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Abstract:

Spray drying is a process, which produces powders from the fluid state. 
This type of process is mostly used in the industrial sector. In this process, 
a liquid slurry is atomized, forming droplets, which are dried with hot air.
During spray drying these droplets will interact and upon impact can show 
different types of interactions; droplet-droplet collisions as well as 
interactions with partially or completely dried particles, leading to 
agglomeration. The result of collision gives properties of the dried 
powder. The focus of the thesis is to investigate the droplet-droplet 
collision outcomes of WPC 80 (Whey Protein Concentrate 80) and 
Lactose. Then the effects of the absolute droplet diameter and the droplet 
diameter ratios are to be determined. Existing experimental setup and 
Image Processing Tool of MATLAB is used to study the collision 
outcome. The outcomes are shown in a regime map. The present results 
are compared with different products result and literature study. It is 
observed that there is an effect on collision outcome for different droplet 
size ratios and no effect for absolute droplet diameter.
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Notations

B Impact Parameter

b Displacement between two droplets m

Ca Capillary number

d Droplet diameter m

ds Diameter of smaller droplet m

dl Diameter of larger droplet m

F Force N

F Fat

h Height ft

L Wetted Perimeter

Oh Ohnesorge number

Re Reynolds number

r Radius of droplet m

Ssi Surface energy of the region of interaction J/m2

Vs Total volume of the small drop m3

Vl Total volume of the large drop m3

vrel Relative velocity vector m/s

We Weber Number

∆ Droplet size ratio

θ Contact angle radian

ρ Droplet density kg/m3

ρd Density of fluid kg/m3

μ Viscosity Pa.s

μd Fluid viscosity Pa.s

σ Surface tension N/m
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Abbreviations

DEG Di-Ethylene Glycol

HS Camera High Speed Camera 

MEG Mono Ethylene Glycol

TEG Tri-Ethylene Glycol

TS Total Solids

WPC Whey Protein Concentrate

SNF Solids Non-Fat
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 Introduction 

Tetra Pak is the world's leading food processing and packaging solutions 
company. The company has more than 24,000 employees around the world 
and specialized in wide-ranging solutions for the processing, packaging and 
distribution of food products. The head offices of the company are in Sweden 
and Switzerland. Tetra Pak is one of three companies in the Tetra Laval 
Group [1]. In dairy products, company’s spray dryers lead the industry. 

Spray drying is an important industrial process to produce a free-flowing 
powder from a fluid feed by evaporating the solvent. Powder characteristics 
such as density, particle size, flow characteristics & moisture content can be 
controlled by spray drying process. In a spray dryer, droplets collide with 
each other which are emitted from more than two different atomization 
nozzles (usually 3-9). The final powder quality depends upon the collision of 
droplets [2]. In this work, the phenomenon of droplet collision, collision 
parameters and their respective outcomes are studied. 

 

 Background 

The behaviour of droplet collision phenomenon has been investigated for 
more than five decades experimentally [3], [4], [5], [6]. Collision of droplets 
have a wide range of applications such as liquid-liquid extraction, 
atmospheric raindrop formation, waste treatment and hydro-carbon 
fermentation [7], [8]. 

There are few parameters which can describe the phenomenon of binary 
droplet collision: droplet density, viscosity, droplet size ratio, surface 
tension, impact parameter and relative velocity. 

There is a wide possibility of study in this field as the droplets are very 
heterogeneous and a variety of sizes, velocities, temperatures, viscosities, 
surface tension and density play a key role in deciding the collision behaviour 
of liquids. Therefore, it is essential to provide models, which describe the 
collision outcomes as a function of all these properties. Quantitative results 
are provided by experimental studies in the literature. This work is mostly 
experimental, and experiments of binary droplet collisions are used to 
understand the collision dynamics of different liquids under different 
physical and impacting parameters. A reduced two-dimensional collision 
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regime map is defined as the boundaries between them. These collision 
outcome models can be employed as closure term for simulations of spray 
dryers. The collision regime map is also dependent on chemical compositions 
of the constituents, and possibly on absolute droplet sizes, gas pressure, and 
probably turbulence. 

In spray drier, when nozzles are adjusted, number of collisions may differ, 
and expected standard of powder is attained by change of the atomization 
process (initial droplet size distribution). There are other parameters such as 
drying, collisions, air temperature and humidity conditions and initial liquid 
droplet physical properties. Nowadays, the optimization of the powder 
particle size distribution is achieved by trial and error method. Previous work 
has been done by using milk and water, but the regime of bouncing was not 
observed for both the liquids. So further interest is to find the reason behind 
the absence of bouncing in milk. 

In Figure 2.1, sketch of a droplet-droplet collision is shown. Impact 
parameter is the distance between two droplet centres in the plane 
perpendicular to relative velocity normalized by radius of two droplets. If the 
impact parameter is near to 0, then it is head-on collision. If the impact 
parameter is near to 1, then it is grazing collision.  

 

 

Figure 2.1. Sketch of a droplet-droplet collision [9]. 

Where, 

dl – Diameter of large droplet 

ds – Diameter of small droplet 



13

vl – Velocity of large droplet

vs – velocity of small droplet

vrel – relative velocity vector

b – lateral displacement between 2 droplets

As per literature study, droplet-droplet collision can result in four different 
collision outcomes: bouncing, coalescence, stretching separation and 
reflexive separation are shown in Figure 2.2. An overview of the outcomes 
is given below. For highly energetic impacts, catastrophic impacts are 
observed.

(a) (b)
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(c) (d)

Figure 2.2. Different Collision outcomes of Lactose. (a) Bouncing (b) 
Coalescence (c) Reflexive Separation (d) Stretching Separation

Bouncing

When two droplets collide with each other, air pressure is increased between 
droplets. If the kinetic energy of the collision is not enough to overcome this 
pressure, then contact of droplet surfaces is prevented with gas film and thus 
bouncing occurs. The phenomenon of bouncing is seen when the kinetic 
energy is not enough to overcome the pressure force of the air film between 
the droplets caused due to collision. This avoids the contact of droplet 
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surfaces and the drops bounce apart [10]. Also, for grazing droplets, 
bouncing occurs at higher kinetic energy of the collision. It can be seen when 
kinetic energy is transformed into surface energy because of deformation, 
until droplets come to rest. Again, surface energy is converted back to kinetic 
energy and bouncing occurs [11].

Coalescence

Coalescence is the process where two or more droplets merge to form a single 
larger droplet. Coalescence can be observed for very low kinetic energy 
where the effect of pressure build-up is much lower since the resistance 
against drainage from the gap between the droplets is substantially lower.
Coalescence is observed in two areas. At very low Weber numbers, relative 
velocity between the two droplets is very low, a slight deformation occurs 
and then the merged droplets remain combined [12]. At higher Weber 
numbers, higher relative velocity is obtained. According to G. D. M. Mackay 
and S. G. Mason [13] and S. G. Bradley and C. D. Stow [14], coalescence is 
seen when the thickness of the gas layer reaches a critical value located in 
the range of the molecular interaction (≈102 Å). Coalescence can also be seen 
at slightly higher velocities at various lower impact positions, but these need 
not to be a permanent coalescence. Coalescence can be either permanent 
(where the collision outcome is stable with major deformation) or a 
temporary, which can later lead to separation of droplets after collision. The 
evolutionary process in a coalescence at low Weber numbers is governed by 
the competition between stretching and drop drainage. The higher the impact 
parameter, the higher the stretching hence the shorter time for drainage [10].
This is later discussed in the next chapters.

Reflexive separation

A torus-like drop the exact shape of which depends upon the Weber number. 
A torus/disk like droplet will not have a hole at its center instead a thin liquid 
film is always observed. Due to its large curvature at the circumference of 
the torus, there will be a greater pressure difference between its inner and 
outer regions. The torus will therefore contract radially inward and push the 
liquid out from its center. This contraction process is a reflexive action from 
the liquid surface. This reflexive action will eventually generate a long
cylinder with rounded ends, the cylinder will just oscillate until a spherical 
droplet is formed [10]. At a higher Weber number, the liquid cylinder breaks 
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to two or more droplets. Reflexive separation can be observed for head-on 
and near head-on collisions. 

 
 Stretching Separation 

In the Stretching separation, two drops collide at high impact parameters to 
form a region of interaction. The outcome is dependent on competition 
between the surface energy of region of interaction and portion of initial 
droplet kinetic energy. Collision outcome is governed by drop drainage and 
drop stretching which are opposing effects. As the Weber number increases, 
effect of stretching will increase, as well as the smaller drop tends to shear 
off more of the mass of the large drop and generates more satellites while the 
impact parameter remains the same [10]. The two opposing effects of 
drainage and stretching will determine the size of the drops after the collision. 
The number of satellite droplets and their sizes can be related to the length 
of the liquid bridge connecting the original droplets [15]. In the next section, 
the concept of the collision regime map will be introduced. 

 

 Collision Regime Maps 

A schematic of a two-dimensional reduced (We-b) collision regime map is 
shown in Figure 2.3. 

 
Figure 2.3. 2D Reduced Collision Regime map [6]. 
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 Problem Description 

The aim of this work is to develop a model which describes the very complex 
behaviour of liquid droplets. The definition of predictive collision models 
enables to control the characteristics of the final powder quality. 

This work specifically focuses on finding the collision dynamics of WPC 80 
and Lactose droplets in the spray dryer. In addition to that, a wide and 
detailed study of absolute diameter and different droplet diameter ratios are 
studied to better understand the droplet dynamics for various applications. 
Depending on various physical properties and collision properties, different 
collision outcomes are expected. 

 

 Aim and Objectives 

By using an existing setup, droplet collisions of the given products will be 
studied. These collisions are registered by a high-speed camera. To 
investigate the collision result, Image Analysis Tool of MATLAB will be 
used. A suitable procedure is applied to obtain powder of desirable 
properties. The objectives of this project are specified below: 

1. To provide regime maps for products: WPC80 & Lactose as 
suggested by Tetra Pak. 

2. To study the influence of droplet diameter ratio on regime map. 
3. To study the influence of absolute droplet diameter on regime map. 

 

 Research Questions 

1. What are the collision outcomes of the given products? 
2. How do the collision outcomes depend on liquid properties of the 

given products? 
3. How do the different droplet size ratios affect the regime map? 
4. How does the absolute droplet diameter affect the regime map? 
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Disposition

The thesis report starts with a brief introduction of droplet-droplet collision, 
problem description, aim and objectives, research questions, literature study 
and studied system in chapter 1 to 4. Chapter 5 & 6 presents the Experimental 
testing, Post processing using MATLAB, Results, Comparison of results and 
Implementation of models. Chapter 7 presents the discussion & conclusion 
drawn from the work. Finally, chapter 8 gives the answers to the research 
questions and chapter 9 presents a possible future work in this area.



 19 

 Literature Study 

Non-dimensional parameters that have a significance in droplet collision 
phenomenon are Weber number (We), Ohnesorge number (Oh), Capillary 
number (Ca), Reynolds number (Re). These parameters together with impact 
parameter (B) and Droplet size ratio are defined below. 
 
Weber number (We) is defined as the ratio of inertial force to surface 
tension force (3.1). It is a dimensionless number. 

 

    (3.1) 

Where, 

ρ – Droplet density 

d – Droplet diameter 

σ – Surface tension 

vrel – Relative velocity vector 

s (subscript) – droplet with smallest diameter 

 

Impact Parameter (B) is calculated using the below equation (3.2). It varies 
from 0 to 1 depending on angle at which droplet collides.  

 

     (3.2) 

Where, 

b – Displacement between two droplets 

r1, r2 – radii of two droplets 

 

Ohnesorge number (Oh) is defined as the ratio of viscous force to the 
inertial and surface tension forces (3.3). It is also a dimensionless number. 
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    (3.3) 

Where, 

μd – fluid viscosity 

ρd – Density of fluid 

ds – Diameter of droplet 

σ – Surface tension 

 

Capillary number (Ca) is defined as the ratio of viscous force to the surface 
tension force (3.4). 

 

    (3.4) 

Where, 

μd – liquid viscosity 

| vrel | - relative velocity between two droplets 

σ – Surface tension 

 

Reynolds number (Re) is defined as the ratio of inertial force to the viscous 
force (3.5). 

 

    (3.5) 

Where, 
ρd – Density of fluid 

| vrel | - relative velocity between two droplets 

ds – Diameter of droplet 

μd – liquid viscosity 
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Droplet size ratio ( ) has a value between 0 and 1. It is calculated using the 
below formula (3.6). 

 

     (3.6) 

Where, 

 - Droplet size ratio 

ds – Diameter of smaller droplet 

dl – Diameter of larger droplet 

 

 Head on collisions 

Head on collisions refers to collisions in which relative velocity vector 
coincides with center to center line. (b=0) 

 

 Off center collisions 

Off-center collisions refer to collisions in which relative velocity vector does 
not coincides with center to center line. (b≠0)  
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Jiang et al. [16] proposed models which include the viscosity that describes 
the boundaries between coalescence and stretching separation, coalescence 
and reflexive separation. Ashgriz and Poo [10] did not take viscous 
dissipation into consideration and predicted the boundaries for coalescence, 
stretching separation and reflexive separation. Finotello et al. [17] proposed 
models that describe coalescence and separation regimes taking effect of 
viscosity into consideration. Qian and Law [6] gave new perceptions for the 
reflexive separation taking effect of viscous dissipation into consideration. 
Gotaas et al. [18] studied the effect of viscosity experimentally and 
numerically and presented new relation for onset of reflexive separation at 
high viscosities. Estrade et al. [19] proposed a new theoretical model of 
bouncing. 

 

Jiang et al. [16] conducted experiments on collisional dynamics of equal 
sized water and normal-alkane droplets. Results of hydrocarbon droplets 
behaviour are more complex than that of water droplets. 

Increase in droplet Weber number, change the collision outcome (permanent 
coalescence, bouncing, permanent coalescence again, and coalescence 
followed by separation with or without production of satellite droplets). 

Below model (3.7) describes the boundary between coalescence and 
stretching separation. 

 

  (3.7) 

Where, 

We – Weber number 

B – Impact parameter 

μ - Droplet viscosity 

ρ – Droplet density 

σ – Surface tension 

d – Diameter of small droplet 

C1 & C2 – Constants 
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The dimensionless parameters, such us the We number, used in the collision 
models are defined in the next paragraph. Below model (3.8) describes the 
boundary between coalescence and reflexive separation. 

 

    (3.8) 

Where, 

C3 & C4 – Constants 

The difference in collision behaviour is caused by the change in rheological 
properties of the fluids, droplet size ratio, impact parameter and relative 
velocity. Coalescence is possible when clearance distance is smaller than a 
certain critical value which is expected to depend on the material properties. 

 

Ashgriz and Poo [10] conducted experiments of the binary collision with 
water drops for different size ratios of 1, 0.75, 0.5 and in the range of Weber 
number (1 to 100) and impact parameters (0 to 1). Reflexive separation and 
stretching separation are two different collision outcomes that are identified. 
Reflexive separation is originated for head-on or near head-on collisions. 
Stretching separation is originated for higher impact parameter collisions. 
With the experimental procedure, boundaries for coalescence, reflexive 
separation and stretching separation are found. The theoretical models for the 
reflexive and stretching separation are also given. 

The empirical model to predict the boundary between coalescence and 
reflexive separation is given by the equation (3.9) below: 

 

 (3.9) 

 

Where 

η1 =  

η2 =  

 =  
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The empirical model to predict the boundary between coalescence and 
stretching separation is given by the equation (3.10) below: 

 

   (3.10) 

 

Finotello et al. [17] studied the effect of viscosity on the outcome of binary 
collisions between droplets of milk concentrates by examining three types of 
milk concentrates: 20%, 30%, 46% total solids (TS) content. The collision 
outcomes are presented in a regime map which depends on impact parameter 
and Weber number. Ohnesorge number is introduced to describe the effect 
of viscosity from one liquid to another. A model is proposed which describes 
the boundaries defining the coalescence-separation regimes. The outcome of 
milk concentrates is compared with aqueous glycerol solutions experiments. 

Arla spray-dried whole milk powder is used. The challenging part for 
investigation of viscosity effect is the complex chemical composition and 
rheology of different milk concentrates. The rheological behaviour of milk 
depends on the total solids content: 

 Below 30% TS content, milk concentrates behave as a Newtonian 
fluid. 

 For higher TS content, non-Newtonian shear-thinning behaviour is 
observed. 

The stretching separation occurs at sufficiently high B and high relative 
velocities. No bouncing was observed for head-on collisions at very low We 
numbers nor for high impact parameters. The head-on onset of reflexive 
separation was observed: 

For 20% TS milk – We between 32 and 35. 

For 30% TS milk – We between 44 and 51. 

For 46% TS milk - no reflexive separation was observed in a range of We 
number between 0 and 100. 
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The model (3.11) for coalescence and reflexive separation is 

 

     (3.11) 

Where, 

 

 

 
The model (3.12) for coalescence and stretching separation is 

 

  (3.12) 

 

Qian and Law [6] performed experiments on droplet collision dynamics 
with focus on transition between different outcomes. The transition of water 
and tetradecane droplets in both nitrogen and helium environment was 
observed. They explained that the change in collision behaviour of water and 
hydrocarbon droplets is due to change in viscosity and surface tension. They 
revealed that the formation of satellite droplets is the result of ligament 
pinching as an alternative to capillary-wave instability. For higher Weber 
numbers, a criterion for coalescence and separation with inclusion of viscous 
dissipation is obtained. 

The relation between critical Weber number of reflexive separation and 
Ohnesorge number is given by the equation (3.13): 

 

   (3.13) 

Where, 

C5 & C6 – constants 
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From above equation, initial kinetic energy is divided into two parts: amount 
needed to overcome viscous dissipation and amount required to achieve the 
final deformed liquid shape. 

 

Gotaas et al. [18] The effect of viscosity on droplet-droplet collision 
behaviour at atmospheric conditions was studied experimentally and 
numerically. The materials used in the investigation are N-decane, mono 
ethylene glycol (MEG), di-ethylene glycol (DEG) and tri-ethylene glycol 
(TEG). The range of viscosities differed from 0.9 to 48 mPa s. The range of 
Collision Weber numbers varied from 10 to 420. 

The relationship between Weber number and Ohnesorge number given by 
Jiang et al. and Qian and Law is valid for Oh < 0.04. The relationship is 
linear. For higher Oh numbers, it is not valid because of very large 
deformations experienced by all the merged droplets after collision. 
Therefore Gotaas et al. proposed: 

 

   (3.14) 

 
Above model (3.14) shows the critical Weber number is given by power of 
Ohnesorge number. The value of Oh not more than 0.33 gives the exact 
description of We with C7 = 9309.0 and C8 = 1.7056. 

 

Estrade et al. [19] performed experiments with ethyl alcohol for different 
droplet ratios =1 and =0.5. The transition curves from the literature are 
compared with experimental data. New theoretical model (3.15) of bouncing 
is proposed. 

 

   (3.15) 

Where, 

  



 27 

 Studied System 

In this study, the regime maps of WPC 80 and Lactose are studied, which are 
two of the main constituents of milk. The characterization of these liquids 
has been performed at ambient temperature and will be explained in this 
chapter, starting with milk as a reference. 

 

 Physical Properties of Milk 

The opacity of milk is due to suspended particles of fat, proteins and certain 
minerals. The colour varies from white to yellow, according to the coloration 
(carotene content) of the fat. Skim milk is more transparent, with a slightly 
bluish tinge [20]. 

 

 Appearance 

Milk is an emulsion of fat globules. In the Figure 4.1, milk is viewed at 500X 
magnification and in Figure 4.2 at about 50,000X, which is a partially stable 
emulsion (skimmed milk). 
Milk fat globules in cow milk range in size from 0.1 to 15 micrometres and 
have a density of 0.92 g/ml. Total surface area of fat globules in milk is about 
80 m2 [21]. 
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Figure 4.1. Magnification of Milk with 500 X [21]. 

 

Milk with a magnification of 500X with fat globules is shown in Figure 4.1. 

 

 
Figure 4.2. Magnification of Milk with 50,000X [21]. 
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Milk with magnification of 50,000X with fat globule membrane showing the 
presence of casein micelles is shown in Figure 4.2. 

 

 Density & Viscosity 

The density of cow’s milk normally varies between 1.028 and 1.038 g/cm3, 
depending on its composition. The density of milk at 15.5 ºC can be 
calculated [20] according to the formula (4.1): 

 

   (4.1) 

Where, 

F = %fat 

SNF = %Solids Non-Fat 

Water % = 100 - F – SNF 

 

When TS content increases, the viscosity of milk concentrates increases 
exponentially [22]. It is due to loss of free motion [23] and at higher TS 
content, protein-protein interactions occur more frequently [24], [25]. The 
viscosity of milk is dependent on shear rate, total solids content and time or 
shear history. 

 

 Chemical Composition 

Milk is an emulsion of fat globules, suspension of casein micelles (casein, 
calcium, phosphorous) and contains Lactose, Whey Proteins and some 
minerals in a soluble form. This is all suspended in an aqueous phase. Milk 
seems to be a very simple liquid but when its chemical composition and 
physical properties are considered it is one of the most complicated fluids to 
handle. The main reason behind its complicated behaviour is the presence of 
fats and other compounds such as Whey Proteins and Lactose. 

WPC and Lactose are the major constituents of milk and the absence of 
bouncing in whole milk has got a greater importance in the study of collision 
behaviour for milk. To discover the compound that is causing the absence of 
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bouncing in milk, WPC and Lactose are studied. WPC and Lactose are only 
found in milk. It is important to study the characteristics of milk to better 
understand the physical and chemical behaviour of the given liquids. 

 

 Characterization of liquids 

Collision dynamics are affected by liquid properties, such as viscosity and 
surface tension. The properties used for the liquids are shown in Table 4.1. 

Physical properties like density, viscosity and surface tension of WPC and 
Lactose are given by Tetra Pak Cheese and Powder Systems B.V. 
Heerenveen, Netherlands. 

 

Table 4.1. Physical Properties of Liquids. 

Concentration Surface 
tension (N/m) 

Viscosity 
(Pa.s) 

Density (kg/m3) 

WPC 80-20% TS 0.046 0.00289 1093  

Lactose-20% TS 0.058 0.00348 1082  

Glycerol-80% TS 0.0651 0.0888 1211 

Milk-20% TS 0.0468 0.0043 1041 

 

 Physical Characteristics of WPC 

According to the literature, whey can be refined as Sweet whey powder, 
Reduced Lactose Whey, Demineralised Whey, WPC 34, WPC 80, Permeate. 
It contains about 50% of nutrients such as lactose, proteins, vitamins and 
minerals. Apart from that Whey comprises 80-90% of the total volume of 
milk used for processing [20].  

Whey is a by-product of cheese and rennet casein (sweet whey) and has a pH 
of 5.9 - 6.6. More than 40% of processed whey solids are directed to 
associated products such as WPC 35-80, Whey Protein Isolate, Lactose and 
permeate. Whey proteins can be easily produced by careful spray drying of 
whey [20]. 
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Ultrafiltration method is used to produce WPC. Whey proteins are described 
based on the amount of protein content in their dry mass and usually ranges 
between 35% - 80% [20]. 

WPC 80 is produced by the method of ultrafiltration and diafiltration. Both 
the procedures are followed to get the desired protein content and the 
following is the composition of WPC 80. The composition varies depending 
upon the technique used [20]. 

 Moisture-3.8 
 Crude protein (Nx6.38)-81.0 
 True protein-75.0 
 Lactose-3.5 
 Fat-7.2 
 Ash-3.1 
 Lactic acid-1.2 

 

 Physical Characteristics of Lactose 

Lactose is a milk sugar found only in milk in the range of 3.6% and 5.5%. It 
belongs to organic chemical compound group of carbohydrates. It is a 
disaccharide with molecules containing glucose and galactose. Lactose is 
water soluble for lower TS contents and most of the lactose remains 
dissolved in whey. Evaporation of whey improves the lactose concentration 
which exists in two isomeric forms, α-lactose and β-lactose. Lactose can be 
split hydrolytically, i.e. by bonding of water, or by an enzyme [20]. 

 

 Preparation of Different Liquids 

Based on required TS content, the liquid is prepared. WPC 80 and Lactose 
solutions are prepared by using weight fraction. 

According to TS content, firstly dry powder is taken into a container and 
weighed by using weighing machine. Then the container is filled with hot 
water (approximately at a temperature of 550). The container is placed in the 
IKA RW16 mixer (Figure 4.3. (a)) which contains the stirrer (Figure 4.3. (b)) 
with a range of 40-1200 rpm. In the Table 4.2, composition of solutions is 
given. 
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Table 4.2. Composition of tested liquids. 

% TS content of 
Liquid 

Total Weight 
(gms) 

Amount of 
Water (gms) 

Amount of dry 
powder (gms) 

20% TS of WPC 80 1000 800 200 

20% TS of Lactose 1000 800 200 

 

The lid of the mixer is placed at an appropriate position and speed of the 
mixer is synchronized to 370 rpm. The liquid is mixed for about 10 minutes. 
Now the container is taken out from the mixer. By using spoon, the foam 
layer is removed. At last, the solution is placed in an ice tub at 50C till the 
temperature of solution turns to room temperature. The solution is at this 
point ready for experiment. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 (a)             (b) 

Figure 4.3. (a) IKA RW16 mixer (b) Stirrer. 
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Glycerol solutions are prepared by using volume fraction. In the Table 4.3, 
composition of glycerol solution can be seen. 

 

Table 4.3. Composition of glycerol solution. 

% TS content 
of Glycerol 

Total Volume 
(ml) 

Amount of 
Water (ml) 

Amount of 
Glycerol (ml) 

80% 500 100 400 

 

According to the volume fraction, glycerol liquid is added in a vessel. Then, 
tap water of room temperature is added. The solution is mixed for 10 minutes 
approximately with a stirrer.  
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 Experimental Testing  

To mimic the binary droplet collisions in a spray dryer, an experimental set-
up was used, which is described in the section below. The set-up is shown 
schematically in the Figure 5.1. 

 

 
Figure 5.1. Experimental Setup. 

 

A typical spray dryer setup consists of the following: 

i) Syringe pumps (syringe driver) 
ii) A couple of syringes 

iii) Vibration chambers with nozzles 
iv) LED Lights 
v) High speed cameras 

vi) Frequency generator 
vii) High speed Controller box 

viii) A computer with a suitable configuration 

Given below is an overview of materials stated above for the experimental 
setup: 

 Experimental liquids (WPC 80, Lactose and Glycerol) are inserted into 
two syringe pumps of 60 ml each and rubber hoses are attached to them. 
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These rubber hoses are then connected to the vibration chambers at which 
the nozzles are attached. 

 The flow rate generator is a LEGATO 100 syringe pump which is capable 
of producing flow rates ranging 85.050 nl/min (minimum) and 88.28 
ml/min (maximum).  

 A sample picture of the syringe pump with a syringe and rubber hose is 
shown in Figure 5.2. 
 

 

Figure 5.2. Flow rate generator with syringe pump. 

 

 The first type of frequency generator is the BUCHI Encapsulator B-
390, which can generate frequencies in the range of 40 Hz and 6,000 
Hz. This frequency generator generates a square wave which is 
transferred to the vibration chamber in order to control the droplets. 
The frequency can be changed by steps of 1 Hz, 10 Hz, 100 Hz and 
an Amplitude of 1 to 10. The picture of frequency generator is shown 
in Figure 5.3. 
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Figure 5.3. First frequency generator. 

 

 The second type of frequency generator is the Digi mess FG303, which 
generates frequencies in the range of 10 Hz and 2,000 Hz. It is shown in 
Figure 5.4. The frequency can be changed by step of 10 Hz. Amplitude 
can be changed using a rotating knob from minimum to maximum. 
 

 

Figure 5.4. Second frequency generator. 
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 To make sure the amplitude generated for the two frequency generators 
is same, an amplifier is connected. 

 Different nozzles in the range of 80 and 1000 μm are available to attach 
it to the vibration chambers. The available range of nozzles are shown in 
Figure 5.5. 
 
 

 

 

 

Figure 5.5. Different sizes of nozzle. 

 

 A high-speed (HS) camera (LaVision High SpeedStar) with a Sigma 
105mm f/2.8 EX DG Macro lens is used to record the collisions from 
front view. 
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Figure 5.6. Side view of the droplet collision. 

 
 A HS camera (LaVision Highspeed Star) with a Nikon 200mm f/4.0 AFD 

Macro lens is used for side view. A sample picture of side view of a 
collision is shown in Figure 5.6. 
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Figure 5.7. LaVision HS controller. 

 

 Both the cameras are connected to a HS controller (LaVision) PTU-X 
shown in Figure 5.7 and a computer which serves a co-ordination device 
between input and output of the camera. 

 

 
 La Vision software DaVis 10.0.4.37176 is used to view the recordings as 

well as a live view from the HS camera. This data is further used for 

Figure 5.8. View from the camera. 
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analysing the results. Usual arrangement of camera to the droplet 
collision area is shown in Figure 5.8. 
 

Figure 5.9. Representation of changing angles. 

 

Above Figure 5.9 is a representation for the measurement of the vibration 
chambers with nozzles attached to them and set to an angle (α). 

 

 Setup for low impact angles 

To fill the whole regime map, lower Weber numbers are needed. Weber 
number is dependent on both impact angle and flow rate. When the impact 
angle and flow rate are decreased accordingly, lower Weber number can be 
acquired. At lower angles, streams are not stable. In the Figure 5.10, 
extension parts are attached in between vibration chambers and the nozzles. 
These extension parts give stability for the stream in lower angles (below 
300) also. 
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Figure 5.10. Extension parts are attached for lower angles. 

 

 Experimental Procedure 

To obtain collision outcome data for WPC 80 - 20% TS, Lactose - 20% TS, 
Glycerol - 80% TS solutions below procedure is followed. Based on the data, 
collision regime maps are created. For that reason, it is necessary to record 
binary droplet collisions with a wide range of Weber numbers and impact 
parameters for different droplet ratios 0.3, 0.45, 0.6, 0.75 & 1 for Glycerol 
solutions. The experiments are conducted in the range of Weber number 0-
100 and impact parameter 0-1.  

 The experiments are carried out at atmospheric pressure and ambient 
temperature. 

 Experimental solutions are fed into syringes and any void in syringe is 
avoided to make sure there is no disturbance in generation of stream. 

 WPC 80, Lactose and Glycerol solutions are fed from two 60 ml syringes 
via rubber hoses to two nozzles which are the entry points to vibration 
chambers. 

 The liquid entered the vibration chambers generates a liquid jet. Each 
vibration chamber is connected to an external frequency generator that 
transforms the jet into a stream of droplets by excitation. 
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 Two vibration chambers are connected to two different frequency 
generators so that the received vibrations can be adjusted independently 
for both jets. 

 The mechanical excitation is required to create a stream of droplets which 
are needed to be in equal size and spacing to obtain the collision more 
accurately. But the flow rate and frequency are to be adjusted for different 
liquids until a right droplet spacing is observed. 

Experimental procedure for different scenarios is discussed below. 

 

 Equal size droplets 

Same size nozzles are used to generate two droplet streams. Flow rate and 
frequency are almost the same for both the streams. 300 μm nozzle is used 
for WPC 80-20% TS & Lactose-20% TS. 750 μm nozzle is used for 
Glycerol-80% TS, flow rates ranging from 13-15 ml/min and frequencies 
ranging from 580-650 Hz are used to obtain a proper droplet stream. If all 
the droplets have same size and are equally spaced the distance travelled 
between the nozzle and the collision point is the same for all the collision 
outcomes the impact parameter is expected the same. 

 

 Unequal size droplets 

Different size nozzles are used to create different droplet ratios. Flow rate 
and frequency vary according to the nozzle size, density and viscosity of the 
liquid used. Even though the droplets are of different sizes it is important that 
all droplets are equally spaced, and the point of collision is the same for all. 
As the distance travelled between the nozzle and the collision point is the 
same for all the collision outcomes the impact parameter is expected to be 
same. Flow rates ranging from 14.5-45 ml/min and frequencies ranging from 
120-750 Hz are used to obtain a proper droplet stream for glycerol TS 80% 
different droplet ratios. 

Apart from the differences stated above the rest of the experimental 
procedure remains the same for any condition performed in this work, as 
stated below. 
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 The point of intersection of the two droplet streams is the area of 
collision. Using high-speed camera, collision area is recorded. 

 For better visualization of droplets in the recording, LED lights are 
placed behind the white plastic plate. The white plastic plate is the 
background of the setup. 

 A selected angle (α) is set for both chambers, it can be either 
increased or decreased resulting in a change in Weber number. 

 The flowrate is dependent upon the viscosity of the liquid used. The 
higher the viscosity, the higher the flow rate. 

 High speed camera and controller are turned on and the Davis 
software shows the live view of the collision. 

 Frequency generators are turned on and the droplet stream is adjusted 
until an equal spacing is observed between the droplets. 

 The frequencies used here are set by trial and error method with the 
help of a live view from the HS camera. 

 Impact parameter can be changed by the adjustment of y-direction of 
the left nozzles. 

 Z-direction is adjusted to maintain the two streams in the same plane 
for a perfect collision. 

 The distance between the nozzles (X-direction) can be changed by 
adjusting the distance between the two vibration chambers. 

 A Second-High Speed camera, which is placed perpendicular to the 
front camera is used to check the complete track of the plane of 
collision. 

 Based on the live view of the front HS camera, vertical position, 
horizontal position and distance to the collision area can be adjusted. 

 After making sure that the droplets are colliding in a plane and having 
equal spacing a recording is taken which is later used for post-
processing. 

 The area below the collision can be used to visually determine the 
collision outcome. 

 A ruler is used to find the relevance between pixels and mm. It is 
placed underneath the nozzles with the same focus used for the 
recording. 

 The ruler value which is in mm, is later used in post processing to 
find the radius (pixels) in μm. 
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 Method Overview 
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Figure 5.11. Method Overview of the Project. 

 

The method followed in the current project is displayed with the help of a 
flow chart shown in Figure 5.11. 

Preparation of solutions which is the key part of establishing a good 
understanding of the material properties and their regimes (expected output) 
is very much important as the liquids rheological properties change 
according to the Total solid content or concentration used for the preparation 
of liquids. 
The fine calibration of the angle, liquid flow rate and vibration frequency of 
the generator avoid the miscalculation of Weber number and impact 
parameter. 

Employing the method of droplet tracking using Image Analysis tool of 
MATLAB is the best possible option available so far. 

The experimental data is used for the post processing to acquire the collision 
regimes. Those regimes of different liquids are compared with one another. 

 

 Settings in Davis 

Few settings are to be changed in order to get the images in a suitable format 
for post processing. Firstly, in the high-speed section exposure for the camera 
is set to 1/10000s with an image rate of 4KHz and number of images as 100. 
Resolution for the image is set to 256*512 (pixels). 
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 Storage of Pre-processing Data 

The recorded data should be converted into a suitable format accepted by the 
Image Processing Tool MATLAB. 

 

 Conversion and Export 

Select the recording, right click and select the option ‘Convert all Stream sets 
to im7 format.’ Now the streams are converted. Then the recording is created 
with im7 sets. In the next window, select the desired path to save the TIF 
images. Those im7 sets are converted to TIF’s by right clicking on the 
converted recording. Press ‘export all’. For each recording, a sub folder is 
created which includes all the TIF images. 

 

 Post Processing using MATLAB 

For post processing, the recordings of droplet collision are used. By doing 
the post processing of pre-collision area, Weber number, Ohnesorge number 
and impact parameter are found. Collision outcome is decided after viewing 
the below part of the collision. For this, the following techniques are used: 

 Automatic droplet tracking 
 Manual droplet tracking 

To process the images some input is required to analyse the impact. This 
mainly consists of the following. 
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Physical properties of the liquids 

 Viscosity 
 Density 
 Surface Tension 

 

Average radius of Droplets - In a single recording, average radius is 
calculated by mean of radii of all droplets. 

 

 Parameters for Conversion 

As the data obtained is in pixels, some parameters are needed to be 
introduced into the script to convert pixels into standard measurements. This 
requires the use of conversion factor. The conversion factor is acquired by 
taking the picture of ruler with the same focus that is used for collision.  

A certain frame rate is used in calculating the velocity of the droplets since 
each frame is a certain time step. Usually frame rate is set between 100-300 
frames depending upon the viscosity and type of liquid used. 

The parameters that are used in the imfindcircles function to optimize the 
droplet recognition are minimum and maximum radius, sensitivity and edge 
threshold. 

Sensitivity factor - the sensitivity for the circular Hough transform 
accumulator array can be used in the range of 0-1. Circular Hough transform 
is a feature extraction technique for detecting imperfect circles used in 
Digital Image Processing. The value of sensitivity can be adjusted with 
respect to the perfection in the circle, for more imperfect circle a higher value 
can be used. 

Edge Threshold is an image processing technique to find the boundaries of 
objects within images and works by detecting the edge of the circles in 
images. The threshold value is set in the range of 0-1. For a lower value 
detection of circles with more faint edges is possible. But for a higher value 
only circles with strong defined outlines are detected.  
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 Automatic droplet tracking: 

A script for Automatic droplet collision is used to analyse the whole range 
of recorded images automatically. This script can be used to gather a lot of 
data on a very stable droplet stream pair.  

To use this script the recorded droplet streams should be very consistent and 
stable since a slight variation in the droplet chain is not suitable for automatic 
image analysis.  

An automatic droplet tracking script is used to process some 1000 images in 
a specific time frame and this script reduces the total time for analysis. 

To track the droplets the pre-collision area of the image is cropped using 
imcrop function in MATLAB. The pre-collision area is used to determine 
the velocity of droplets just before impact. 

The cropped image of the pre-collision area is then divided into left and right 
plane. Then only one droplet from each plane of both sides is selected. 

A black and white image is created using a function in MATLAB for easy 
manipulation of the image to track the droplets with more ease. 

The function imfill performs a flood-fill operation on background pixels of 
the input binary image BW, starting from the points specified in locations. 
To find the centre and radius of the circles imfindcircles function is used. 
Imfindcircles finds circles with radii in the range specified by radius range. 
The additional output argument, radii, contains the estimated radii 
corresponding to each circle centre of the circle. This data are stored in the 
form of matrices for later process. 

The output centres are a two-column matrix containing the x, y coordinates 
of the circle’s centres in the image. 

The viscircles function then applies the centre and radius from the data stored 
from imfindcircles. 

 

 Creation of a Droplet pair: 

The minimum vertical distance between two droplets in a frame is calculated 
to create a droplet pair. 

Incorrect tracking of droplets gives an error in the calculation of Weber 
number, Impact parameter and other variables associated with droplet 
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tracking. This emphasizes the importance of a good recording to track the 
droplets without any mistracing. 

The script continues to next frame after finding all the pairs and proceeds to 
the other commands. 

The droplets are tracked and stored in the form of a matrix, the minimum 
vertical displacement calculated in the early steps of post processing is used 
to match the droplet pairs between different frames. 

The droplets are not tracked once collided and the collision outcome is 
identified by visualization. The moment of impact is identified by the 
distance between the droplets. 

The above data from droplet creation is stored according to the frame as 
follows. 

The centre (x, y-axis) and radius of each droplet. 

The displacement of the droplets (x, y-axis). 

The script cannot pair the droplets accordingly, when the droplets are moving 
at large different speeds. So, a clear collision recording with equal spacing is 
very much important. 
After processing all the frames, the results obtained are used to calculate the 
average values for the relative velocity, Reynolds numbers, Weber number, 
Ohnesorge number, Capillary number and impact parameter. 

 

 Calculation of Impact parameter (B) 

Impact parameter can be calculated by using the position of droplets in the 
last frame just before the collision, it is the ratio of perpendicular distance 
between the path of a projectile and the centre of the droplet. 

There is another method which uses the location and velocity of the droplets 
by the method of extrapolation and it is given below (6.1). 

 

    (6.1) 
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 Manual Droplet Tracking 

Besides Automatic droplet tracking there is also a method to track the drops 
manually. In this section the major changes in manual tracking is discussed. 

In this method the first frame where the droplet tracking is started is defined 
and droplets are selected manually. 

The crop region (pre-collision area) is selected manually using the pointer. 
This eventually divides the area into right and left. 

When two droplets in plane from a single frame are selected on both the 
directions (left and right) the script follows the droplets until the collision 
and calculates all the parameters required. 

The first and final droplet pairs are neglected as there is no enough data 
available to calculate the velocity and outcome respectively. 

Numbering is given to the droplets pair in a later phase and the processed 
frames are converted into a video to later determine the collision outcome for 
different droplet pairs. 
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 Results 

The main goal of this work is to investigate the compound that is contributing 
to the absence of bouncing in whole milk. WPC 80 and Lactose of suitable 
concentrations are tested to understand the collision behaviour of the liquids 
and boundaries are established for different collision outcomes. 

Besides that, effect of absolute droplet diameter and droplet size ratio on 
regime maps are also investigated. The results for carried experiments are 
given in this section with necessary explanations and observations. Later the 
results are compared with previous works and empirical models are applied 
to better understand the behaviour. Here data points are not the only measure 
for a specific regime as they depend upon the experimentation at specific 
ranges. So, the effectiveness of outcome is discussed in collision Weber 
number and non-dimensional impact parameter. 

In this chapter, first results of liquids are shown, and then individual effects 
are discussed. Next comparison of different regimes and lastly models from 
literature are implemented. 

The given results consist of: 

1. Reason for the absence of bouncing in milk 
i. Regime map for WPC 80 
ii. Regime map for Lactose 
iii. A brief about experiments on Butter 

2. Effect of Different droplet sizes 
i. Experiments on Δ= 0.3 & 0.45 
ii. Regime map for Glycerol Δ= 0.6 
iii. Regime map for Glycerol Δ= 0.75 

3. Effect of Absolute diameter 
i. Regime map for Glycerol Δ= 1 

 

 Regime map of WPC 80 

WPC 80 with a TS content of 20% is selected for this experiment. The liquid 
is very viscous at higher concentrations. Formation of clots, improper 
distribution of solid content is observed, and it is impossible to generate two 
stable droplet streams. Different TS contents of WPC 80 ranging 10-35% are 
studied to find the best possible for experimentation. For TS content less than 
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20%, the prepared liquid is very easy to handle. As per the problem, 
experiments on the best possible concentration of WPC 80 is to be 
performed. 

For WPC 80, the behaviour is homogeneous, finely atomized, free flowing 
powder. WPC 80 is a viscous liquid with Non-Newtonian shear thinning 
behaviour [26]. Experiments performed in a wide range of Weber number 1-
100 and Impact parameter 0-1. More than 1200 data points and several hours 
of experimentation took place to determine the output of WPC 80 and the 
obtained regime map is shown below in Figure 6.1. 

 

 
Figure 6.1. Regime Map of WPC 80. 

 

In Figure 6.1, the observed regimes are bouncing (pink circles), coalescence 
(blue stars) and stretching separation (green diamonds). 

Bouncing is seen at (We  18-25). Bouncing can even be seen at higher 
Weber numbers (We  40-80) at higher impact parameter (B = 0.6-1). For 
the region where bouncing is present at lower Weber range, experiments are 
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performed with lower impact angles and velocities.   Coalescence is observed 
in a larger area in the regime ranging from (We  23-80) and higher but only 
the region of interest is shown. Stretching separation is in the range of (We 

 38-77) impact range (B  0.35-0.73). At Weber number 40 and impact 
parameter 0.4-0.5, triple point of all the three regimes is observed. There is 
also an overlap between coalescence and bouncing as this is the region of 
transition from bouncing to coalescence. Experiments can be performed for 
higher Weber number ranges, but it is very difficult to adjust the collisions. 
The behaviour of WPC 80 experiments for different collision outcomes is 
given in Appendix in Figure 11.1, Figure 11.2. 

 

 Regime map of Lactose 

Lactose with a TS content of 20% is selected for this experiment. It is a 
disaccharide (milk sugar) composed of galactose, glucose and it is highly 
viscous. Lactose is a fine dry powder and in liquid form it is a yellow liquid 
that gets easily dry when exposed to atmosphere. Selection of a suitable TS 
content for Lactose is very much important as it forms sediments beyond its 
saturation. Different TS contents are tested to find the right concentration 
which is stable throughout the experiment. In this process, a wide range of 
solid contents from 10% - 65% are tested and sedimentation is found for 
concentrations higher than 30% and for concentrations between 20% - 30% 
a continuous mixing of liquid is necessary as the liquid destabilizes after few 
minutes of mixing. So, 20% TS is selected as it is easy to handle, stable and 
the exact total solid content can be determined. The experiments are 
performed for various ranges of Weber numbers and impact parameters. 
More than 1600 data points and lot of experimentation is used to determine 
the regimes for Lactose and is given in Figure 6.2. 
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Figure 6.2. Regime Map of Lactose. 

 

In Figure 6.2, the observed regimes are bouncing (pink circles), coalescence 
(blue stars), stretching separation (green diamonds) and reflexive separation 
(cyan squares).  

Bouncing is in the range of (We  12-23) all along the impact parameter 
range from 0-1. For the ranges (We  23-80), bouncing is seen for higher (B 

 0.3–1) gradually following a path. Coalescence is observed in the range of 
(We  23-67) for different ranges of impact parameter (B  0-0.37). The 
region of coalescence is very much limited because the viscosity is so low. 
Range of stretching separation is (We  33-80).  Reflexive separation starts 
from (We  30). There is an overlap between stretching separation and 
coalescence. In this transition region a small oscillation of the relative 
velocity or of the geometry of impact leads to a different collision outcome. 
Series of experiments are performed in this region with wide range of 
frequencies, velocities and angles, but the overlap between the regimes was 
still observed. The behaviour of Lactose experiments for different collision 
outcomes is given in Appendix in Figure 11.3-11.6. 
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 Age Thickening 

WPC 80 has a change in viscosity after 2-3 hours of preparation of solution. 
The solution becomes sticky and generation of a proper droplet stream is 
almost impossible. Lactose doesn’t have any effect of age thickening for the 
solid content used in this work, but it gets dried after 8-10 hours of 
preparation. For more than 8 hours the heavier particles settle down. 

 

 Experiments on Butter 

The reason for absence of bouncing in whole milk is still unknown even after 
performing experiments with WPC 80 and Lactose. So, being curious few 
experiments are performed on butter with a fat content 82%. Whole butter 
from a local supermarket is purchased and melted which almost eliminates 
the water content present additionally in it. Melted butter is hard to handle as 
it is a slippery and sticky liquid. Few recordings were taken using butter and 
these experiments were performed focusing the region of bouncing. So, a 
condition with lower velocities, higher impacts and higher velocities, higher 
impacts are performed. But the data cannot be processed as the butter is 
processed for commercial use and its properties and exact constituents are 
unknown. But as per the recordings there is no bouncing found for head on 
and grazing collisions at all possible velocities. A sample of the recording at 
a grazing collision is given in Figure 6.3. Collisions at higher impact 
parameters. 
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Figure 6.3. Collisions at higher impact parameters. 
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 Effect of Different droplet sizes 

The study of the effect on regimes with different droplet diameters has a 
greater significance in the study of droplet dynamics. So, in this work the 
effect of droplet sizes is studied with different Δ = 0.3, 0.45, 0.6 & 0.75. The 
possibilities of exploring wide range of Δ and the experimental outcomes are 
shown in this section. 

 

 Experiments on Δ= 0.3 & 0.45 

When the effect of ‘Δ’ is considered, an idea of performing experiments with 
a liquid that is easy to handle is selected as this reduces the complexity within 
the properties of liquid. For this reason, firstly, experiments are performed 
with glycerol with nozzle sizes 300μm and 1000μm (1 mm). The streams are 
very distinct as they vary a lot in size. The streams are very hard to stabilize 
and equal droplet spacing is almost impossible. Secondly, nozzles 450μm 
and 1000μm are used. When the collision area is observed, the bigger droplet 
collides with 2-3 smaller droplets. Collision outcome case cannot be studied 
as the MATLAB script is programmed to track the droplets equally from both 
the nozzles as well as the present problem is a droplet collision and in this 
case the outcome is agglomeration. It is also tough to predict at which Weber 
number and impact parameter these collisions occur as these droplets have 
different velocities and impact at different positions. Further it can be a point 
on study with droplet agglomeration [27]. The outcome of above stated 
condition is given in Figure 6.4. 

 



 58 

 
Figure 6.4. Collision behaviour of Glycerol (Delta=0.3). 

 

 Regime map of Glycerol Δ= 0.6 

For this set of experiments, a nozzle with 450μm and another nozzle with 
750μm is used. Experiments were performed in selective ranges of Weber 
numbers (1-50) and impact parameters (0-1). The regime map for the above 
stated Δ= 0.6 is given in Figure 6.5. 
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Figure 6.5. Regime Map of Glycerol (Delta=0.6). 

 

From Figure 6.5, bouncing is seen up to (We  20) and coalescence is in the 
range of (We  20-50). Coalescence is observed at higher impact parameters, 
which is not usual for droplet size ratio equal to 1. There is an absence of 
bouncing at higher impact for Weber range (We  20-50). The behaviour of 
Glycerol experiments (Δ= 0.6) for different collision outcomes is given in 
Appendix in Figure 11.7, Figure 11.8. There are no grazing collisions at 
higher impact parameters. The vertical shift of bouncing towards the higher 
impact parameter for this size ratio is observed. 
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 Regime map of Glycerol Δ= 0.75 

For this set of experiment, a nozzle with 750μm and another nozzle with 
1000μm as this condition helps to better understand the effect of droplet size 
ratio. Experiments were performed in selective ranges of Weber numbers (1-
50) and impact parameters (0-1). The regime map for the above stated Δ= 
0.75 is given in Figure 6.6. 

 

 
Figure 6.6. Regime Map of Glycerol (Delta=0.75). 

 

From Figure 6.6, bouncing is seen for (We  8-20) for impact parameter (B 
= 0-1) and at (We  20-50) at higher impacts (B = 0.8-1) and coalescence is 
in the range of (We  20-50) for impact B = 0-0.8. Bouncing can be seen at 
very high impact and Weber number. The behaviour of Glycerol experiments 
(Δ= 0.75) for different collision outcomes is given in Appendix in Figure 
11.9 and Figure 11.10. There are no grazing collisions at higher impact 
parameters. The lowering effect of bouncing with increasing size ratio is 
observed.  
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 Effect of Absolute diameter 

 Regime map of Glycerol Δ= 1 

In this case, 750μm is used for both nozzles and Aqueous Glycerol solution 
with volume fraction 80% is used to perform experiments in Weber number 
(We=0-80) and impact parameter (B = 0-1). The regime map for Δ= 1 is 
given in Figure 6.7. 

 

 
Figure 6.7. Regime Map of Glycerol (Delta=1, 750 nozzle). 

 

From the above regime map of glycerol TS 80% Δ= 1, bouncing, coalescence 
and stretching separation are observed. Bouncing is observed at lower Weber 
number ranges (We  10-13) at impact B = 0-1 and at higher B  0.5-1 for 
We  20-60. Coalescence ranges from We  13-69 whereas B varies 
accordingly from (0-0.5). Stretching separation ranges from (We  34-65) at 
an impact parameter range B  0.38-0.72. Reflexive separation is not 
observed. The region of transition from one regime to another is very clear. 
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 Comparison 

 Comparison of WPC 80 and Xanthan 500ppm 

 (a)         (b) 

Figure 6.8. Comparison of Regime Maps (a) WPC 80 (b) Xanthan 500ppm 
[9]. 

 

The comparison of WPC 80 is made with Xanthan 500ppm [9] is shown in 
Figure 6.8. Xanthan exhibits non-Newtonian shear thinning behaviour as 
well as WPC 80. Xanthan is a food additive and a thickening agent whereas 
WPC 80 is one of the compounds in milk. By comparison, they both exhibit 
similar behaviour because there is no reflexive separation for both the 
outcomes. And, the transitions of bouncing, coalescence and stretching 
separation are similar.  
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 Comparison of Glycerol Δ= 1 

 

   (a)           (b) 

Figure 6.9. Comparison of Glycerol Regime Maps (Delta=1) (a) Droplet 
diameter ≈ 1500 μm (b) Droplet diameter ≈ 770 μm [17]. 

 
In this section, result from Δ=1 for droplet nozzle size 750μm is compared 
with previous work [17] but for a smaller 300μm nozzle is studied and shown 
in Figure 6.9. In this case, the droplet size varies but the actual droplet ratio 
remains the same. This gives the effect of absolute diameter. 

By comparing the above two regimes of different droplet diameters but same 
droplet ratio there is no shift of boundaries between regimes and they both 
look similar. Whereas the previous work is of a much wider range of Weber 
number and same impact parameter, but the present work is just limited to a 
certain Weber number range due to lack of time. Coalescence, bouncing, 
stretching separation are seen in both the regimes. As the two works are 
distinct regime data regions are not so similar, so the comparison of overall 
regime boundaries is preferred for comparison. 
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 Comparison of Glycerol Δ= 0.6 & 0.75 with Δ=1 

. 

 (a)            (b) 

 

 
(c) 

Figure 6.10. Comparison of Glycerol Regime Maps with different droplet 
diameter ratio (a) Delta=0.6 (b) Delta=0.75 (c) Delta=1. 

 

The effect of droplet ratio can be observed in Figure 6.10 by comparing Δ = 
0.6 with Δ = 0.75 and later both results are compared with Δ = 1. 
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By comparing Δ = 0.6 with Δ = 0.75 bouncing and coalescence are observed 
for both the regimes with different droplet ratios, but the regions and 
boundaries are completely different. There is a vertical shift of bouncing 
phenomenon. For Δ=0.6, there is no bouncing at higher Weber number and 
impact parameter but for Δ=0.75 there is bouncing at higher Weber number 
(We= 20- 50) and impact parameter (B = 0.8-1). 

By comparing Δ = 0.6 & 0.75 with Δ = 1 there is a greater difference in the 
collision regimes and their boundaries. Coalescence and bouncing are 
observed for Δ = 0.6 & 0.75 but for Δ = 1 stretching separation is also 
observed. From [10], experiments conducted Δ < 1, coalescence is observed. 
For Δ = 1 stretching separation is seen from earlier Weber number range of 
We = 35 and B = 0.4. By comparing all the three regime maps there is both 
horizontal and vertical shift in boundaries. 

 

 Implementation of Models 

Empirical models are a numerical correlation of experimental study on 
droplet dynamics. These are used for accurate prediction of collision 
outcomes. If the parameters of the liquid changes, then still the model should 
give an accurate outcome. To describe the collision boundaries of the liquids, 
different models are implemented for different collision boundaries. 
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Figure 6.11. Implementation of models in WPC 80 regime map. Green line: 
Stretching Separation boundary (adapted Jiang et al. 1992 [16]). Black 
Dashed line: Bouncing boundary (Estrade et al. 1999 [19]). Black Solid 

line: Reflexive separation boundary (adapted Qian & Law 1997 [6]). 

 

Figure 6.12. Implementation of models in Lactose regime map. Green line: 
Stretching Separation boundary (adapted Jiang et al. 1992 [16]). Black 
Dashed line: Bouncing boundary (Estrade et al. 1999 [19]). Black Solid 

line: Reflexive Separation boundary (adapted Qian & Law 1997 [6]). 
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Figure 6.13. Implementation of models in Glycerol (Delta=0.6) regime 
map. Black Dashed line: Bouncing boundary (Estrade et al. 1999 [19]). 

 

Figure 6.14. Implementation of models in Glycerol (Delta=0.75) regime 
map. Black Dashed line: Bouncing boundary (Estrade et al. 1999 [19]). 
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Figure 6.15. Implementation of models in Glycerol (Delta=1) regime map. 
Green line: Stretching Separation boundary (adapted Jiang et al. 1992 

[16]). Black Dashed line: Bouncing boundary (Estrade et al. 1999 [19]). 

 

Jiang et al. 1992 [16] model is adapted for stretching separation boundary 
with a solid green line. Estrade et al. 1999 [19] model is used for bouncing 
boundary with black dashed line. Qian & Law 1997 [6] model is adapted 
based on the work of Finotello et al. [9] for reflexive separation boundary 
with black solid line. Due to Ohnesorge number, there is a shift in collision 
regimes for higher Weber number. 

In above Figure 6.11 to Figure 6.15, empirical models are implemented and 
found out that the models failed to predict the collision outcomes. Hence, 
there is a need to develop the empirical models that can predict the collision 
outcomes for a wide range of liquids. 
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 Conclusions and Discussions 

Binary collision experiments for different liquids (WPC 80, Lactose) have 
been performed for a Weber number range of 0-100. Regime maps of these 
liquids are given. Experiments with WPC 80 and Lactose cannot be 
performed with higher TS contents. The best suitable TS content is suggested 
and used in this work. Several experiments were conducted to confirm the 
behaviour of bouncing. It is found that both the liquids do not contribute to 
the absence of bouncing in whole milk as bouncing is found in both regimes. 
A clear comparison is made between WPC 80 and Xanthan 500 ppm and 
both the outcomes are observed to be similar. Lactose regime map is very 
much like the Glycerol 40% TS. 

The effect of droplet size ratios is studied with wide range of droplet ratios. 
It is explained that collision experiments cannot be performed with Δ = 0.3 
& 0.45. Instead, experiments are performed on Δ = 0.6, 0.75 & 1. Regime 
maps of Δ = 0.6, 0.75 are given for Weber number range 0-50 and Weber 
number (0-80) for Δ = 1. All the experiments on droplet size ratios are 
performed with Glycerol 80% TS because the properties and collision 
behaviour are very well studied from previous work. By comparison of 
results there is a greater effect of droplet size ratio on regimes. 

There is no large effect of absolute droplet diameter on regime map for 
different nozzles. 
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 Answers to the Research questions 

 What are the collision outcomes of the given 
products? 

For WPC 80-20% TS, bouncing, coalescence and stretching separation is 
observed whereas reflexive separation is not seen. The region of coalescence 
is more extended for this liquid. Bouncing is also occurring and there is a 
decent stretching separation. 

For Lactose, bouncing, coalescence, reflexive separation and stretching 
separation are observed.  Less coalescence and more bouncing are seen. 
Stretching separation and overlap of coalescence and reflexive separation is 
seen. 

 

 How do the collision outcomes depend on liquid 
properties of the given products? 

For the given products, experiments were performed with various TS 
contents, but it is found out that experiments are not possible with higher TS 
contents which substantially increases the liquid properties such as viscosity 
and density. Hence, a suitable TS content is chosen by trial and error method 
and experiments are performed. And it is found out that WPC 80 exhibits 
non-Newtonian shear thinning behaviour and lactose exhibits Newtonian 
behaviour. 

 

 How do the different droplet size ratios affect the 
regime map? 

There is a greater effect of droplet size ratio on the collision regimes. Both 
horizontal and vertical shifts of regimes are observed. For this experiment, 
shift of coalescence to a higher impact parameter is observed. For even lower 
size ratio, bouncing is absent at higher Weber number with grazing 
collisions. 
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 How does the absolute droplet diameter affect the 
regime map? 

All the three collision outcomes: bouncing, coalescence and stretching 
separation are found. There is no large shift in regime boundaries. The 
collision outcome is observed similar for different nozzles with absolute 
diameter. Hence no greater effect of absolute droplet diameter on collision 
regime maps is observed. 
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 Future Works 

The collision behaviour of butter at higher impact parameters shows 
stretching separation. Experiments with butter can be done to better 
understand the behaviour. And change in fat content gives the difference in 
regime maps. 

Absolute droplet diameter on collision regime map with different nozzles 
other than 300μm and 750μm can be studied for better understanding. 

Experiments with different liquids having Non-Newtonian behaviour to get 
more knowledge about bouncing to coalescence transition. 

Furthermore, experiments can be performed with binary collision of two 
droplets with viscosity ratio different from 1. 
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 Appendix 

 Collision behaviour of WPC 80 

 Coalescence and Stretching Separation 

 

 

Figure 11.1. Coalescence with We = 52.4, B = 0.01, Oh = 0.015. 

 

 

Figure 11.2. Stretching Separation with We = 59.6, B = 0.61, Oh = 0.015. 
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 Collision behaviour of Lactose 

 Bouncing and Coalescence 

 
 

Figure 11.3. Bouncing with We = 49.9, B = 0.84, Oh = 0.014. 

 

Figure 11.4. Coalescence with We = 26.2, B = 0.09, Oh = 0.014. 
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 Stretching separation and Reflexive separation 

 

 

Figure 11.5. Stretching Separation with We = 57.20, B = 0.61, Oh = 0.014. 

 

 

Figure 11.6. Reflexive Separation with We = 48.73, B = 0.11, Oh = 0.014. 
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 Collision behaviour of Glycerol 

 Bouncing and Coalescence for Δ=0.6 

 

Figure 11.7. Bouncing with We = 19.2, B = 0.95, Oh = 0.3. 
 

Figure 11.8. Coalescence with We = 29.9, B = 0.87, Oh = 0.3. 
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 Bouncing and Coalescence for Δ=0.75 

 

Figure 11.9. Bouncing with We = 13.0, B = 0.78, Oh = 0.247. 
 

Figure 11.10. Coalescence with We = 18.4, B = 0.88, Oh = 0.247. 
 

 

 

 






