increases if the dispersion model is included
leading to a slightly larger SMD (water with collisions and dispersion).

Finotello et al. [96] concluded that the viscosity of the liquid is a very
important parameter to predict the collision outcome of a binary droplet col-
lision. The higher viscosity promotes droplet coalescence because the viscous
dissipated energy reduces the kinetic energy available to separate the merged
droplet. In a spray system it is important to know the distribution of the dif-
ferent types of collisions in the entire system and the prevalence of a certain
collision outcome with respect to the others. Moreover it is essential to know
the spray characteristics when the viscosity of the liquid is high. For this rea-
son, beside water, we simulate the spray under the same operating conditions
but for di�erent liquids: milk 20% TS content,46% TS content and a reference
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Figure 5.11: Total number of collisional events (a) and frequency of collisions
(b) for all the liquids considered in this work.

�uid with a very high viscosity, see Tab. 5.3 for the liquid physical properties.
Milk 30% TS content is not considered in our analysis because the regime map
as well as the collision outcomes occurring in the spray are very similar to milk
20%, thus the general conclusions related to milk 30% are the same as for milk
20%.

In Fig. 5.11 the total number of collisions together with the frequency of
collisions over time are shown for the liquids considered in this work. Note
that for water, besides coalescence and separation, also bouncing is modelled.
For the other liquids, the increase in viscosity reduces the number and the
frequencies of collision. Indeed coalescence generates larger drops which are
easier to impact again but at the same time reduces the number of droplets
available for collision. The collision frequencies in Fig. 5.11b remain constant
over time in the spray already after 0.04 s when the system reaches a steady
state. As explained before, the inclusion of turbulent dispersion predicts an
enhancement of the collision rates and as a consequences the total number of
collisions over time.

In Tab. 5.4 the number of total collisions for the di�erent regimes at t=0.3
s is reported for all the simulations of Fig.5.11. The turbulence dispersion in-
creases the number of all collisions and in prevalence bouncing and stretching
separation. Considering only the viscous liquids the rate of coalescence in-
creases with viscosity while re�exive separation decreases. This is obvious from
Fig. 5.9 where it is observed that the re�exive separation regime is shifted to
larger We number. The number of stretching separations increases from water
to milk 20% because no bouncing is modelled for milk while decrease from
milk 20% to the reference �uid at high viscosity because the boundary between
coalescence and separation is shifting to higher We number.

As mentioned before, small droplets follow the turbulent gas velocities while
large droplets are uncorrelated with the �uid, and therefore also their relative
velocity during collision. In Fig. 5.12 the mean Re and St numbers of the
droplets in the entire spray are illustrated together with the total number
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Table 5.4: Number of collision outcomes until t=0.3 s for the liquids considered
in this work.

Liquids
Coales-
cence

Stretch-
ing

separa-
tion

Re�ex-
ive

separa-
tion

Bounc-
ing

Total
number

of
collisions
(·106)

Water no
dispersion

32.8 % 34.6 % 0.3 % 32.3 % 14.5

Water 29.6 % 34.7 % 0.5 % 35.2 % 19.3
Milk 20%

TS
33.2 % 66.1 % 0.7 % - 18.3

Milk 46%
TS

36.6 % 63.3 % 0.1 % - 16.9

Reference
�uid

54.1 % 45.9 % - - 13.3
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Figure 5.12: Characterization of the droplets in the entire spray system over
time: (a) average Stokes number (b) number of coalescing events (c) average
slip-Reynolds number of the droplets and (d) number of stretching separations.
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Figure 5.13: We number of the droplets in the entire spray system for coales-
cence, bouncing, stretching separation and re�exive separation.)

of coalescence and stretching separation for all the liquids. The pro�les of
the numerically averaged St number slightly increase in time because of the
very large drops generated after coalescence. The Stokes number has larger
values for spray of larger viscosity �uids. Note that the viscosity does not
directly enter the de�nition of the Stokes number. Rather, the larger values
of the Stokes number can be explained by the fact that for higher viscous
liquids the number of coalescence events is larger at the expenses of breakup
events, as depicted in Fig. 5.12b and Fig. 5.12d. Larger droplets are rapidly
created because of coalescence, which are subsequently less in�uenced by the
gas velocity �uctuations. At the same time we can observe that water has high
values of St number relatively to the other liquids and this which is due to
the numerous bouncing and coalescence events occurring instead of formation
of satellites after separation. For the viscous liquids considered in this work
the bouncing regime is replaced mostly by the stretching separation regime
and only in a very small extent by coalescence. We decided to report only the
number of collisions for stretching separation and not for re�exive separation
because the former are more probable and thus signi�cant for the analysis.

The numerically averaged slip-Re number of the droplets in the spray
slightly increases with time because of formation of large droplets. As for
the St number the relative values of Re numbers between the liquids can be
explained by the interplay of coalescence and separation generating satellites of
small diameter. Moreover it can be observed that, while the Re number pro�le
for water without dispersion is relatively smooth, the curves with inclusion of
turbulence dispersion are oscillating because of subgrid �uctuations.

Apart from the total amount of collisions in the spray it is insightful to know
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Figure 5.14: Oh number of the droplets in the entire spray system for coales-
cence, bouncing, stretching separation and, re�exive separation.

Figure 5.15: Re number of the droplets in the entire spray system for coales-
cence, bouncing, stretching separation and, re�exive separation.
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(a)
(b)

Figure 5.16: (a)Distribution of We numbers over the axial position in the spray
and (b) distribution of We numbers as a function of the size ratio for collisions
of coalescence, stretching and re�exive separation of milk 20%.

in which areas of the spray we can expect a prevalence of a collision regime with
respect to another and what is the spatial evolution of the dimensionless pa-
rameters (We, Oh, Re numbers of the droplets) relevant for the droplet-droplet
collisions theory. In Figs. 5.13, 5.14 and 5.15 these dimensionless numbers are
illustrated in the spray of water, separated according to the collision outcome.
For example in Fig. 5.13 each marker corresponds to the position in the spray
where a pair of droplets coalesced after impact. We decide to show the water
pro�les because also the dynamics of bounced drops can be compared. Coa-
lescence occurs in a wider volume of the spray while the re�exive separation
is limited to the proximity of the symmetry axis where the droplets velocity
are higher. Bouncing and stretching separation are distributed in a similar
volume of the spray. Another remarkable observation is that the spray width,
in which collisions occur, remains straight apart from the initial spray angle
were the e�ect of the radial velocities is larger. In Fig. 5.13 from coalescence
to separation the We values increase because the relative velocity necessary for
separation is higher than coalescence. In Fig. 5.14 a core region in the spray
can be distinguished from the edges of the spray. The Oh number is inversely
proportional to the droplet diameter and as a result close to the axis the Oh
is higher because the droplet sizes are smaller. The Re number depends also
on the relative velocity and the droplet size, therefore the contours in Fig.5.15
are very similar to the ones for We numbers. Indeed the Re can be expressed
as Re =

√
We/Oh.

We warn the reader that the range of We numbers from 0 to 250 in collision
regime maps commonly is chosen to clearly show the di�erences between the
collision outcomes contours. We found that actually the droplets in the spray
sometimes experience much larger We numbers as illustrated in Fig. 5.16a for
milk 20%. We observe collisions of droplet at very high We number for all
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the liquids considered in this study. In the initial spray cone, for a length of
20 cm from the inlet of the droplets, the We number for stretching separation
reaches up to a We number of 5000. The initial cone of the spray is also the
part characterized by the larger rate of collisions. The We numbers remain
under 1500 in the straight part of the spray of 1 m length. The scale ranges for
the Oh and Re numbers in Fig. 5.13 are not modi�ed. Moreover we observe
that coalescence occurs also at high We number although in the regime map
(Fig. 5.9) this regime ends a bit after We=100. This is the results of a large
variation of the droplet size ratio ∆, as depicted in Fig. 5.16b. These results
show that because of the large polydispersity in droplet size, it is important
to consider the collision regime maps up to surprisingly large We numbers.
Note that at We number of approximately 200 the separation of water droplets
is characterized by �ngering where the periphery of the expanding disk after
impact is wrinkled and formation of very small satellites might occur, Pan et al.
[100]. At even larger We number breakup with fragmentation of the disc in
satellites and splattering occurs.

Further fundamental research is required to quantify these e�ects and in-
corporate the outcome in droplet-unresolved simulations to study large-scale
e�ects in sprays.

5.5 Conclusions

The droplet collision outcomes and their e�ect on the spray dynamics are stud-
ied in an isotherm spray system. A detailed characterization of the collision
behaviour inside the spray is bene�cial for the design and optimization of spray
processes. Knowing the size distribution evolution due to turbulent dispersion
and droplet collisions enables us to control parameters such as liquid �ow rate,
type of atomizer, size of the spray chamber directly to optimize product quality.

The initial atomized distribution evolves along the spray because of the
decrease in axial and radial velocities of the droplets which decrease the relative
velocity at the moment of impact and, as a consequence, modify the probability
of a droplet collision outcomes. In the vicinity of the droplet inlet the breakup
events are the most common, producing a large number of very small droplets
while at a distance of around 20 cm, for this considered spray, coalescence
occurs with formation of larger droplets.

A turbulent dispersion model, based on the Langevin equation, is included
to account for stochastic subgrid �uid velocity �uctuations along the droplets
trajectory. In general, the turbulent dispersion has the e�ect of enhancing the
collision rates for all regimes without strongly modifying the overall dynamics
of the spray in terms of initial spray angle and spray width. This is only strictly
valid for the considered spray system and should be checked for other sprays
in future work. For our water spray the total number of collisions increases by
25% when including turbulent dispersion. We observe that collisions increase
the Sauter Mean Diameter because of coalescence occurring in a wide volume
of the spray. This has a strong implication for evaporative processes, where the
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mechanism of mass and heat transfer between a drop and the �uid medium in
which it is moving is in�uenced by the interface area.

If the viscosity of the liquid is increased, the models for the collision bound-
aries shift to larger We number with consequent promotion of coalescence. This
has a signi�cant e�ect on the total number of collision in the spray system. Due
to coalescence, the number of droplets available to collide decreases, and the
collision frequency reduces.

This research provides signi�cant new insights in droplet collisions of viscous
�uids in a spray where the dispersion due to the turbulent subgrid �uctuations
are included. In future work, droplet collisions in the presence of a drying
process will be studied.
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Large scale simulation models can aid in improving the design of spray
dryers. In this work an Eulerian-Lagrangian model with coupled gas
phase and droplet heat and mass transfer balances is used to study
air�ow dynamics, temperature and humidity pro�les at di�erent posi-
tions in the spray. The turbulent self-induced gas �ow is solved using
large eddy simulation (LES). A turbulent dispersion model accounts
for the stochastic subgrid �uid velocity �uctuations along the droplet
trajectory. The dispersed phase is treated with Lagrangian transport
of droplets, and collisions between droplets which are detected with a
stochastic Direct Simulation Monte Carlo (DSMC) method. The out-
come of a binary collision is described by collision boundary models
for water and milk concentrates. The drying of droplets is modelled
by the reaction engineering approach (REA). The e�ect of the inlet air
conditions and of droplet viscosity on the temperature and humidity
distributions are analysed. Most of the heat and mass transfer oc-
curs in the �rst 10-20 cm from the nozzle where the slip velocities and
temperature and humidity driving forces are higher. The droplets size
increases, both in the axial and radial direction, because of the domi-
nance of coalescence over separation in the droplet spray studied here.
Because the spray domain considered in this work is relatively small,
the droplet residence time is small, and consequently the amount of
evaporation is still low. The droplet size distributions of milk concen-
trates are a�ected by the predominance of coalescence over separation
events. The coalescence dominated regime increases when the droplet
viscosity is higher.

113



114
Chapter 6. Numerical investigation of droplet-droplet collisions in a water

and milk spray with coupled heat and mass transfer

6.1 Introduction

Spray dryers are widely used to manufacture powders from liquid feedstock.
By evaporating the water of a solution or suspension, the transport weight
and volume of a product can be greatly reduced. Spray dryers are used for
many applications in food, pharmaceutical industry and in numerous chemical
industries. The continuous drying process is controlled to obtain functional
powders with desired properties. During the last three decades, spray drying, as
an important unit operation, has undergone intensive research and development
to produce powders with tailor-made speci�cations. The powder quality and
morphology needs to be optimized towards the desired characteristics of the
intended product through control of the atomization, liquid to air �ow ratio
and collision and drying processes. Coalescence, leading to droplets with larger
sizes, and break-up phenomena signi�cantly a�ect the spray characteristics.
Also the physical processes of (coupled) heat and mass transfer, both internal
and external to the droplets, strongly in�uence the drying of the droplets and
hence the powder properties. Therefore, extensive knowledge of the heat and
mass transfer in the drying droplets and air is desirable for improving the
product properties, through a better design and optimization of spray drying
process equipment.

Spray drying is an energy intensive operation. The need to reduce energy
consumption of spray dryers was addressed by Baker [124]. Applying heat
integration principles is di�cult because of the numerous complex process pa-
rameters which interact with each other. A correct prediction of the drying
process, air temperature and humidity pro�le in a spray dryer provides crucial
data for monitoring the dryer energy consumption, see Goula and Adamopou-
los [125]. Process performance improvements are possible if modelling and
dryer monitoring are applied. Kim et al. [126] analysed the e�ects of various
spray drying conditions such as feed solids content, drying temperature, degree
of homogenization and initial spray droplet size on the surface composition of
spray-dried milk powders under industrial conditions. Their results suggested
that a combination of spray drying conditions is necessary to control the surface
composition of milk powders.

CFD modelling has widely been used to study simultaneous heat and mass
transfer problems in drying processes, see Dlouhy and Gauvin [127]. Fletcher
et al. [128] con�rmed that proper modelling of the drying behaviour of the
droplets is essential to ensure a correct quantitative prediction of the droplet
behaviour in the dryer. In the works of Langrish and Fletcher [129] and Kuri-
akose and Anandharamakrishnan [130] various examples of applications of com-
putational �uid dynamics in spray drying of food ingredients can be found,
predicting the �ow patterns and temperature distributions of gas and droplets.
Zbicinski et al. [131] and Langrish [132] discussed the di�erent levels and scales
of mathematical modelling that can be applied to the spray-drying process.
Li and Zbici«ski [133] and Zbici«ski and Li [134] simulated a cocurrent spray
dryer and determined experimentally the initial parameters of the discrete and
continuous phases to be used in the model. Accounting for turbulent disper-
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sion and tracking moisture contents in the spray is important for the correct
prediction of droplet size distributions.

According to the Reaction Engineering Approach (REA), evaporation of a
droplet is an activated process, overcoming an energy barrier, while it is not
the case for condensation or adsorption. REA embeds a two-way model, in
contrast to the one-way characteristic drying rate curve (CDRC) for predicting
single droplet drying. The basis of REA was described by Chen et al. [135].
The work of Chen and Putranto [136] provides a comprehensive description of
the state-of-the-art of the reaction engineering approach (REA). Chen and Lin
[137] compared the REA and CDRC for drying of skim milk and whole milk
droplets. The same modelling procedure was used by Qi Lin and Chen [138]
to follow the process of single milk droplet drying under elevated humidity
conditions by REA. They found that the REA method gave better predictions
of the droplet drying than the CDRC method. The REA method was used for
modelling whey protein concentrate droplet drying by Patel and Chen [139]
and for modelling drying of aqueous lactose droplets by Lin and Chen [140].
The model produced a reasonably good agreement with the experimental data.
They concluded that the inlet air temperature, feed temperature and droplet
size had a signi�cant impact on the drying rate and the overall product quality.

Huang et al. [141] carried out a computational study on the air �ow veloc-
ity, temperature and humidity at di�erent axial positions in the spray chamber.
Their model was in good agreement with the experimental results of Kieviet
and Kerkhof [142] and Kieviet [143], although the number of comparable mea-
surement points was low because of the considerable di�culties in performing
experiments. Droplet-droplet interactions during spray drying were investi-
gated by Mezhericher et al. [144] applying transient calculations. The droplet
collisions were found to in�uence the temperature and humidity patterns while
their e�ect on velocity was less marked. Only droplet coalescence and bouncing
were modelled in their work and a complete analysis of the droplet collision
outcomes in the spray was missing.

Finotello et al. [145] studied droplet collision outcomes in a spray with
a turbulent dispersion model accounting for stochastic subgrid �uid velocity
�uctuations along the droplet trajectory. They a�rmed that it is important
to quantify the frequency of collisions in the spray, as well as the capability
to predict the spatial region of the spray where a prevalence of a speci�c col-
lision regime can be expected. This allows to control the size evolution of the
droplets and to optimize the drying process. The prediction of droplet collision
outcomes has been the subject of several studies. In these studies four di�erent
collision outcomes were found: coalescence, bouncing, re�exive and stretching
separation. When two spherical droplets approach each other, a gas layer is
formed between the surfaces. If the layer of compressed gas is of such high
pressure that the drops are unable to make contact, this results in deformation
of both droplets and subsequent bouncing. If the surfaces of the droplets do
make contact, coalescence can occur permanently forming one large droplet, or
temporarily by re�exive separation or stretching separation. The boundaries
between di�erent types of collisions for di�erent �uids and conditions depend
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on many physical and geometrical parameters.
Our current collision outcome boundary models are based on Ashgriz and

Poo [9] and Jiang et al. [24], with extensions to include viscous dissipation of
energy for highly viscous liquids, see Finotello et al. [96]. The model of Jiang
et al. [24] showed that the onset of re�exive separation shifts to higher Weber
number (We) as the droplet viscosity to surface tension ratio increases. The
model was later re�ned with the introduction of the Ohnesorge (Oh) number
by Qian and Law [10]. Brenn and Kolobaric [28] developed a model for the pre-
diction of satellite formation after stretching separation by including the e�ect
of viscosity. The model gave good predictions for highly viscous liquids and
high We numbers, but was not able to describe low viscous liquids such as wa-
ter and alcohol. Ko and Ryou [34] derived equations of mass, momentum and
energy to characterize the post-collision parameters of colliding droplets and
satellite droplets. Gotaas et al. [29] studied experimentally and numerically the
in�uence of droplet viscosity and observed that the coalescence to separation
boundaries shift to higher We number for �uids with higher viscosity. Also
Kuschel and Sommerfeld [31] and later Sommerfeld and Kuschel [32] investi-
gated experimentally the e�ect of viscosity. For the highly viscous liquids they
applied a combination of Ashgriz and Poo [9] and Jiang et al. [24] models. The
boundary between coalescence and re�exive separation was observed only for
small solid mass fractions.

Besides the experiments, there is a growing interest in numerical investi-
gations because these can better elucidate all details of the internal motion
of droplets during collision. Viscous dissipation energy pro�les and droplet
internal �ow and stresses are extremely di�cult to measure in small scale ex-
periments. Di�erent models for droplet interactions have also been developed
from numerical simulation studies, see e.g Pan and Suga [4], Munnannur and
Reitz [16] and Nikolopoulos et al. [6].

Non-Newtonian droplet collisions occur in spray dryer processes of food
products such as powdered milk. Powders are often manufactured from highly
viscous liquid suspensions which are non-Newtonian in nature. Few studies are
dedicated to non-Newtonian droplet collisions and mostly are based on compu-
tational investigations, see Focke and Bothe [59, 90] and Sun et al. [91]. Only
in the work of Finotello et al. [113], a complete regime map of shear thinning
xanthan was obtained. In general, these studies show that the collision dynam-
ics is very complex and strongly dependent on the �uid rheology. Given the
complexity of non-Newtonian droplet collisions, for the milk collisions inves-
tigated in this work we will use experimentally obtained boundaries between
di�erent collision outcomes, [96].

Various experimental studies have been carried out on heat and mass trans-
fer in a spray dryer. Sommerfeld and Qiu [146] measured the mean tempera-
ture of a single-phase gas �ow in the radial direction at multiple axial positions.
Their results showed that for a single-phase �ow the temperature of the gas has
a radial pro�le near the gas inlet which �attens at lower downstream position.
No measurements were performed for the temperature of the gas in a two-phase
�ow with droplets. Birchal et al. [147] performed a numerical and experimental
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study on heat and mass transfer in a spray dryer for milk. Their numerical
results showed a radial pro�le for the air temperature and humidity near the
nozzle and a more �attened pro�le at lower positions in the spray dryer, simi-
lar to Sommerfeld and Qiu [146]. Unfortunately, the numerical results for the
air temperature were validated with experimental measurements at only one
position in the spray dryer. Gianfrancesco et al. [148] studied the development
of the air temperature and moisture content in the axial and radial direction
for water droplets. Their results showed that most of the drying occurs near
the nozzle. They did not �nd any radial variations in the temperature, in con-
trast to Birchal et al. [147], probably due to the low air and liquid �ow rates
employed in their studies. Despite the di�erent conditions under which these
experiments were performed and the di�erent results, there are still similar
trends visible. The results of Sommerfeld and Qiu [146], Birchal et al. [147]
and Gianfrancesco et al. [148] all show that most of the drying of the droplets
occurs in the region near the droplet atomizer while at lower positions in the
spray dryer, there is no or low radial variation in air temperature or moisture
content. However, none of these studies presents a complete analysis of the
dispersed and continuous phase in presence of heat and mass transfer in terms
of size, temperature, moisture distributions and collision frequency. Huang
et al. [141] and Gimbun et al. [149] mentioned the lack of carefully obtained
experiments due to the challenging operating conditions of high temperature
and humidity of the spray dryer and the di�culty of performing detailed mea-
surements.

The main aim of this work is to study the in�uence of mass and heat
transfer between the droplet and gas phase on the distribution and frequency
of di�erent types of droplet collision outcomes. Often results on the air �ow are
decoupled from the dispersed phase, or not shown. Indeed, in all the above-
mentioned studies the distribution and frequency of droplet collision events
such as coalescence, separation and bouncing were not presented. In this study
we start from our previously developed Euler-Lagrange model [145] based on
Direct Simulation Monte Carlo (DSMC), which includes turbulent dispersion
of the droplets, and extends it to study droplet behaviour in the presence of
heat, mass and momentum transfer mechanisms. Moreover, we will conduct
a parametric study of the air and droplet phase patterns by varying initial
operating conditions in the spray dryer.

The chapter is organized as follow. In section 2 the numerical model is
described for the dispersed and continuous phase, including the equation for the
heat and mass transfer of the gas and droplet phases, a summary of the DSMC
method for the detection of droplet collisions and the model to determine the
collision outcomes. The operating conditions and geometry of the simulation
cases are given in section 3. The veri�cation of the coupling of the droplet
drying model with the gas heat and mass equations is presented in section 4.
The main results are shown and discussed in section 5. Finally, the conclusions
are given in section 6.
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6.2 Model description

In this study the Euler-Lagrange approach is adopted to model the spray where
the detection of droplet collisions is performed with the DSMC method. For
an extensive description and validation of the DSMC method, see Pawar et al.
[114, 115]. The gas phase is treated as a continuum and solved on an Eulerian
grid where the volume-averaged Navier-Stokes, thermal and species equations
are solved, accounting for the momentum, heat and mass exchange between
the gas and droplets through source/sink terms. A Lagrangian approach is
used for the dispersed phase. A droplet turbulent dispersion model estimates
the instantaneous �uid velocity along the droplet trajectory, accounting for
subgrid-scale gas velocity which are not resolved in the simulations. For details
on the turbulent dispersion model and its e�ect on droplet-droplet interactions
the reader is referred to the work of Finotello et al. [145]. The single droplet
drying model of the reaction engineering approach is adopted in our work.

6.2.1 Gas phase mass, momentum and heat transfer

The heat and mass transfer balances for the gas phase are similar to those
previously used in an extended CFD-DEM model of a spout �uidized bed with
liquid injection by Sutkar et al. [150] and Van Buijtenen et al. [151].

Mass and momentum equations

The motion of the gas phase is described by the volume-averaged Navier-Stokes
equations with conventional two-way coupling for the momentum exchange
between the gas phase and the droplets. Both the continuity equation and the
momentum equation are solved, see Eq. 6.1 and Eq. 6.2, respectively:

∂

∂t
(ρgε) +∇ · (ρgεug) = 0 (6.1)

∂

∂t
(ρgεug) +∇ · (ρgεugug) = −ε∇P −∇ · (ετg)− Sp + ρgεg (6.2)

Here ug is the (cell-averaged, �ltered) gas velocity, ρg the gas density, ε the
gas volume fraction (i.e. porosity), P the pressure, and τg is the stress tensor.
The sink term Sp is included for the interaction with the discrete droplet phase
and is given by:

Sp =
1

Vcell

∫ Nd∑
i=1

βVi
1− ε (ug − vi)δ(r− ri)dV (6.3)

where Vcell is the local volume of the computational cell, Vi the volume of
droplet i and vi the velocity of droplet i located at ri. The delta function
δ distributes the force acting on the gas phase from the particle or droplet
position ri to the computational cells r. This term is approximated by using
a tri-linear interpolation. The inter-phase momentum transfer coe�cient β
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describes the drag of the gas phase acting on the droplet, which is modelled
by a correlation proposed by Beetstra et al. [116]. In principle, mass and
momentum source terms related to the evaporation should also be included.
Because the rate of evaporation is low in the section of the spray considered in
this work, we assume that the vapour production does not signi�cantly modify
the �uid phase density.

We use the Vreman [117] model to describe the subgrid-scale gas �ow ef-
fects in Large Eddy Simulations (LES), see also Finotello et al. [145]. In LES of
turbulent �ow, the averaging operator is a linear �ltering operator, i.e. a local
weighted average over a small volume of �uid. In the averaged Navier-Stokes
equations additional terms appear, for which a model has to be assumed before
the equations can be solved. The additional terms in the momentum equations
are spatial derivatives of the turbulent stress tensor, which are modelled with
a subgrid model. The turbulent scales represented by the grid (and larger)
are solved explicitly, while the e�ect of the small subgrid scales is modelled.
In LES it is usually assumed that the subgrid turbulent motion is locally ho-
mogeneous and isotropic, leading to a relation between subgrid velocity usgs
and the speci�c subgrid-scale turbulent kinetic energy k (Irannejad and Jaberi
[119] and Sommerfeld [112]):

usgs =

√
2

3
k (6.4)

Heat transfer

The gas phase temperature is obtained by solving the thermal energy equation:

∂

∂t
(ερgHg) +∇ · (ερgugHg) = −∇ · (εqh) + Sh (6.5)

where Hg is the speci�c enthalpy of the gas, given by the product of the speci�c
heat capacity of the gas at constant pressure and the gas temperature variation:

dHg = Cp,gdTg (6.6)

where Cp,g is the gas speci�c heat and Tg is the gas temperature. The conduc-
tive heat �ux qh is given by Fourier' s law:

qh = −keff∇Tg (6.7)

where the e�ective conductivity keff is calculated from the pure gas thermal
conductivity kg as:

keff =
1−
√

1− ε
ε

kg (6.8)

The source term Sh is included for the heat transfer between the droplet and
gas phase, and is given by:

Sh =
1

Vcell

∫ Nd∑
i=1

hg,iAi(Ti − Tg)δ(r− ri)dV (6.9)
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Ai is the surface area of droplet i and Ti its temperature. Note that for our
small droplets we assume homogeneous temperature distribution throughout
the droplet, as we will brie�y discuss in section 2.2.

In our model, the convective heat transfer coe�cient hg,i between droplet
i and the gas phase is calculated using the Nusselt correlation given by Ranz
and Marshall [152].

Nu =
[
2.0 + 0.6(Re)0.5(Pr)0.33

]
(6.10)

where the Nusselt number, Reynolds number and Prandtl number are de�ned
as follows:

Nu =
hg,idi
kg

; Re =
ερg|ug − vi|di

µg
; Pr =

µgCp,g
kg

(6.11)

Mass transfer

For the mass transfer of moisture through the gas phase, a similar approach
as the heat transfer for the gas phase is used. The moisture mass fraction is
obtained by solving the species balance:

∂

∂t
(ερgwg) +∇ · (ερgugwg) = −∇ · (ερgqm) + Sm (6.12)

where wg is the mass fraction of moisture in the gas phase. The conductive
mass transfer �ux qm is given by Fick' s law:

qm = −Deff,g∇wg (6.13)

where the e�ective moisture di�usivity Deff,g is calculated from the moisture
di�usivity in a pure gas (without droplets) De,g and gas volume fraction ε as:

Deff,g =
1−
√

1− ε
ε

De,g (6.14)

The source term Sm is included for the mass transfer between the droplet and
gas phase, and is given by:

Sm =
1

Vcell

∫ Nd∑
i=1

km,iAiρg(w
∗
g,i − wg)δ(r− ri)dV (6.15)

where w∗g,i is the partial vapour content at the surface of the droplet i, to be
discussed in section 2.2.2. The mass transfer coe�cient km,i between droplet i
and the gas phase is calculated using the empirical Sherwood correlation given
by Ranz and Marshall [152]:

Sh =
[
2.0 + 0.6(Re)0.5(Sc)0.33

]
(6.16)

where the Sherwood number and Schmidt number are de�ned as follows:

Sh =
km,idi
De,g

; Sc =
µg

ρgDe,g
(6.17)
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6.2.2 Droplet phase heat, mass and momentum transfer

The drying of droplets is characterized by simultaneous heat, mass and mo-
mentum transfer. During the drying process, moisture is evaporating from the
droplet surface. This will cause the droplet diameter to decrease. In the model,
the droplets are assumed to remain spherical, homogeneous in composition and
with a uniform temperature inside the droplets (Biot number, Bi < 0.1, Sutkar
et al. [150]). This approximation is valid for su�ciently small liquid droplets.

Droplet dynamics and turbulent dispersion

In the Lagrangian approach, the equations of motion of each droplet are given
by:

dri
dt

= vi (6.18)

dvi
dt

=
urel
τd
− ∇p
ρp

+ g (6.19)

where the droplet dynamic relaxation time is:

τd =
d2
i ρl

18µgf(Re)
(6.20)

and urel = ug − vi is the local relative velocity between the droplet and gas
phase. The latter is given by ug = ug + u∗d. ug is the gas velocity at the
location of droplet i, ug is the �ltered resolved velocity and u∗d the stochastic
subgrid velocity at the location of droplet i. f(Re) is the drag factor, [116].
The subgrid velocity is modelled by a Langevin equation, see Chapter 5 for
de�nition.

Droplet heat and mass transfer

The heat and mass balance for the droplets are described by Eqs. 6.21 and
6.22, respectively.

Hf,gṁi +miCp,i
dTi
dt

= hg,iAi(Tg − Ti) (6.21)

Hf,g is the speci�c latent heat of evaporation, mi is the mass of droplet i and
ṁi the rate of liquid evaporation from the droplet surface, determined as:

ṁi =
dmi

dt
= −km,iAiρg(w∗g,i − wg) (6.22)

ṁ is generally negative, because water is evaporating from the surface.
The partial vapour content at the droplet surface w∗g,i can be obtained from

the partial vapour pressure at the droplet surface:

w∗g,i =
P ∗v,iMd

PMair
(6.23)
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where Md is the molecular weight of the liquid in the droplet, Mair is the
molecular weight of air and P is the ambient pressure. The partial vapour
pressure at the droplet surface is determined by using the Clausius-Clapeyron
equation, with R the ideal gas constant:

ln

(
P ∗v,i(Ti)

P ∗v (Tref )

)
=
Hf,g

R

(
1

Tref
− 1

Ti

)
(6.24)

The partial vapour content at the surface of a droplet containing dissolved solids

is calculated with a fractionality, w∗g,i = Ψi
P∗

v,iMd

PMair
. An Arrehnius equation is

used to calculate the fractionality Ψ:

Ψi = exp

[
−∆Ev,i

RTi

]
(6.25)

∆Ev,i is the apparent activation energy that represents the driving force to
remove moisture from the droplet during drying. For whole milk, Chen and
Lin [137]:

∆Ev,i
∆Ev,g

= 0.957exp[−1.291(Xi −Xg)
0.934] (6.26)

where Xi is the wet fraction of the particle and Xg is the moisture content
corresponding to the bulk condition of the air phase. The apparent activation
energy ∆Ev,g is expressed by:

∆Ev,g = −RT ln(RHg) (6.27)

where RHg = Pv(Tg,∞)/P ∗v,sat(Tg) is the relative humidity assuming that the
drying agent is an ideal gas. Pv(Tg,∞) is the partial vapour pressure in the
bulk of the gas phase and P ∗v,sat(Tg) is the saturation vapour pressure.

Collision detection and collision outcome

The main features of the adapted DSMC method can be found in Chapter 5.
For details the reader is referred to Pawar et al. [114]. With this approach,
a group of droplets, a parcel, is represented by a single droplet. Only the
trajectories of these representative droplets need to be calculated.

Once a collision pair is detected, the outcome of the binary collision needs to
be predicted. Phenomenological models for the collision outcome are usually
expressed in terms of Weber number, Ohnesorge number, impact parameter
and size ratio. The de�nition of the dimensionless number is in Chapter 2.

The impact parameter, however, is not a deterministic parameter for each
speci�c collision, since the DSMC simulation does not speci�cally track the
trajectories of all individual droplets. Therefore, it is assumed that droplets
collide at random positions with a normalized probability distribution given
by P (B) =

√
ξ, with ξ a uniform random number between 0 and 1. This

probability distribution accounts for the fact that lower impact parameters have
less probability than high impact parameters. For water spray the boundary
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collision model of Ashgriz and Poo [9] is applied while for milk concentrates
we use Finotello et al. [96] model.

In case of coalescence, the smallest droplet is removed from the simulation
and the size of the larger droplet is updated, based on conservation of mass.
In case of re�exive separation and stretching separation, one or more new
(satellite) droplets can be generated. Consequently, the mass and volume of
the parent droplets is reduced. A model predicting the number and size of the
satellite droplets was adapted from Ko et al. [34]. In all cases, a momentum
balance is used to calculate the new velocities after collision.

In this study, milk droplet collisions are simpli�ed in the sense that only
droplet-droplet interactions are considered. In reality, during drying the vis-
cosity of the milk droplets increases due to evaporation of the water content.
Partially wet particles are formed and a sticky point, dependent on the tem-
perature and moisture content of the particle, can be reached. Between the
high viscosity/high surface tension state and the solid glassy non-sticky state
there is a sticky region. If the temperature and the residual moisture content
of the particle resides in the sticky region, the partially dried droplets, which
by now are better described as particles, are prone to stick. Collisions and
consequent adhesions of such sticky particles generate agglomerates of primary
particles. Verdurmen et al. [153] classi�ed all the colliding droplets and par-
ticles in the spray depending on their viscosity and temperature of the sticky
point. Sommerfeld and Stübing [154] considered the agglomeration e�ciency
based on the kinetic, dissipated and van der Waals energies of the particles.
Because the available models of agglomeration are limited by the high complex-
ity of particle-air interactions in a spray dryer, we decided to not include yet
an agglomeration model. Moreover in the spray system considered in this work
only around 2% of the droplets, calculated over the total number of collisions,
reaches the sticky point temperature and therefore are prone to agglomerate.

6.3 Numerical simulation geometry and parameters

The physical properties of the liquids used in this work for investigating the
e�ect of viscosity are reported in Chapter 5.

In our spray dryer model, a nozzle is placed 20 cm from the top of a rect-
angular domain. For the domain boundary conditions a prescribed pressure,
temperature and humidity is used. The boundaries allow for in�ow and out�ow
of gas. The gas �ow is introduced continuously from the entire top bound-
ary with inlet velocity generated according to a Gaussian distribution with
vmax=25 m/s and variance=Lx/2, where Lx is the domain width. Droplets
are immediately eliminated when the system boundaries are crossed. In the
Lagrangian method a single particle in the simulation is representative of a
large number of real particles in the spray. In this work a simulated droplet is
representative of 1500 droplets. We checked the e�ect of grid size and parcel
number on the droplet size distribution. The results remain essentially the
same for a re�ned grid size of 80x80x140 and for a parcel number of 2500.
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Table 6.1: Simulation parameters.

Parameters Symbols Values
Number of Eulerian cells NX x NY x NZ 60x60x120
System width [m] Lx 0.6
System depth [m] Ly 0.6
System height [m] Lz 1.2
Mass �ow rate [kg/s] q 0.1275
Nozzle radius [m] din 0.889 ×10−3

Rosin-Rammler spreading parameter n 3.5
Inlet droplets velocity [m/s] vinj 200
Initial Sauter mean droplet radius [m] rmean 25.5 ×10−6

Cone nozzle spray angle [degree] θ 81
Gas inlet temperature [K] Tg,in 353
Droplets inlet temperature [K] Td,in 296.65
Gas inlet moisture content [kg/kg] wg 0.01
Parcel size ni 1500
Typical number of droplets in the system 109

In the numerical spray model, new droplets are introduced from a hollow
cylinder with outer diameter dout = din + 2δl, where din is the inner diam-
eter and δl the liquid sheet thickness. Droplets are assumed to be spherical
and released with an angle direction linearly proportional to the radial posi-
tion so that the axial and radial velocities are: vzi = vinj cos (2riθ/dout) and
vri = vinj sin (2riθ/dout) where vinj is the initial nozzle injection velocity, dout
is the outer cone diameter, θ is the spray cone angle and ri is the radial posi-
tion of the drop from the symmetry axis of the spray. For many real sprays,
the Rosin- Rammler distribution closely predicts the droplet size distribution.
More details can be found in Chapter 5.

If a droplet in the spray dryer domain evaporates completely, it is eliminated
(the excluded droplets have a collective mass which is smaller than the 0.1% of
the total mass in the spray). Droplet temperature and diameter are calculated
by assuming a perfect mixing model with speci�c heat capacity Cp, thermal
conductivity kg and heat transfer coe�cient hg not depending on temperature
and humidity variations.

In Tab. 6.1 the parameters for simulations are given. The changes of inlet
conditions of all simulations are shown in Tab. 6.2.

6.4 Model veri�cation

6.4.1 Heat and mass transfer coupling test

The following simulation is performed to test the coupling between the heat
and mass transfer. For this test case, a droplet with a temperature of 300
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Table 6.2: Parameters of the simulations of this work.

Simulations
Liquid �ow
rate [kg/s]

Gas inlet
temperature

[K]

Gas inlet
moisture
content
[kg/kg]

Test cases on water
Without drying and
without coupling

0.275 353.15 0.01
With drying and
without coupling
With drying and with
coupling

Parametric study on water

Liquid �ow rate test
A 0.275

433.15 0.01B 0.175
C 0.375

Inlet gas temperature
test

0.275
A 433.15

0.01D 393.15
E 473.15

Inlet gas moisture
content test

0.275 433.15
A 0.01
F 0.001
G 0.1

Viscosity in�uence
Milk 20% TS

0.275 433.15 0.01Milk 46% TS
Reference �uid

K was placed in the middle of a domain of 0.2 x 0.2 x 0.6 m. The size and
moisture content of the droplet were set at a constant value. The gas �owing
into the domain had a temperature of 300 K and a velocity of 0.45 m/s. An
overview of the used simulation settings can be found in Tab. 6.3. As a hot gas
�ow passes around a droplet, the droplet will evaporate and the temperature
of the droplet will decrease until it reaches the wet-bulb temperature.

In Fig. 6.1 the domain with the single droplet is shown at di�erent time
steps. It can be seen that the temperature of the droplet decreases very fast
while the temperature of the gas behind the droplet decreases slightly.

In Fig. 6.2 the temperature of the droplet and the theoretical wet bulb
temperature for a relative humidity of 0.3, 0.5 and 0.7 are shown. The the-
oretical wet bulb temperature is calculated, using the dry-bulb temperature,
the relative humidity and the pressure, see [155]. For all three di�erent relative
humidities, after a certain time the droplets reach the wet bulb temperature as
expected. From these results we conclude that the coupling between the heat
and mass transfer for the droplets was included properly.
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(a) t = 0 s (b) t = 0.04 s (c) t = 0.08 s

Figure 6.1: Snapshots of the cross-section of the domain in the length and
width at t = 0 s, t = 0.04 s and t = 0.08 s.

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

Time [s]

288

290

292

294

296

298

300

T
e
m

p
e
ra

tu
re

 [
K

]

RH = 0.7

RH = 0.5

RH = 0.3

Droplet temperature

Wet bulb temperature

Figure 6.2: Wet bulb temperature for a relative humidity of 0.3, 0.5 and 0.7.
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Table 6.3: Simulation settings for the single droplet test.

Parameter Value
Domain dimensions 0.2 x 0.2 x 0.6 m
Grid cells 22 x 22 x 34
Timestep �owsolver 2.5·10−6s
Di�usion coe�cient 21.2·10−6m2/s
Gas temperature 300 K
Gas velocity 0.45 m · s−1

Droplet inlet temperature 300 K
Sauter mean droplet radius 1.00·10−3m

Table 6.4: Simulation settings for the �xed bed test.

Parameter Value
Domain dimensions 0.02 x 0.02 x 0.2 m
Grid cells 8 x 8 x 40
Timestep �owsolver 2.5·10−6s
Number of particles 48 x 48 x 480
Di�usion coe�cient 21.2·10−6m2/s
Gas temperature 353 K
Gas velocity 0.25/0.5/0.75/1 m/s
Droplet inlet temperature 353 K
Sauter mean droplet radius 25.5·10−6m
Initial moisture mass fraction 0.005
Inlet moisture mass fraction 0.5

6.4.2 Gas-liquid mass transfer test

For the veri�cation of the convective mass transfer between the gas phase and
the liquid phase, a test case with a �xed bed of droplets was conducted. In the
�xed bed, the initial moisture mass fraction of the gas phase was equal to 0.005
and the one of the inlet gas was set 100 times higher, at 0.5. Four simulations
with a di�erent inlet gas velocity of 0.25 m/s, 0.5 m/s, 0.75 m/s and 1.0 m/s
were performed. The temperature of the gas phase and the droplets was set
to 353 K and was kept constant during the simulation. After a transient state
a steady moisture mass fraction pro�le was developed in the bed. The results
were compared with an analytical solution obtained from a one-dimensional
heterogeneous plug �ow model, given by:

< wg >

< wg,0 >
= exp

(−kmadz
uz

)
(6.28)

In this model the axial dispersion in the gas phase is neglected. The simulation
settings that were used for this case are given in Tab. 6.4.

In Fig. 6.3 the steady state simulation and analytical results of this test
case are shown for the four di�erent velocities. The simulation results are in
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Figure 6.3: Computed concentration pro�les and analytical solution for v =
0.25 m/s, v = 0.5 m/s, v = 0.75 m/s and v = 1 m/s (symbols indicate the
simulation results; lines indicate the analytical solution).

good agreement with the analytical solution for all four velocities. These results
indicate a correct coupling between the gas phase and the liquid phase.

6.5 Results and discussion

When droplets are sprayed in the domain they get in contact with a hot air
�ow at low humidity. Because of the di�erences in temperature and moisture
mass fraction, heat and mass transfer occurs between the gas and droplets.
The di�erence in vapour pressure of the droplet and the ambient pressure of
the vapour far from the droplets in the gas phase drives the mass transfer from
the liquid to the gas phase. This mass �ux leads to the evaporation of the
liquid and to the increase of the relative humidity in the gas phase. Due to the
evaporation of water, the temperature of the droplet will initially decrease. The
associated transferred energy is the enthalpy of vaporization. Then when the
rate of evaporation will decrease the droplet temperature will increase. The rate
of evaporation depends on the rate of vapour removal from the liquid surface
by di�usion and convection. Simultaneously, the necessary heat required for
evaporation of the liquid must be supplied to the droplets by heat conduction
and convection from the gas phase. As a result, the temperature of the gas
will decrease. Under equilibrium conditions the temperature of the surface of
the droplets and hence the vapour pressure at the surface will be such that the
heat transfer and mass transfer rates are balanced.
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Figure 6.4: Data from simulations in presence or absence of the droplet drying
and heat and mass transfer coupling, respectively. Average diameter (a), aver-
age temperature (b) of all the drops in the spray system versus the simulation
time.

6.5.1 E�ect of the drying and heat and mass transfer

Our previous work, [145], revealed that the inclusion of droplet interactions
and a turbulent dispersion model strongly in�uence the size distribution along
the spray as well as the rate of collisions. We will now investigate the in�uence
of droplet drying, and the incorporation of 2-way coupling of heat and mass
transfer between droplet and gas, on the droplet spray characteristics. To this
end we �rst run a non-drying spray system in a steady state, after which we
suddenly switched on the drying (with or without 2-way coupling), see the
settings for test cases on water in Tab. 6.2. Fig. 6.4a shows that, as expected,
the average diameter of all the droplets in the spray system remains constant
if drying and coupling are neglected, but is lower if the drying is considered.
Without coupling the driving force for the drying is larger because the gas
temperature and humidity maintain constant values. With 2-way coupling,
the temperature of the gas is lower, and the moisture content of the gas is
higher, in the vicinity of the droplet than in the bulk. Fig. 6.4b shows a higher
average temperature with 2-way coupling than without. In the spray droplets
heat up because of the hot air but at the same time their temperature decreases
because of evaporation. Without coupling more latent heat is removed from
the droplet leading to a lower temperature of the droplet. The average droplet
size and temperature in the simulation domain reach a steady state in less
than 50 ms. This is in agreement with the relatively short residence time of
the droplets in our domain, caused by the high droplet inlet velocity.

Because the droplet diameters decrease, a lower rate of droplet collisions is
expected, as well as a decrease of the Sauter Mean Diameter (SMD). Indeed
Fig. 6.5a shows a slight reduction of the number of collisions. In Fig. 6.5b the
Sauter Mean Diameter is larger when the axial distance from the droplet inlet
is larger. This is caused by coalescence of droplets. When including drying and
coupling, the SMD at each axial positions is slightly lower. We note here that
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Figure 6.5: Data from simulations in presence or absence of the droplet drying
and heat and mass transfer coupling, respectively. Number of collisions (a) of
the drops in the spray system over the total time and Sauter Mean Diameter
(b) averaged in the lateral direction as a function of the axial position.
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Figure 6.6: Temperature of the gas Tg (a), moisture content of the gas wg
(b), average temperature of the droplet Tdrop (c) and normalized evaporated
volume from the droplet phase to the air phase Vevap/Vcell per unit time (d)
in the lateral direction at two axial distances from the nozzle and for di�erent
liquid �ow rates.

the e�ects are not very large because of the relatively short residence time of
the droplets in the system.

6.5.2 Parametric study on water with variation of inlet

conditions

The variation of inlet conditions of the air and droplets enables to evaluate
the in�uence of the drying kinetics on the spray dryer performance. The inlet
liquid �ow rate, the inlet gas temperature and moisture content are changed
and the relative e�ects are investigated in terms of temperature and moisture
content of the gas, temperature of the droplets and evaporated fraction.

Liquid �ow rate

In Fig. 6.6 three di�erent liquid �ow rates are used, maintaining the same
operating conditions, and showing the radial pro�les of temperature of the gas
Tg, moisture content of the gas wg, average temperature of the droplet Tdrop
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Figure 6.7: We number of the droplets in the entire spray system for coales-
cence, bouncing, stretching separation and re�exive separation for simulation
A.

and evaporated volume from the droplet phase to the air phase per unit time.
The variation of the air �ow patterns is con�ned to the central region of the
spray dryer where the droplet spray is developed while the remaining volume
of the domain has constant air temperature and humidity. When increasing
the inlet liquid �ow rate Q, a larger liquid mass is introduced in the spray, and
therefore more heat and mass transfer can occur. In the region close to the inlet
of the droplets (Tdrop,in = 296.65 K), their temperature rises rapidly because
of the large di�erence with the temperature of the surrounding air. The rate
of temperature rise slows down at larger axial distance from the nozzle. If the
liquid �ow rate is lower, the temperature driving force is larger thus the average
Tdrop can locally increase.

Fig. 6.7 provides useful information about the droplet collision behaviour
in the spray dryer. Coalescence occurs in a wider volume of the spray while
re�exive separation is limited to the proximity of the symmetry axis where the
droplet velocities are higher. Most collisions occur in a more or less tubular
region at higher axial distances and in the initial spray angle. In this initial
region the e�ect of the large axial and lateral velocities is larger than at larger
axial distances, so the We numbers are larger. This explains the dominance of
separation events in the initial spray close to the nozzle.

The temperature of the droplets approaches the temperature of the sur-
rounding air at an axial distance z=1.2 m but the minimum ∆T = Tg−Tdrop v
25K is still high meaning that the evaporation is not complete. For a domain
longer than 1 m, and thus a longer residence time of the droplets, the remain-
ing driving force can be used for further evaporation. Fig. 6.6d con�rms that
the highest rate of evaporation of water droplets occurs in the proximity of the
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spray inlet. The core region of the spray is characterized by less evaporation at
z=0.3 m because the droplets are introduced with a hollow cone con�guration,
therefore less droplets are present close to the central axis. The edges of the
spray are continuously diluted with the air which is still at inlet conditions
while in the core of the spray the air becomes saturated due to evaporation.
The spray performance depends on the combined e�ect of air mixing which
favours heat and mass transfer or air entrainment which maintains saturation
conditions.

Inlet gas temperature

Fig. 6.8 shows the radial pro�les of temperature of the gas Tg, moisture content
of the gas wg, average temperature of the droplet Tdrop and evaporated volume
of vapour from the droplets to the air per unit time for three di�erent values
of inlet air temperature. As expected, more water is evaporated from the
droplets at higher Tg,in. Therefore, with increasing the inlet air temperature
Tg,in, the drying process has an higher intensity. This can be observed also by
the temperature di�erence for a �xed lateral position Tg,r(z = 0.3m)−Tg,r(z =
1.2m) or by the vapour content in the air wg,r(z = 1.2m) − wg,r(z = 0.3m)
which are larger for higher Tg,in. The temperature of the droplets approaches
the temperature of the surrounding air at an axial distance z=1.2 m. The
∆T = Tg−Tdrop increases when using a higher Tg,in thus there is more capacity
for evaporation when Tg,in=473 K than for Tg,in=393 K.

Inlet gas moisture content

Fig. 6.9 shows temperature of the gas Tg, moisture content of the gas wg,
average temperature of the droplet Tdrop and evaporated volume of vapour
from the droplets to the air per unit time in the radial directions for three
di�erent values of inlet air moisture content. When wg is low, more evaporation
takes place without saturating the surrounding air. In the extreme case, when
the humidity of the air is high (wg,in=0.1 kg/kg), the water transfer from the
droplet phase to the air is moderate. When the droplet evaporation rate is low,
the temperature of the droplets approaches the temperature of the surrounding
air. For wg,in=0.1 kg/kg the air is close to saturation so that there is a local
equilibrium between evaporation of the droplets and condensation of the water
content of the air onto the droplets.

Axial pro�les

Fig. 6.10 shows the laterally averaged pro�les of the air temperature Tg, air
moisture content wg, average temperature of the droplet Tdrop and evaporated
volume of vapour from the droplets to the air per unit time as a function of the
axial coordinate. The largest �ow patterns changes occur in the proximity of
the droplets inlet because of the high relative velocities between the air and the
droplets coupled with large temperature and low humidity driving forces. This
leads to very high heat and mass transfer rates. Most of the drying occurs in
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Figure 6.8: Temperature of the gas Tg (a), moisture content of the gas wg
(b), average temperature of the droplet Tdrop (c) and normalized evaporated
volume from the droplet phase to the air phase Vevap/Vcell per unit time (d)
in the radial direction at two axial distances from the nozzle and for di�erent
inlet air temperatures.

the �rst 10-20 cm while at larger axial distances the temperature and humidity
change more slowly. This behaviour is strongly related to the droplet �ux along
the spray. In the �rst 10-20 cm the large evaporation rate is caused by high slip
velocities and large temperature and humidity gradients. Moreover the volume
fraction of the droplets is largest in this region of the spray causing the highest
evaporated mass per mass of air.

Fig. 6.11a illustrates the droplet axial �ux at di�erent axial distances from
the nozzle for all the simulations of the systematic study and Fig. 6.11b shows
the droplet axial �ux of simulation A as a function of the lateral coordinate
for three axial locations. The intensity of the transport phenomena close to
the inlet can be attributed to the larger droplet �ux. The liquid �ux pro�les in
the lateral direction show the hollow cone nature of the initial con�guration.

The average Tdrop decrease, visible in Fig. 6.10c at axial distance of 1 m
and subsequent increase, might be related to a sudden variation of the droplet
size distribution. Fig. 6.12 shows that the larger droplets are at the bottom
and towards the edges of the spray. But at larger axial distances the spray
becomes also wider and few droplets are found beyond a lateral distance of
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Figure 6.9: Temperature of the gas Tg (a), moisture content of the gas wg
(b), average temperature of the droplet Tdrop (c) and normalized evaporated
volume from the droplet phase to the air phase Vevap/Vcell per unit time (d)
in the radial direction at two axial distances from the nozzle and for di�erent
inlet air moistures.

200 mm from the central axis. The size distribution at a lateral distance of
r=150 mm, see Fig. 6.13, shifts to lower diameter when the axial distance z is
increased. The presence of large droplets at z=1 m decreases the average Tdrop
till z=1.1 m where the Tdrop increases again because of the small droplets at r
larger than 100 mm. Larger droplets loose water in a much longer time than
smaller droplets. The temperature reached by a large drop is smaller than the
one of a small drop.

In general, the analysis of the �gures proves that air temperature and hu-
midity are the most decisive factors for the intensity of the drying process.
From Eqs. 6.21 and 6.22 it is clear that other two important factors that in�u-
ence the drying process are the size distribution of the droplets and the droplets
residence time in the spray dryer. Because larger droplets are less susceptible to
air entrainment (i.e. have a higher Stokes number), they retain their high inlet
velocity longer than smaller droplets, and so they are characterized by shorter
residence time. But most of the larger droplets are found at the bottom and at
the edges of the spray where their velocities are lower than the inlet velocities
so they might have longer residence time. The overall evaporation rates will
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Figure 6.10: Temperature of the gas Tg (a), moisture content of the gas wg
(b), average temperature of the droplet Tdrop (c) and normalized evaporated
volume from the droplet phase to the air phase Vevap/Vcell per unit time(d) as
a function of axial distance from the nozzle, for di�erent inlet conditions. The
legend of (a) is valid also for (b), (c) and (d).

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2

A

v

e

r

a

g

e

�

u

x

z

[

m
3
/(
m

2
s)

℄

Axial distane [m℄

0

0.002

0.004

0.006

0.008

0.01

0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2

0

0.002

0.004

0.006

0.008

0.01

0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2

(a)

0

0.004

0.008

0.012

0.016

0.02

0.024

0.028

0 20 40 60 80 100 120 140 160 180 200

�

u

x

z

[

m
3
/(
m

2
s)

℄

radius [mm℄

Simulation A

0

0.004

0.008

0.012

0.016

0.02

0.024

0.028

0 20 40 60 80 100 120 140 160 180 200

�

u

x

z

[

m
3
/(
m

2
s)

℄

radius [mm℄

Simulation A

0.3 m

0.6 m

0.9 m

1.2 m

0.3 m

0.6 m

0.9 m

1.2 m

(b)

Figure 6.11: (a) droplet axial �ux at di�erent axial distances from the nozzle
for all the simulations of the systematic study (for legend see Fig. 6.10a); (b)
droplet axial �ux of simulation A as a function of lateral coordinate for four
axial locations.
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Figure 6.12: Diameters of the droplets in the entire spray system for coalescence
for simulation G.
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Liquids
Coales-
cence

Stretch-
ing

separa-
tion

Re�ex-
ive

separa-
tion

Bounc-
ing

Total
number
of colli-
sions
(·106)

Water
without

drying and
without
coupling

31 % 32.7 % 0.7 % 35.6 % 11.8

Water with
drying and
without
coupling

31 % 33.3 % 0.7 % 35 % 11.4

Water with
drying and

with
coupling

30.9 % 32.9 % 0.7 % 35.5 % 11.7

Water A 30.9 % 33.2 % 0.7 % 35.2 % 11.5

Water B 33.2 % 31.9 % 0.6 % 34.3 % 5.6

Water C 29.1 % 34.8 % 0.7 % 35.4 % 18.7

Water D 31 % 33 % 0.7 % 35.3 % 11.6

Water E 30.9% 33.3 % 0.7 % 35.1 % 11.3

Water F 30.9% 33.2 % 0.7 % 35.2 % 11.4

Water G 31% 33 % 0.8 % 35.2 % 11.7

Milk 20%
TS

35.8 % 63.5% 0.7% - 11.4

Milk 46%
TS

39.2% 60.7% 0.1% - 10.5

Reference
�uid

54.8% 45.2% - - 9.3

Table 6.5: Number of collision outcomes until t=0.3 s for the liquids considered
in this work.

be a�ected both by the relative abundance of droplets of a given size and by
the di�erence in drying history for such a group because of di�erent residence
times.

In Tab. 6.5 the total number of collisions, separated by collision type, up
to time t=0.3 s is listed for all the simulations of this work. The total number
of collisions slightly reduces when drying is applied because of evaporation
and consequent formation of smaller droplets. When droplet and air heat and
mass transfer are coupled, the drying is less e�ective and the rate of collisions
increases again. While for the drying rates the air temperature and humidity
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Figure 6.14: Temperature of the gas Tg (a), moisture content of the gas wg (b),
average temperature of the droplet Tdrop (c) and average wet fraction of the
droplets wt (d) in the lateral direction at two axial distances from the nozzle
and for di�erent liquids.

are the most in�uencial parameters, for the number of collisions the liquid �ow
rate is the most important parameter. This is obviously explained by the higher
or lower number of droplets introduced when the �ow rate is respectively higher
or lower.

6.5.3 E�ect of viscosity

The spray drying of droplets with solids content is described by two stages.
When the droplet is in contact with the hot air, the air temperature drops
rapidly because of the absorption of latent heat for the evaporation of water.
During this stage the rate of moisture loss is constant and is compensated
by moisture di�usion from the interior of the drop to the surface. Therefore
the temperature of the droplet remains close to the wet bulb temperature of
the air. In the second stage the moisture di�usion from the interior to the
surface is less than the rate of moisture evaporation, so that the temperature
of the droplet increases above the wet bulb temperature. The surface water
concentration decreases, thus the evaporation rate decreases and the droplet
temperature increases till approaching the air temperature.
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Figure 6.15: Normalized droplet evaporation rate 1
Vdrop

dVevap

dt averaged over

the lateral direction per unit time as a function of the axial position.

Fig. 6.14 shows the air temperature Tg (a), moisture content of the gas
wg (b), average temperature of the droplet Tdrop (c) and average wet fraction
of the droplets wt (d) as a function of the lateral coordinate at two axial
distances from the nozzle and for di�erent liquids. As expected for droplets
with solid contents, the droplets reach a higher temperature when the viscosity
increases because the rate of moisture evaporation is lower. For the gas phase
a slight enlargement of the spray width is observed. The wet fraction pro�les
show that if the droplet at the inlet are more concentrated the drying is more
intense because the di�erence of the average wet fraction from z=0.3 m to z=1.2
m is larger. Fig. 6.15 shows the evaporation rate of the volume of moisture
from the droplets, normalized by the droplet volume 1

Vdrop

dVevap

dt , averaged

over the lateral direction per unit time as a function of the axial position. The
evaporated fraction is larger for liquids with lower solids content in the �rst
10-20 cm of the spray but it decreases more rapidly at larger axial distances.

A large droplet size and a short residence time in the spray chamber might
result in a higher moisture content of the produced powder. Increased moisture
content will weaken the �ow properties, the bulk density and the stability of
the powder.

The total number of collisions and the relative rates of collisions for the
di�erent regimes change drastically when milk concentrates are used. Finotello
et al. [96] showed that separation and coalescence occur instead of bouncing
for droplet collisions of whole milk. Moreover the frequency of coalescence
increases when the droplet viscosity is higher. The same behaviour is also
observed in Tab. 6.5 for the spray of milk 20%, milk 46% and a reference �uid
at very high viscosity.

We already observed in the case of a water spray as the droplet size distribu-
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Figure 6.16: Sauter Mean Diameter averaged over the lateral direction as a
function of the axial position for all the simulations of this work.

tions are not signi�cantly a�ected by the process of evaporation and coupling
with the air phase. The variation of inlet conditions such as those ones used
in the parametric study are also not leading to a strong variation of the Sauter
Mean Diameter, as shown in Fig. 6.16. The increase in the Sauter Mean Di-
ameter is instead due to the predominance of coalescence on separation events
when the droplet viscosity is increased.

6.6 Conclusions

In this work, a spray dryer model has been developed by involving the heat and
mass transfer balances for the gas phase and coupling the air with the droplet
phase.

The droplet size distribution of the simulation with drying, heat and mass
transfer produces smaller diameters on average than the simulation without
drying and coupling because of the evaporation of water from the droplets.

From a systematic study of the e�ect of inlet conditions on the spray dryer,
it was observed that near the central axis of the spray, there is less heat and
mass transfer than at higher lateral positions. In fact, in the core of the spray,
the liquid fraction is low. In the axial direction, most of the heat and mass
transfer occurs in the �rst few centimetres because of the high air to droplet
velocity di�erences coupled with high temperature and humidity driving forces.
With increasing axial distance the droplet temperature increases, but does
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not reach the temperature of the gas phase. Most of the heat from the gas
phase is used for evaporation. Despite the evaporation, the diameter of the
droplets increases, both in the axial and lateral direction, because of coalescence
collisional events, which occur in the whole droplet spray.

In the current model the milk droplets are simpli�ed as consisting of liq-
uid only without considering sticking particles agglomeration. This is a main
subject for future work to get deeper insight into the spray dryer process per-
formance in term of energy and quality of the product. In this work the e�ect of
viscosity was investigated through its e�ect on the outcome of droplet-droplet
collisions. The predicted droplet temperature is higher for higher solids con-
tent. The droplet spray of milk is slightly wider than the droplet spray of
water. The e�ect of drying with increase of the droplet temperature at higher
viscosities is moderated by higher frequency of coalescence.

The amount of water that has evaporated at the bottom of the spray dryer
is relatively small for the considered operating conditions and also the relative
humidity of the air phase is still very low. To study a full spray dryer perfor-
mance, the domain size should be increased or the atomization should produce
smaller drops or recirculation of �nes should be adopted.
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During spray drying, partially wet particles form larger porous agglom-
erates due to inter-particle forces. Agglomeration is one of the challeng-
ing processes to control in spray drying processes because it depends
on several interacting processes. Moreover it is one of the important
factors controlling the powder quality. Agglomeration rates and char-
acteristics are determined by droplet collision outcomes, droplet tem-
perature and surface conditions, air temperature and humidity. In this
chapter we propose a modelling approach for the description of droplet
and particle collisional interaction. The agglomerate morphology is not
accounted for; instead the agglomerate is modelled as a volume equiv-
alent sphere. The prediction of droplet and particle collision rate is
the objective of this chapter. An Euler-Langrangian spray model, pre-
viously used in Chapters 5 and 6, based on Direct Simulation Monte
Carlo (DSMC), is used to model droplet collisions. Frequencies and
total number of agglomeration events in our 1 m spray are extremely
low compared to the droplet-droplet collision rates. These preliminary
results give an overview of the complex collision behaviour in a spray.
Further development and validation of the model is needed.

143
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Figure 7.1: Agglomeration of milk particles (Tetra Pak).

7.1 Introduction

Spray-dried powders often have the issue of being composed of a particle size
distribution dominated by small diameters, from 10 to 50 µm, which is cor-
related to low quality of the product in terms of handling and reconstitution
properties. The reconstitution properties of a powder include wettability, sink-
ability, dispersibility, and solubility. These powders require agglomeration in
order to improve their handling and reconstitution properties, Gong et al. [156]
and Turchiuli et al. [157]. Agglomeration is the formation of larger and per-
manent aggregates by sticking together of particulate materials, such that the
original particles are still identi�able, see Fig. 7.1. Agglomerates will dissolve
or disperse more readily in liquids than the spray-dried product. Because of
the porous structure the liquid will easily penetrate into the agglomerate, so
the wettability is enhanced and the particles will more readily sink below the
liquid surface (sinkability). Dispersion will require less stirring (dispersibility)
and result in a promoted dissolution in the liquid (solubility), Bu�o et al. [158].

The agglomeration kinetics strongly depends on the mechanical material
properties and the local process conditions such as the relative velocity, geom-
etry of impact, temperature and humidity distribution. To predict agglomera-
tion events, a spray dryer model needs to include a �ne resolution of the local
temperature and humidity �elds. For amorphous food powders, the mechan-
ical particle properties are highly dependent on the moisture content, Palzer
[159]. While exceeding the glass transition temperature Tg by 10 to 30 0C, the
viscosity decreases and the particles become adhesive, Ferry [160].

Only few studies are available concerning the modelling of agglomeration
and di�erent interactions between droplet, partially wet particles and dry par-
ticles in the frame of the Eulerian-Lagrangian method. With this approach the
dispersed phase is described stochastically and the interaction process includes
submodels to describe the collision detection, the distinction between droplet,
particle or agglomerate and the collision outcome with characterization of the
agglomerate. Verdurmen et al. [161] distinguished droplets, depending on their
Ohnersorge number Oh = µd√

ρddsσ
, in surface tension (Oh2 < 1) or viscosity
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dominated (Oh2 > 1). According to their model, dry particles become sticky
when their temperature is larger than the temperature of the sticky point,
which was found around 20 0C above the glass transition temperature. Colli-
sions between viscous droplets and between viscous droplets and dry particles
are resolved using the penetration theory controlled by the drag and shear
forces. A low penetration depth is interpreted as agglomeration instead of co-
alescence. They apply the model of Ho and Sommerfeld [162] for collisions of
dry particles. Ho and Sommerfeld [162] proposed a energy-based model for
calculating collisions and agglomeration in turbulent �ows with dispersed solid
particles. From the energy balance of kinetic energy, dissipated energy dur-
ing collision and the van-der-Waals energy, a critical relative velocity of two
impacting particles is determined. Agglomeration occurs when the actual rel-
ative velocity is smaller than the critical value. Most agglomeration studies
assume that the agglomerate behaves as a volume equivalent sphere. In the
work of Breuer and Almohammed [163] the agglomerates were characterized
by an equivalent diameter but the structure and porosity were not predicted.
Also Sommerfeld and Stübing [154] used the dry particle energy-based agglom-
eration model coupled with a penetration model. Moreover they introduced
a model for the morphological characterization of the agglomerates providing
information such as agglomerate structure, e�ective surface area and porosity.
Unfortunately the prediction of collision rates and regions of coalescence and
agglomeration in a spray dryer were not reported.

The purpose in this chapter is to determine the number and frequencies of
collisions between droplet, sticky and dry particles. The prediction of regions
along the spray, dominated by coalescence or agglomerations, is a signi�cant
initial contribution for a better understanding of the stickiness behaviour and
preliminary design of a spray dryer. Detailed simulation and experiments are
necessary to improve droplet, particle and agglomerate collisions modelling in
a spray dryer.

7.2 Methodology

The spray model used in this study is Euler-Lagrangian in nature. The gas
phase is treated as a continuum where the volume-averaged gas phase transport
equations are solved on an Eulerian grid, accounting for the local porosity and
the drag force exerted by the particles and the droplets. A Lagrangian particle
based model is used for the dispersed phase motion. The detection of droplet
collisions is performed applying the Direct Simulation Monte Carlo (DSMC)
method. A droplet turbulent dispersion model estimates the instantaneous
�uid velocity along the droplet trajectory, which are not calculated in the
conservation equations for the �uid �ow. The single droplet drying model is
coupled with the gas phase conservation equations. For a description of the
spray model and the simulation settings, see Pawar et al. [115], Finotello et al.
[145] and Chapters 5 and 6. In principle, drying droplets have internal moisture
gradients and the collisions are a�ected by the droplet surface properties. In
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this work we assume average droplet properties because the evaporation rate
is low in the section of the spray considered in this work.

7.2.1 Particles classi�cation and collision outcomes

When droplets are drying, their collision properties change in time. The inter-
actions between droplets and �ne particles lead to a rich spectrum of bouncing
collisions, coalescence, agglomeration and separation with satellite droplet for-
mation.

As mentioned before, Verdurmen et al. [161] classi�ed the droplet inter-
actions depending on the Oh number but no model to distinguish between
bouncing, coalescence and separation was included. Fig. 7.2 shows the Oh
number distribution in the entire spray dryer in case of coalescence of water,
milk 20%, milk 46% and of a reference �uid. The physical properties of the
liquids and the initial conditions of the simulations can be found in Chapter 6.
The Oh range in the spray strongly increases with the viscosity (the scale of Oh
is di�erent for each liquid). In the experiments of Finotello et al. [96], it was
shown that the collision between two droplets of milk 46% can be considered
a liquid-liquid interaction.
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Figure 7.3: The glass transition temperature and sticky point temperature for
skim milk powder.
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Figure 7.2: Oh number of the droplets in the entire spray system in case of
coalescence for water, milk 20%, milk 45% and reference �uid.
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Table 7.1: Collision model.

Collision Approach
Droplet-droplet Finotello et al. [96] model
Droplet-Sticky particle Agglomeration
Droplet-Dry particle Pawar et al. [165] model
Sticky particle-Sticky particle Agglomeration
Sticky particle-Dry particle Agglomeration
Dry particle-Dry particle Bounce

We propose to classify droplets and particles and to determine collisions
de�ning the sticky zone based on the sticky temperature and particle mois-
ture content. The evolution of droplet properties during spray drying for skim
milk was studied by Ozmen and Langrish [164]. In Fig. 7.3 the tempera-
ture (0C)-moisture content (dry based) ww diagram is shown. If Tdrop is in
the sticky zone (Tsticky < Tdrop < Tsticky + 300) the particles are sticky and
can agglomerate. We assume that each collision occurring with a sticky parti-
cle leads to complete adhesion. After agglomeration occurs the new particles
are considered as volume equivalent spheres and their velocity derives from
a momentum balance. For Tdrop higher than the Tsticky + 300 the droplets
are outside the sticky region. Droplet-droplet interactions are treated by the
model of Finotello et al. [96]. For Tdrop lower than the Tsticky the particles are
bouncing because the moisture content is very low. Particle-particle interac-
tion is solved with hard-sphere model leading to bouncing. Collisions between
droplets and dry particles are described with the model of Pawar et al. [165]
which distinguish between droplet-particle surface adhesion and partial adhe-
sion with separation of a droplet fraction. Because a model able to predict
the droplet fraction for di�erent impact conditions is not given we assume that
25% of the original droplet remains attached to the surface of the particle in
case of separation (partial adhesion). In Tab. 7.1 the models adopted for all
the collisions occurring in the spray are summarized.

7.3 Results

When a droplet is introduced in the spray and it gets in contact with hot drying
air, water evaporates from the drop surface. The droplet becomes more and
more dry and the droplet temperature increases. When the droplet surface
reaches the sticky state, collisions with other particles (sticky or dry) may lead
to adhesion depending on velocity, force, angle and time of contact. It is our
aim to predict the collision rate of droplets and particles collisions. The de-
termination of the agglomerate structures and parameters is not the objective
of this work. The total number of collisions, separated by collision type, is
shown in Tab. 7.2 up to time t=0.3 s for all the simulations of this chapter.
The droplet-droplet coalescence and breakup are the dominant collision out-
comes while interactions involving dry or sticky particles are very rare. This
is common even if the concentration of the liquid is relatively high as in the
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Table 7.2: Number of collision outcomes until t=0.3 s for the liquids considered
in this chapter.

Collisions
Milk 20%

TS
Milk 46%

TS
Reference

�uid
Coalescence 35.5% 37.6% 47.4%

Stretching separation 63.7% 60.8% 43.6%
Re�exive separation 0.7% 0.0003% -

Droplet-Sticky particle 0.03% 0.38% 2.95%

Droplet-Dry particle 0.06% 1% 5.06%
Sticky particle-Sticky

particle
0.002% 0.08% 0.43%

Sticky particle-Dry
particle

0.002% 0.09% 0.44%

Dry particle-Dry particle 0.006% 0.05% 0.12%

Total number of collisions
(·106)

11.5 10.8 9.4
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Figure 7.4: Frequency of collisions for reference �uid as a function of the radial
distance from the central symmetry axis at an axial position of 40 cm from the
droplet inlet.

case of the reference �uid. Indeed the spray domain considered in this chapter
is relatively short (1 m spray) and the moving droplets do not have su�cient
residence time to dry till the sticky zone.

The frequency of droplet collisions, leading to coalescence and stretching
separation of the reference �uid, as a function of radial distance from the central
symmetry axis to the edge of the spray, and at an axial position of 40 cm from
the nozzle, are shown in Fig. 7.4a. At the axial distance of 40 cm the dominant
collision outcome is coalescence while stretching separation is occurring only in
the proximity of the central axis. Fig. 7.4b shows the frequencies of collision
of a droplet with a sticky particle and with a dry particle. We observe that the
rates of these collisions are much lower than the droplet-droplet collisions. For
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Figure 7.5: We number of the droplets and particles in the entire spray system
for reference �uid.

droplet-dry particle collisions the separation where a droplet fraction of 25%
adheres to the particle surface has an higher rate than the complete adhesion
outcomes (coalescence).

In Fig. 7.5 the We number of the droplets and particles in the entire spray
system for the reference �uid is shown. The We number in case of droplet and
particle collisions is calculated using the diameter of the particle. Coalescence
occurs in a wide volume of the spray. Stretching separation is limited to the
proximity of the symmetry axis and in the initial spray angle. In this initial
region the droplets have still a relatively large moisture content and a lower
temperature so they do not reach the sticky conditions. Collisions involving
sticky and dry particles are occurring after 30 cm from the inlet nozzle.

7.4 Conclusions

An approach to predict collisions rates between droplets, sticky and dry par-
ticles is proposed in this chapter and was implemented. The collision model
enables to determine rate of collisions and regions of spray interested by dom-
inant collisions outcomes. The total number of collisions involving sticky or
dry particles are much lower than the droplet-droplet interactions. In the do-
main considered in this chapter most of the droplets do not dry su�ciently to
enter the sticky zone. The few events of droplets colliding with sticky or dry
particles are limited to a region of the spray at larger distance from the inlet
of the droplets, where their moisture content is lower and temperature higher.
In Chapters 5 and 6 we assumed that all the collisions occurring in our spray
domain were droplet-droplet interactions. From the preliminary results of this
chapter we can conclude that droplet collisions are the dominant mechanism in
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the initial section of a spray dryer and thus it is extremely important to predict
the coalescence and separation regimes. The design and optimization of spray
drying processes, controlling the agglomeration mechanism, is still a challenge
and opens new perspectives for the further development of drying models.





Chapter

8

Phase Doppler Anemometry

applied to viscous liquid

droplet spray

We experimentally investigate the dynamics of a droplet spray of water,
glycerol and milk. Phase-Doppler Anemometry (PDA) measurements
are performed on a pressure nozzle spray system using di�erent liq-
uids including water, glycerol mixtures and milk concentrates. PDA is
a non-intrusive optical characterization method, providing local mea-
surements of size and velocity of droplets. The spatial evolution of
the spray is investigated in terms of Sauter Mean Diameters (SMD)
and velocity distributions. In this work we observe that PDA mea-
surements are susceptible to errors if a correct calibration and setting
procedure is not followed for a considered spray system. The limita-
tions of the PDA technique are de�ned and guidelines are provided
for detection of reproducible and reliable measurements. For all the
liquids, a general trend could be distinguished. The droplet size tends
to decrease towards the edges of the spray and increases when the ax-
ial distance from the atomizer is increased. An apparently signi�cant
di�erence for the SMD pro�les of milk is due to the use of a di�erent
masks during experiments. An increase of D32/D10 due to coalescence
is observed along the central axis and at larger radial positions but
a signi�cant in�uence of the viscosity of the liquids at di�erent con-
centrations is not appreciable. The estimation of a very low typical
collision frequency reveals why the droplet size distributions are not
in�uenced by droplet collisions in the current experimental setup. Al-
though the e�ect of droplet viscosity and collisions for the considered
spray is not signi�cant, this work gives an important contribution on
a correct experimental methodology of PDA technique on sprays for
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future investigations. The knowledge of droplet sizes and velocities in
the vicinity of the nozzle is of prime importance for studies based on
computational spray models.

8.1 Introduction

In dairy industries, spray drying is a common process to convert liquid milk
into a 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 signi�cant loss in product quality, Sharma et al. [51], and costs of
transportation decrease. In the food industry, it is also convenient to convert
liquid milk into powder. Milk powder can be used as an ingredient in, for
example, confectionery, baked goods and processed meat. This opened a new
market for the dairy industry since fresh milk is not suitable for most of these
applications, Ranken [166].

The quality of the dried product and its desired characteristics for a speci�c
application, depend on the properties of the powders (e.g. size, shape and
morphology). High functionality and quality of milk powders are requested by
consumer standards. The properties of the powders are strongly in�uenced by
parameters such as atomization, collisions, drying kinetics and liquid material
properties. These parameters determine the droplet size distribution, velocity
distribution and mass �ux which give a good indication of the �nal properties
of the powder.

The main di�erence between milk and the liquids that are commonly con-
sidered in spray drying is the high viscosity to surface tension ratio. A high
droplet viscosity can dramatically change the operating conditions and perfor-
mance of a spray dryer. García et al. [167] observed a decrease in the liquid
�ow rate if the viscosity was increased. Furthermore, when the viscosity is
high, the droplet size increases since droplet breakup has a lower probability
than coalescence, Kuschel and Sommerfeld [31], Yao et al. [168]. As a result
of the larger droplet size, the drying time will increase and the larger particles
might not be fully dried once they leave the spray chamber. Moreover the large
partially dried particles have a high tendency to attach to the wall of the spray
dryer, which is unfavourable for the performance, Stähle et al. [169]. The vari-
ation of viscosity can therefore have implications on the energy consumption of
the spray dryer. The thermal e�ciency, which is related to the amount of heat
required to evaporate a certain unit mass of water from the slurry, is a�ected
by the droplet size distribution in the spray. Larger droplets, due to an increase
of viscosity, tends to decrease the thermal e�ciency since the surface area is
lower, Baker [124], Westergaard [170].

In order to cope with these negative aspects and to further optimize the
spray drying process, deeper knowledge of the spray properties of milk concen-
trates is required.

Many di�erent techniques are available for determining spray properties,
among which: laser sheet image visualization, Particle Image Velocimetry
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(PIV) and laser induced �uorescence (LIF). Macroscopic parameters such as
spray geometry, penetration depth and wall impingement can be investigated
using this visualization techniques. Small droplets are less likely to be in fo-
cus than large droplets, leading to an overestimation of average droplets size.
The size distributions are also biased by edge and overlapping errors of large
droplets in contact with the edge of the image or with other droplets. The
PIV measures the displacement of particles in the �ow within a known time
interval. The images are divided into rectangular regions which are correlated
from each frame to produce a vector map of average particle displacements.
The LIF technique analyses the light emission from an atom or molecule due
to excitation from its initial lower electronic state to an upper electronic state
by a laser beam. The optical techniques have been reviewed by Soid and Zainal
[171]. Coghe and Cossali [172] presented a critical analysis of optical techniques
capable to provide quantitative and reliable data in dense sprays.

In this chapter, spray characteristics are obtained by performing Phase-
Doppler Anemometry (PDA) measurements. The optical dropsizing technique
is a common method for spray investigations which provides both size and
velocity information on individual droplets. Spherical droplets pass through
interference fringes of crossed laser beams, and scatter light by re�ection and
refraction. Photo-detectors at di�erent scattering angles detect similar signals
that di�er slightly in phase of modulation. This phase di�erence can be cal-
culated from Mie-scattering theory, Mie [173], and is found to be near linearly
dependent on the droplet size. PDA technique gives point-wise information,
while PIV generates entire �eld data. PIV and PDA applied in a spray were
compared in the work of Ikeda et al. [174] and Husted et al. [175]. Since de-
tailed �ow visualization of the spray is not in the scope of this project, PDA
is well-suited for this work.

8.1.1 Phase Doppler Anemometry principles

For the design of a spray process a fundamental knowledge of the �ow phe-
nomena is essential. Measurements on the basic characteristics of the dispersed
phase, namely the droplet size distribution, the droplet velocities and the mass
�ux are desirable. Such information not only provides insight into the physical
behaviour of the system but also on the coalescence and breakup events. The
Phase Doppler Anemometry (PDA) or Phase Doppler Interferometry (PDI) is
a laser optical technique enabling the simultaneous measurements of velocity
and size of spherical elements: droplets, bubbles or particles (Feldmann and
Mayinger [176]). This technique is an extension of the Laser Doppler Anemom-
etry (LDA) originally developed by Durst and Zaré [177]. The main advantages
of the method are that PDA is not intrusive, allows the di�erentiation between
continuous and discrete phase and measurements on velocity and diameters
can be performed in a dispersion of particles. PDA was used to investigate
spray properties by Sommerfeld and Qiu [146], Li and Shen [178], Wigley et al.
[179].
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(a)
(b)

Figure 8.1: (a) Coordinate system for the PDA technique and (b) beam fringes.

The LDA technique utilizes two pairs of intersecting laser beams to form
a small measurement region. The coordinate system for the Phase Doppler
Interferometric technique components are in Fig. 8.1a. Each pair of beams is
coherent and polarized so that when they intersect at an angle γ, an interference
pattern of light and dark bands or fringes is formed. The receiving lens is placed
at a distance R from the probe volume. The pairs are oriented to create two
separate interference patterns in the measurement region, taking the form of
parallel planes of light and darkness at a distance ∆x as shown in Fig. 8.1b.
The di�erence is based on the wavelength of the laser light and the angle
between the beams. The two laser beams are scattered toward the receiver but
with slightly di�erent frequencies due to the di�erent angle. As a droplet passes
through the probe volume it scatters light at a frequency based on its velocity
and on the spacing of the fringes. The frequency of this scattering signal is
detected by a receiving aperture and photo-detectors generate a current in
proportion to absorbed photon energy. The di�erence between the incident
and scattered light frequencies is called the Doppler shift. The z-component of
the particle velocity is directly proportional to the Doppler frequency fD:

uz =
λ

2 sin(γ/2)
fD (8.1)

with λ the wavelength of the laser light.
In the case a negative particle velocity is detected, according to Eq. 8.1, a

negative frequency will be produced. The receiver cannot distinguish between
positive or negative frequency. To correct for this directional ambiguity, the
frequency of one of the incoming beams is shifted by a known value, fS . The
frequency recorded by the photo-detector is therefore:

fD = fS +
2 sin(γ/2)

λ
uz (8.2)

and the sign of uz is re�ected in fD. A particle moving through the fringes at
speed uz shifts the detected frequency, fD, up (positive uz) or down (negative

uz) from fS . To avoid directional ambiguity, fS >
2 sin(γ/2)

λ
uz. To opti-

mize the system, a di�erent shift frequency will be required for di�erent �ow
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Figure 8.2: Polar plot in log scale of the light intensity scattered by a 10 µm wa-
ter droplet in air for the parallel and perpendicular orientations of polarization
to the scattering plane (YZ-plane), Feldmann and Mayinger [176].

conditions. An acoustic-optical device called Bragg cell generates the required
frequency shift. The position of the receiving optics has no direct in�uence on
the frequency measurements and so on the velocity but there is a considerable
e�ect on the signal strength.

The droplet size is determined by examining the optical e�ect the droplet
has on the beams of light passing through it. Rays of light passing through
di�erent sections of the droplet will have di�erent path lengths, creating a
phase shift between them. The phase shift relates to droplet diameter through
a linear relationship:

Φij = Φj − Φi =
πD

λ
(βj − βi) (8.3)

Where the di�erence (βj−βi) is the phase, or geometrical, factor which depends
on the scattering mode, the angle γ and the two angle determined by the photo-
detector position. The selection of the three angles is directly connected to the
sensitivity of the equipment. The PDA must be carefully con�gured to suit the
spray being measured. The selection of the scattering and polarization angles
has to take into account the angle where a single scattering mode is dominating
and where the signal to noise ratio is as high as possible.

Fig. 8.2 shows the re�ection, refraction and second order refraction scatter-
ing intensity for a water drop in air in a logarithmic polar plot of light intensity
as a function of the scattering angle for parallel and perpendicular polarization.
The scattering plane is de�ned by the position of the transmitting and receiv-
ing optics. The polarization is perpendicular when it is perpendicular to the
scattering plane. The same is valid for parallel polarization. When the Lorenz-
Mie curve is very close to one of the modes then this is the dominant and a
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Figure 8.3: Schematic of the spray setup.

good linearity between phase di�erence and particle diameter is expected. For
example for small scattering angles refraction is the dominant mode in both
polarizations. The second order refraction scattering mode has some applica-
tion limits due to the contribution of two components to the mode leading to
non linearity in the size phase relation.

8.2 Setup and liquid preparation

Experiments are performed at relatively low pressures and the spray is not
con�ned by a spray chamber. The e�ects of, for example, spray-wall interac-
tions, which in�uence the spray dynamics (Keshani et al. [180]), are therefore
not included in these measurements. Furthermore, the experiments are per-
formed isothermally at ambient temperatures thus the spray properties are not
in�uenced by e�ects related to 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 Fig. 8.3. By using the traverse system, the
spray properties can be determined in a point-wise manner at di�erent locations
within the spray. The traverse ensures that data are collected automatically
without changing the optical arrangement of the laser and receiver. To operate
the traverse, a certain mesh grid is de�ned, with all the coordinates to which
the traverse will move to measure the spray properties. In Fig. 8.4 the mesh
grid used in this work is shown and we assume that the spray is symmetrical
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Figure 8.4: Mesh grid.

in the z-plane. The measurement locations in the axial direction are at a
minimum distance of 20 cm from the nozzle because of the limitations of the
PDA technique in optically dense zone near the nozzle. At the bottom of the
spray the liquid falls in a collector coupled with a blower through a �exible
pipe and a �lter, see Fig. 8.5a. The blower generates a steady air �ow which
does not disturb the spray �ow and prevents recirculation �ows.

The laser light originates from a Dantec FlowExplorer laser. The opti-
cal receiver is an HiDense PDA Receiver and the signals are processed using
the Burst Spectrum Analyser (BSA) P60 processor. The optical and system
settings are de�ned in the software BSA Flow (v5.00) developed by Dantec
Dynamics, where the detected scattered light signal is checked and the mea-
surements results are processed. In Tab. 8.1, all the settings and parameters
of the PDA components are reported.

The type of nozzle in�uences the properties of the spray and has a signi�cant
e�ect on the droplet size distribution and velocity pro�les, Nuyttens et al. [181].
The nozzle used in this study is a 1/4JBC-SS air pressure nozzle manufactured
by Spraying Systems Co. Liquid and air are mixed right outside of the nozzle,
which is e�ective for highly viscous liquids. The ori�ce has a diameter of
1.8 mm and the initial spray angle is approximately 20o. The pressurized air
and �uid are fed through a separate tube to the nozzle. The air pressure is
controlled using a pressure valve and set to 3 bar. The liquid is fed from a
container which has a capacity of 20 litres.

In order to obtain constant milk properties for each measurement, milk
is prepared by dissolving milk powder in water. In this study, Arla whole
milk powder originating from cow's milk is used. This speci�c milk powder
consists of 26% milk fats, 24-28% milk proteins, 36-42% lactose, 5-6% minerals
and 3,2% moisture. Milk concentrates are obtained by a Tetra Pak B200-
100VA industrial mixer (Fig. 8.5b). The preparation of the milk concentrates
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Liquids 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] 8·107 8·107

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

Table 8.1: Phase Doppler Anemometry parameters.

(a)
(b)

Figure 8.5: (a) Side view of the experimental setup and (b) Tetra Pak B200-
100VA industrial mixer.

is consistently carried out following a speci�c procedure. After the mixer is
properly cleaned water is weighted and added to the mixer at a temperature
of 35 oC. The proper amount of milk powder is calculated for the speci�c
concentrate and added in 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 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. After 5 minutes, the mixer is pressurized and the milk concentrate is
removed using a valve at the bottom of the mixer.

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, Wong [182]. The
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Table 8.2: Physical properties of the liquids.

Liquids
Droplets
density
[kg/m3]

Droplets
viscosity
[Pas]

Droplets
surface
tension
[N/m]

Refractive
index

Water 1000 0.001 73·10−3 1.33

Milk 20% TS 1041 0.0043 46.8·10−3 1.363

Milk 30% TS 1068 0.0108 45.0·10−3 1.383

Glycerol 40 vol% 1104 0.005 68.5·10−3 1.392

Glycerol 60 vol% 1158 0.0155 67.9·10−3 1.417

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. The system is set up in refraction mode at a scattering angle
of approximately 70o. The choice of the scattering mode and angle will be
discussed later. For further details on milk characterization please refer to
Finotello et al. [96] and Larsson and Orucoglu [77].

8.3 Results and discussion

The spatial evolution of the spray is investigated in terms of Sauter Mean Di-
ameters (SMD) or D32 and velocity distributions. The repeatability of the
experiments for each liquid was veri�ed although the results are not shown
here. The results of this work are the average of at least 3 individual exper-
iments of the same liquid repeated on the same mesh. The acquisition time,
approximately equal to 30 s, is adjusted to assure a number of 20000 sample
in each measurement point of the mesh. Initially the experiments on the spray
of water, glycerol and milk concentrates are analysed. Then the in�uence of
scattering mode, scattering angle, type of mask, emitting and receiving optics
positions on the accuracy of measurements is discussed. A comparison of the
spray of the liquids at di�erent viscosities is �nally given.

8.3.1 Spray dynamics

The spray characteristics of a water spray are evaluated. Successively, two
glycerol-water mixtures are used to investigate the e�ect of viscosity on the
spray properties. The spray characteristics of 20% TS and 30% TS milk con-
centrates are also examined and compared, to investigate the possible e�ects
of milk complex physical properties.

In Fig. 8.6 the contour of the axial velocity and SMD are shown together
with the velocity and SMD pro�les at three distances from the atomizer. The
symmetric velocity �ow �eld is observed in the contour of the axial velocity.
The range of the droplet axial velocity is between 0.3 m/s and 18.2 m/s. In the
centre of the spray (x=0 mm) the velocity decreases when the distance from
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Figure 8.6: (a) Axial velocity contour and (b) pro�les for three di�erent axial
positions,(c) Sauter Mean Diameter contour and (d) pro�les for three di�erent
axial positions for the water spray.
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Figure 8.7: (a) Axial velocity radial pro�les and (b) SMD radial pro�les at
three axial positions for the glycerol 40 vol% and 60 vol%. (c) Axial velocity
radial pro�les and (d) SMD radial pro�les at three axial positions for the milk
concentrates at 20 % and 30% total solids content.

the atomizer is increased. The range of obtained Sauter mean diameters in Fig.
8.6d is between 39 µm and 57.5 µm with an average of 48 µm. In the middle
of the spray (x=0 mm) the Sauter mean diameter increases when the distance
from the atomizer is increased. This might be due to droplet-droplet collisions
at low relative velocity resulting in coalescence. In the position of x=-50 mm
z=200 mm droplet concentration is very low and the droplets experience a very
low velocity. The increase in SMD might be again related to the low relative
velocity between the droplets.

Fig. 8.7 shows the velocity and SMD pro�les at three distances from the
atomizer for glycerol 40 vol% and 60 vol% and for milk concentrates at 20%
and 30% total solids content. The �ow �eld of glycerol mixtures and milk
concentrates are all very similar to the one of water. The spacial evolution of
the SMD for glycerol is also similar to the one of water with its increase at
larger axial distances in the vicinity of the central axis. Moreover at larger z,
the SMD pro�les tend to �atten. The range for glycerol SMD is wider than
the one for water. In contrast, the SMD of milk concentrates resides in a small
range between 15 and 30 µm. In Tab. 8.3 a summary of the experimental data
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Table 8.3: Experimental data.

Liquids

Average
spherical
validation

[%]

Average
validation

[%]

Mean
SMD
[µm]

Mean
velocity
[m/s]

Water 68.4 81 48.4 ± 3.1 7.54 ± 4.5

Milk 20% TS 64.4 76.2 25.5 ± 2 8.1 ± 4.6

Milk 30% TS 70.2 76.5 23.2 ± 1.7 7.9 ± 4.2

Glycerol 40 vol% 67.2 75.5 41.9 ± 3.2 7.53 ± 4.3

Glycerol 60 vol% 72 79.8 30.9 ± 2.8 7.8 ± 3.9

Table 8.4: PDA settings for the di�erent liquids. The scattering mode is 1st
order refraction with 70o scattering angle.

Liquids Mask Maximum particle size [µm]
Water B 99.5
Milk A 61.3
Glycerol 40 vol% B 100.2
Glycerol 60 vol% B 100.5

with corresponding average validation and spherical validation are given.
The remarkable di�erence between the di�erent liquids is the smaller SMD

of milk concentrates compared to water and glycerol. The deviation in the
values is due to the adoption of a di�erent mask which a�ects the maximum
detectable droplet size. In Tab. 8.4 the mask and related maximum droplet size
detectable by the PDA of the liquids of this work are reported. The in�uence
of the mask in the PDA setting on the accuracy of results is explained in the
next paragraph.

8.3.2 Experimental guidelines

In this section, parameters that in�uence the PDA results are discussed in detail
since they a�ect the experimental reliability. They can be used to de�ne the
limitations of the PDA technique as well as providing guidelines for detection
of correct measurements.

Validation parameter

When non-spherical particles enter the measurement volume, the results of
the measurements can be biased. Alexander et al. [183] investigated the ef-
fect 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. When aerodynamic shear forces, induced by turbulence, �ow
accelerations or collision exceed the surface forces, droplet deformation occurs.
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Figure 8.8: Examples of validation and spherical validation contour plot for
milk concentrates.

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, Bachalo [184].

Validation mechanisms are incorporated into the PDA system to quantify
the chance that the before mentioned inaccuracies are present in the mea-
surements. In a PDA system, which contains at least two detectors, multiple
estimations of the particle diameter are carried out simultaneously. The parti-
cle sizes registered by the detectors are compared and if the di�erence is larger
than a certain threshold value, the particle is considered as non-spherical. This
so-called spherical validation process is expressed as a ratio between the amount
of valid diameter data samples and the total amount of valid bursts, Albrecht
et al. [185].

Moreover, an overall validation of the measurement is de�ned as the ratio
between the number of valid bursts and the total amount of burst signals. As
already discussed, there is a possibility that two droplets enter at the same
time the measurement volume if not su�ciently small. In this case the PDA
system detects and register it as an invalid burst signal. In Fig. 8.8, 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 which are the spray regions with the highest droplet density
while it increases towards the edges of the spray where the spray density is
low. Instead, 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 signi�cantly a�ected by inaccuracies due to droplet density gradients in
the spray. Moreover, the validation values in the dense spray regions are still
reasonably high.
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(a) (b)

Figure 8.9: Probability density function of single water droplets stream for
di�erent scattering modes, (a) 70o refraction and (b) 82o re�ection.

Maximum droplet size

The optical arrangement of the PDA system is determined by the refractive
index of the liquid of interest. Using the PDA Optical Con�guration tool of
the BSA Flow software package, the optimal scattering angle is determined for
the given refractive indices in Tab. 8.2. The optimal scattering angle is 97o

and 92o for 20% TS and 30% TS respectively. Theoretically, this means that
the PDA should be operated in the re�ective scattering mode which is often
applied for opaque liquids, see Tratnig et al. [186]. Since the concentrations
used in this work are relatively low and the wavelength of the laser is high, the
�rst order refractive scattering regime can still be used, see Manasse et al. [187].
In theory, the PDA results should not be in�uenced by the choice of scattering
mode if the scattering angle corresponds to the refractive index of the liquid.
However from experimental data, a di�erence in the droplet size distributions
is observed. In order to �nd the cause of this di�erence, measurements with a
single droplet generator are performed. The droplet generator produces a single
stream of droplets with a very narrow droplet size distribution. By performing
PDA measurements on a single stream of droplets, the e�ect 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 di�erence in the droplet size distribution.

In Fig. 8.9a the particle size distribution is shown for water droplets orig-
inating from the single droplet generator with the measurement performed
using a scattering angle of 70o in the refractive regime. It seems that the
droplets are correctly interpreted by the PDA since a narrow droplet size dis-
tribution is obtained. When the scattering angle is changed to 82o, which is
the optimal angle for water in the re�ective scattering mode, the droplet size
distribution changes, see 8.9b. The measurement using 82o results in a wider
droplet size distribution. The detected droplets are larger than the consistent
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Figure 8.10: PDF of a water spray for di�erent masks. The PDF by mass is
on the left and the PDF by number is on the right.

droplet size of around 230 µm measured using scattering angle of 70o. This is
due to a limit in the PDA software that de�nes a maximum detectable particle
size. The maximum particle size is determined by the scattering angle, type
of mask, scattering mode, focal length, and refractive index. Since only one
lens is available for the PDA system used in this work, the focal length is not
varied. The maximum particle size for scattering 70o refraction with mask C
is 237 µm, while for 82o re�ection with mask C is 329 µm.

Commonly, the optical arrangement of the PDA is con�gured based on the
properties of the liquid that is used. The whole principle of PDA is based on
calculations using a scattering angle related 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.

To minimize the number of undetected droplets, the mask can be modi�ed
controlling thus the amount of light that reaches the receiving optics. The
mask divides the incoming parallel light into three segments corresponding to
the four photo-detectors. The e�ective spatial position of each slit on the masks
determines the particle sensitivity and range that the PDA system can detect.

In Fig. 8.10 the particle size distribution for three di�erent masks are shown
using a scattering angle of 70o and 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 Tab. 8.5. The number of large droplets is only
a small fraction of the total number of droplets. Indeed only 157 droplets of the
20.000 shown in the counts histogram in Fig. 8.10 have a diameter larger than
the maximum particle diameter 99.5 µm for mask B. Since this is a fraction
below 1%, still a good representation of the spray properties is given. However
large particles often are an interesting design parameter for spray dryers since
they determine the maximum droplet drying time and play an important role
in agglomeration. Moreover, the data rate and validation decreases when mask
C is used because the signal-to-noise-ratio is low. Mask B is considered as the
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Table 8.5: Maximum droplet size for refraction at di�erent scattering angle
and mask.

Scat-
tering
angle

Mask
Mean
SMD
[µm]

Mean
Data
rate
[1/s]

Maxi-
mum
parti-
cle size
[µm]

Valida-
tion
[%]

Spheri-
cal

valida-
tion
[%]

70o A 34.7 5375 61.3 84.7 72.7

70o B 48 5160 99.5 84.6 70

70o C 74.9 4030 237.4 87.2 48.2

30o B 33.9 7082 69 76.8 71

Figure 8.11: PDF of a water spray for di�erent scattering angles. The PDF by
mass is on the left and the PDF by number is on the right.

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.

To further reduce the limiting e�ect 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 maxi-
mum measurable droplet size in the software changes when the scattering angle
is changed within the same scattering mode, Tab. 8.5.

The optimal scattering mode for water is 1st order refraction due to the
high intensities that can be reached. The optimal scattering angle for water,
according to the polar plot of Fig. 8.2 would be around 30o, giving the highest
light intensities. However, the maximum particle size for 30o is 69 µm which is
too low to detect most of the droplets of our spray system. A scattering angle
of 70o, 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 30o.
When comparing a typical PDF for 30 and 70o in the same mesh point, the 70o
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Table 8.6: Average Sauter Mean diameter, �ow rate and viscosity of the liquids.

Liquids Viscosity [Pa·s] Average SMD
[µm]

Flow rate
[ml/min]

Water 0.001 48.4 ± 3.1 235

Milk 20% TS 0.0043 25.5 ± 1.7 115

Milk 30% TS 0.0108 23.2 ± 2 110

Glycerol 40 vol% 0.005 41.9 ± 3.2 180

Glycerol 60 vol% 0.0155 30.9 ± 2.8 75

scattering angle gives a wider distribution since larger droplets are detected,
see Fig. 8.11. Because 70o is at the boundary of the favourable intensity for
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. As it is shown in Tab. 8.5, the
main di�erence between the two measurements are the Sauter mean diameter
and the data rate.

In conclusion, the optimal PDA operating conditions for the spray consid-
ered in this study is 1st order refraction at 70o with mask B.

8.4 Droplet collisions

From the measurements on the di�erent liquids we already observed that the
spatial evolution of the velocity �eld is very similar without being strongly
a�ected by the di�erence in droplet viscosity. The droplet size distributions,
instead, are characterized by a shift of high diameters for water to lower di-
ameters when the viscosity is increased. The opposite trend is expected for
viscous liquids where the frequency of coalescence is higher than for water.
The relation between viscosity and the SMD averaged over all the measure-
ments points of the spray are shown in Tab. 8.6 together with the droplet �ow
rate, calculated from the time spent to feed a certain amount of liquid stored
in the scaled container. The same inlet pressure of 3 bar is used to feed the
nozzle for all the liquids, therefore the �ow rate decreases when the viscosity
is higher. A di�erence in the �ow rate generates a variation of the initial size
distribution produced by atomization. The di�erence in the initial droplet dis-
tribution has a strong e�ect on the spacial dynamics of the spray. Therefore a
direct comparison of the liquids would be challenging without this information.
It is our aim, however, to investigate the e�ect of droplet collisions on the spray
pattern.

As explained before, the signi�cant di�erence from the local pro�les of SMD
between the liquids used in this work is due to the use of di�erent masks of the
receiving optic device. In order to compare the droplet diameter distributions
we apply the ratio D32/D10 between the SMD or D32 and the mean diameter
D10. This enables to obtain an indication of the region of the spray interested



170
Chapter 8. Phase Doppler Anemometry applied to viscous liquid droplet

spray

200 220 240 260 280 300 320 340 360 380 400

z [mm]

2.5

3

3.5

4

4.5

5

5.5

6

6.5

7

D
3
2
/D

1
0
 a

t 
x
=

0
 m

m

Water

Glycerol 40%

Glycerol 60%

Milk 20%

Milk 30%

(a)

-50 -45 -40 -35 -30 -25 -20 -15 -10 -5 0

x [mm]

2.5

3

3.5

4

4.5

5

5.5

6

6.5

7

D
3
2
/D

1
0
 a

t 
z
=

4
0
0
 m

m

Water

Glycerol 40 %

Glycerol 60%

Milk 20%

Milk 30%

(b)

Figure 8.12: (a) D32/D10 along the central axis at x=0 mm and (b) in the
radial direction at z=400 mm for all the liquids of this work.
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Table 8.7: We numbers ranges.

Liquids Average We(vrel = vaxial) Average We(vrel = vij)
Water 47.8 5.3
Milk 20% TS 48 5.4
Milk 30% TS 42.7 4.7
Glycerol 40 vol% 50.2 5.6
Glycerol 60 vol% 38.3 4.3

by droplet collisions, but it does not allow for a quantitative comparison. From
Figs. 8.6d, 8.7b and 8.7d we observe that the larger variations in SMD are along
the central axis of the spray (x=0 mm) and also at the larger axial distance
considered in this work(z=400 mm). In Fig. 8.12 the D32/D10 for all the
liquids along the central axis at x=0 mm is shown together with its pro�le in
the radial direction at the axial distance z=400 mm. A trend line is added
to the individual local measurement point values. Along the axis, a slight
increase of D32/D10 is observed. The droplet diameter increases because of
the coalescence events but the frequency of coalescence seems very low. The
e�ect of high viscosity with consequent promotion of coalescence, is not clearly
appreciable apart from the lower values of D32/D10 for water than for the
other viscous liquids. Also in the radial pro�le of Fig. 8.12b the liquids with
an higher viscosity such as glycerol 60 % and milk 30 % do not signi�cantly
di�er from the others. As we mentioned before, the low collision rate might be
the reason of a moderate evolution of size distributions related to viscosity.

A characteristic We number, estimated as We = ρl(v
2
rel)(D32)/σ, is used

to characterize droplet-droplet collisions occurring at di�erent impacting rel-
ative velocities. An estimation of the relative velocity between two droplets
is thus needed. The axial velocity vaxial can be used as an approximation
of the relative velocity but this could result in an overestimation of the We
number. From the experimental data we obtain the axial and radial velocity
for 20000 droplet samples in each location of the mesh. The relative veloc-
ity is calculated between a droplet i = 1 and all the others j=[2 - 19999],
vrel = vij =

√
(vz,i − vz,j)2 + 2(vx,i − vx,j)2, assuming equal velocity compo-

nent in the x and y direction, and the average is taken. In Tab. 8.7 the average
We number are given for the liquids considered in this work. The We numbers
calculated with vij are very low, varying approximately from 0 to 20, because
the relative velocity ranges from 0.2 to 3 m/s. At such low relative velocities
we expect very low frequency of collisions.

We can estimate the number of collisions of a droplet i moving at an average
velocity v̄ for a z droplet path, knowing the average collision frequency f with
ncoll,i = fz/v̄. The volume fraction Φ, which can be approximated with Φ =
Q/v̄A, with Q the droplet �ow rate and A the typical cross section area, is
used to calculate the average frequency of collision f = 6Φvij/d. Considering
the �ow rate of water Q=235 ml/s, an average velocity v̄=10 m/s, a cross
section area A = πR2

spray with Rspray= 40 mm, a typical droplet size of 50
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µm and vij=1.5 m/s the typical collision frequency f is 14 1/s. Given the
average velocity, after a distance z the typical number of collision is ncoll,i=
1.4 z. So, in a meter a droplet would on average collide 1.4 times and in
0.2 m (our mesh axial distance) only 0.24 times. Although these values are
only an approximation, they indicate that the droplet size distributions of
the spray considered in this work are hardly a�ected by droplet collisions.
The consideration of larger axial distances does not increase the frequency of
collision because the average axial velocity and relative velocities would even
decrease. Only a higher pressure sprayer setup, with higher relative velocities,
will lead to appreciable droplet collisions.

8.5 Conclusions

The spatial evolution of the droplet size and velocities of a spray of water,
glycerol mixtures and milk concentrates has been experimentally investigated
using the PDA technique. In general, along the centre of the spray, the droplet
diameter increases as the distance from the atomizer is larger. Towards the
edges of the spray, the droplet size tends to slightly decrease for all di�erent
liquids considered in this work. The droplet sizes are thus larger in the centre
of the spray where the droplet density is high. The slight increase of detected
droplet size when moving to higher axial distances might be due to coalescence
events. The frequency of collisions seems however very low, maintaining the
size pro�les very �at, thus no strong e�ects of coalescence or separation are
visible. For this spray system the increase in viscosity of the sprayed liquid does
not result in a signi�cant increase in droplet sizes. Even for similar operating
conditions, especially liquid �ow rate and air pressure, there is no e�ect of
viscosity on the SMD. The signi�cant di�erence for the SMD pro�les of milk
is due to the use of a di�erent masks during experiments.

We observed that the scattering mode, scattering angle and type of mask
signi�cantly a�ect the maximum detectable diameter of the droplets and thus
accuracy of measurements. The optical technique performance is also related
to the calibration of the laser and receiver positions. A correct settings of the
system in terms of scattering, mask and receiver calibration leads to high values
of validation and spherical validation parameters.

Because the absolute values of SMD between the liquids are not comparable,
the ratio D32/D10 is used. The increase of droplet diameters due to coalescence
is observed along the central axis and at larger radial positions. Although this
behaviour is more pronounced for a viscous liquid than for water, a signi�-
cant in�uence of the viscosity of the liquids at di�erent concentrations is not
appreciable.

Most of the collisions are occurring in the vicinity of the central axis and
at relatively large distances from the nozzle but at a very low collision rate.
Indeed from the experimental data of velocity and droplet size, we estimated
an extremely low typical average collision frequency of droplets for the spray
investigated here. This explains the small variation of size distributions for
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liquid of higher viscosity.
This work contributes to a better understanding of the application of laser

optical technique on spray system. Important experimental guidelines for a
correct experimental performance and a correct measurements detection are
provided and can be considered as a crucial support for further investigations
of spray system with PDA technique.





Chapter

9

Epilogue

9.1 Conclusions

The main objective of this work was to obtain a more fundamental insight
into droplet-droplet interactions of viscous liquids and their behaviour in a
spray dryer. Dedicated experimental techniques and simulations tool have been
developed and used in this thesis to investigate both at the scale of individual
droplets and at the larger scale of droplet sprays.

When suspension or solution droplets are dried, their viscosity increases
remarkably as the moisture content decreases. The detailed study of highly
viscous droplet interactions is therefore essential to develop larger scale collision
models for spray drying. This work helps to predict the droplet size distribution
in the region close to the droplet inlet of a spray dryer and eventually to control
the distribution of the �nal powder.

In order to investigate collisions of viscous droplets, Direct Numerical Sim-
ulations (DNS) using the Volume of Fluid (VOF) method have been performed
in Chapter 2. Collision regime maps were established from a wide range of im-
pacting conditions. Although di�erent collision parameters revealed a strong
variation of the collisional morphologies and di�erent pro�les for the viscous
dissipation rate, a relatively simple collision model was derived. The boundary
between coalescence and stretching separation is based on an analysis of the
viscous dissipation energy over the total energy of the colliding drops. The
coalescence to re�exive separation transition accounts for the viscosity through
the dissipated fraction of the e�ective re�exive energy. Even if this model is not
based on an energy budget analysis, it predicts the onset of re�exive separation
at impact parameter B=0, as well as the complete boundary. The innovative

175
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aspect of this work is the explicit modelling of the e�ect of viscosity on the
droplet-droplet collision outcome. Moreover the viscous collision model can be
used as a general approach for a preliminary design and optimization of the
spray process.

The general collision phenomenological model derived in Chapter 2 predicts
the in�uence of a Newtonian viscosity, but is not able to account for rheological
e�ects occurring in complex suspensions such as milk. To extend the investi-
gation of droplet collision to di�erent liquids, experiments of binary droplet
collision of glycerol and milk for di�erent velocity, impact geometry and vis-
cosity are carried out in Chapter 3. Colliding mono-dispersed droplets streams
are processed by Droplet Image Analysis. Glycerol solutions and milk concen-
trates have similar collision morphologies, however, the regime of bouncing is
not observed for any of the milk concentrates, not at low kinetic energy nor at
high impact parameter. Available models in the literature have been adapted
to agree with our experimental data and are now applicable to glycerol as well
as milk concentrates.

To investigate the mechanism promoting coalescence rather than bouncing
in milk concentrates we performed experiments of non-Newtonian droplet col-
lisions in Chapter 4. For the �rst time a full regime map for droplet-droplet
collisions of shear thinning non-Newtonian Xanthan solution was generated.
Morphological collision behaviour and outcomes are strikingly di�erent from
the Newtonian counterparts. The regime of re�exive separation is not observed,
even at relatively high kinetic energy, and coalescence occurs instead. From the
analysis of the collisional events it was found that this outcome might be related
to increased viscous energy dissipation and extensional e�ects. The bouncing
behaviour is instead similar to the one of glycerol, therefore the non-Newtonian
nature of milk at high solids contents is not responsible for the absence of the
bouncing regime.

Due to the complexity of non-Newtonian droplet collision, the milk colli-
sions models from Chapter 3 are applied in a spray model. The numerical
investigation was presented in Chapter 5. An Euler-Lagrangian spray model
is used, in which droplet collisions are detected using the Direct Simulation
Monte Carlo method. The droplet collisions in an isothermal spray and their
response to the subgrid turbulent dispersion model, accounting for �uid veloc-
ity �uctuations along the droplet trajectory, are investigated. The frequency of
collisions for all the regimes are enhanced if the additional turbulent dispersion
is accounted for. In the proximity of the droplet inlet breakup events are com-
mon, while at larger axial distances coalescence events shift the droplet size
distribution to larger droplet diameters. With the increase of droplet viscosity
the frequency of collision reduces due to promotion of coalescence.

The increase of the Sauter Mean Diameter at large axial distance from the
nozzle and at higher droplet viscosity has an e�ect on drying processes, where
heat and mass transfer are related to the size of the droplets. A spray dryer
Eulerian-Lagrangian model with coupled gas phase and droplet heat and mass
transfer balances was investigated in Chapter 6. Distributions of droplet tem-
perature and wet fractions were analysed in relation to the air�ow dynamics,
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temperature and humidity pro�les in di�erent positions of the spray. In the �rst
centimetres from the droplet inlet most of the heat and mass transfer occurs
because of the high temperature and humidity gradients. With increasing the
liquid viscosity the droplet temperature slightly increases and larger droplets
are produced because of coalescence.

In the integrated model of Chapter 5 and 6 only droplet-droplet collisions
were predicted. In spray drying, the mechanism of agglomeration of sticky par-
ticles strongly a�ects the �nal powder properties and its prediction is therefore
essential but at the same time very challenging. The preliminary agglomera-
tion model, described in Chapter 7, enables the identi�cation of predominant
regimes in di�erent zones of the spray. In the �rst meter of a spray this ap-
proach predicts a remarkably low rate of agglomeration events.

In Chapter 8 a droplet spray, generated from a two-�uid nozzle at low
pressure, was studied by experiments with Phase Doppler Anemometry (PDA)
technique. The size and velocity distributions in di�erent positions of the spray
were found to be strongly dependent on operating conditions such as liquid
�ow rate, viscosity and initial droplet size distribution. A prior and conscious
calibration and setting of the optics in relation to the nozzle type and droplet
properties are crucial for a correct experimental performance.

9.2 Outlook

In this work a model was developed to predict droplet interactions and the evo-
lution of the droplet size distribution in a spray dryer. Despite the bene�ts and
potentials of the collision model, there still exist areas for continued advances.
In this section avenues for improvement and extensions for the existing model
will be discussed to facilitate future investigations on the topic.

A more detailed description of the phenomena occurring at the individual
droplet scale is still currently a pillar area of investigation. A number of ex-
periments and numerical investigations have made fundamental discoveries of
the physical processes controlling binary droplet collisions, but the cause of
some behaviour is still unclear. The e�ect of di�erent size ratio and of the
absolute droplet diameter in droplet interactions is a common issue in appli-
cations dealing with size distributions. From the studies of Tang et al. [188],
Ashgriz and Poo [9] and Sun et al. [189] it was found that unequal-size droplet
collisions promote permanent coalescence but a detailed model for the collision
boundaries is still missing. Collisions of droplets with di�erent viscosity and
composition are currently being explored, see e.g. Gao et al. [190] and Focke
et al. [88], however their behaviour in spray drying is still not entirely under-
stood. The study of collision behaviour of droplets with an internal viscosity or
even viscoelasticity gradient is important for the understanding of the dynam-
ics of drying droplets which presents a more viscous or viscoelastic shell and
a low viscous core. The regime maps of collision outcomes of drying droplets
might be di�erent from the droplet-droplet impact at room temperature.
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In spray drying, the spectrum of impacting conditions and collision out-
comes is very wide depending on the location in the spray and on drying pro-
cesses. Therefore it is important to investigate collisions at extremely low and
high impact kinetic energy. Pan et al. [100] and Liu and Bothe [191] already
found di�erent separation behaviours such as �ngering and separation, breakup
in satellites and prompt splattering into multiple extremely small secondary
droplets as the Weber number was increased. The critical Weber numbers that
mark the boundaries between these impact regimes were identi�ed unfortu-
nately only for head-on collisions. At low We numbers the collision outcomes
are usually bouncing and coalescence, which are usually interpreted by the
theory of inter-particle gas layer. Modelling the �lm drainage between two col-
liding drops is an interesting and challenging issue regarding the prediction of
interfacial composition and hydrodynamical interactions. The validation with
experiments is di�cult because of the experimental di�culties in stabilizing
the injected stream at such low velocities.

In this dissertation we observed that the collisions of whole milk droplets do
not show bouncing but coalescence and separation. Using liquids that mimic
the complex milk composition is a valid option to explore this topic and to
obtain a detailed characterization of milk and other dairy products. The colli-
sion of non-Newtonian droplets is essential for food production applications. In
Chapter 4 novel results were obtained for shear thinning droplets but the exper-
iments of non-Newtonian droplet collisions are strongly limited by the unstable
jetting regimes of the streams. The study can be extended to shear thickening
and viscoelastic liquids with numerical simulations. Novel phenomenological
models of collision boundaries with dimensionless parameters accounting for
the variation of viscosity with the shear rate µ(γ̇) or relative amount of elas-
ticity enables a better description of the collision dynamics.

Spray drying is currently one of the most common technologies for the dairy
industry. The �nal produced powder needs to accomplish quality standards in
terms of particle size distribution, residual moisture content, bulk density and
morphology. The optimization of the product is usually obtained by trial-and-
error approaches because the powder morphology and agglomeration behaviour
are di�cult to predict. Drying droplets have very steep internal moisture pro-
�les. The collision models should take into account the droplet and particle
surface and not only the average properties. The development of predictive
models for agglomeration towards the description of agglomerates morphology
and number of original particles are moreover required but still very challeng-
ing.

The Eulerian-Lagrangian method is becoming more and more popular for
the simulation of dispersed multiphase �ow as the computational ability grows.
The Eulerian-Lagrangian approach is computationally demanding when sev-
eral computational grids are considered and many hundreds of thousands of
droplets are modelled. The stochastic approach requires a more sophisticated
parallelization strategy. The development of an algorithm of parallelization is
particularly relevant for industrial applications where the scale of the processes
are very large.
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Gimbun et al. [149] discussed the challenges in the validation of spray
dryer simulations. The available local measurements of the �ow �eld and
droplet/particle parameters are few because of the extreme operating condi-
tions of spray dryers. The validation of spray dryer model requires detailed
and high quality data but often temperature and moisture measurements of
the air �ow are not combined with the disperse phase information. Novel ex-
perimental techniques for measuring temperature and humidity pro�les of the
continuous phase should be coupled with laser methods to obtain information
on the dispersed phase dynamics.

The prediction of the droplets size and velocities distributions initially
formed in sprays by atomization is an important information needed in the
spray modelling, because it de�nes the initial condition of the spray. Exper-
iments in the dense inlet region of the droplet sprays poses many challenges
and no techniques have proven to obtain accurate quantitative data. There
are emerging optical techniques, Coghe and Cossali [172], such as ballistic and
X-ray imaging, which might be, after further development, a valid alternative
to study dense spray regions.
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