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Summary

Spray drying is an important unit operation in many industrial processes such as chemical,
pharmaceutical, food, and dairy processing for making powders from liquid slurry. A spray
dryer unit generally appears at the end of the processing line, as it is an important step to con-
trol the final product quality. A better understanding of the underlying phenomena in spray
dryers can help in optimal design, operation and scale-up of these processes. Although exper-
iments can in principle be performed to study these processes, the key parameters/variables
can be very difficult or expensive to measure. Common problems occurring in spray dryers
are roof and wall fouling, and quality issues with the final product due to the complexity of
the particle/air mixing and improper gas flow patterns. Accurate measurement of the flow
inside an industrial scale spray dryer is difficult experimentally. To obtain a better under-
standing of the flow phenomena inside a spray dryer, the dynamic jet behavior and turbulent
flow were studied experimentally in a scaled-down model of a spray dryer using Particle
Image Velocimetry (PIV) and the Proper Orthogonal Decomposition (POD) method.

Computational Fluid Dynamics (CFD) is a very powerful and versatile tool increasingly em-
ployed to study optimal design, operation and scale-up these processes. However, the com-
plex transport phenomena that occur in a spray dryer cannot yet be modeled with high accu-
racy. The main objective of this research was to develop a simulation tool that can provide
the particle size, velocity and flux distribution for a highly turbulent section of a large-scale
spray dryer. These results ought to be used as boundary conditions for more coarse-grained
simulations. In this study, we focused at the top section of the spray dryer where most of the
events such as collision, coalescence, breakup, drying and agglomeration occur. To system-
atically build up this model, we split the modelling process into five different steps, including
flow modeling, collision detection modeling, collision outcome modeling, drying kinetics
modeling and agglomeration modeling.

For the collision detection modelling, a modified Direct Simulation Monte Carlo (DSMC)
model was developed. In this model, a local spherical searching scope is introduced in which
a particle searches for a collision partner during each particle time step. The modified method
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automatically and self-consistently increases its searching scope until it contains a minimum
number of neighbouring particles to ensure a statistically accurate and unbiased estimate of
the average collision frequency. The major advantage of the DSMC model is its capability to
handle many millions of particles for simulation in a reasonable computation time. We also
extensively described the limitations of the DSMC model. The DSMC model was verified by
an extensive comparison with the results obtained from more detailed DPM simulations of
two colliding streams of elastic as well as inelastic monodisperse spheres.

Accurate measurements of the coalescence and break-up events at the nozzle exit and in-
side of the spray are difficult to obtain in an optically dense spray. We developed an Euler-
Lagrange model that describes the dynamics of liquid droplets emerging from a high-pressure
spray nozzle. As the number density of droplets at the nozzle is more than 1011m−3, we em-
ploy the DSMC approach coupled to an Eulerian model for the gas flow. Depending on
values of characteristic dimensionless numbers, outcomes of the collisions fall in one post-
collision regime or another such as collision, coalescence, stretching or reflexive breakup.
Experimental data of a hollow-cone pressure swirl nozzle spray, obtained by Phase Doppler
Anemometry (PDA) at different inlet pressure and liquids, were used to validate the stochastic
DSMC model.

One of the key component of the simulation tool is the modelling of the drying characteristics
of droplets containing solids. We introduce a drying model of a single droplet containing
solids using a reaction engineering approach. The model was validated with experimental
literature data for the drying of a single droplet of whole milk and skim milk containing 20%
solid at different conditions and different correlation for the determination of heat and mass
transfer coefficients. The effect of drying on the droplets in the top section of a large scale
spray dryer was studied by coupling this drying model to the developed Euler-DSMC model.

As droplets are drying, their collision properties will change in time. Moreover, in industrial
practice dried fine particles are usually returned to the spray dryer. The interactions between
droplets and fine particles lead to a rich spectrum of bouncing collisions, coalescence, ag-
glomeration, and satellite droplet formation. Researchers have extensively investigated sin-
gle droplet-droplet and single particle-particle interactions using numerical and experimental
methods. However, the literature on droplet-particle interactions with an accurate descrip-
tion of agglomeration in spray drying is scarce, and mainly qualitative. In this work, we
performed an analysis of characteristic dimensionless numbers to extend the developed the
Euler-DSMC model to include collision, coalescence and agglomeration of partially wet par-
ticles in a spray dryer. We have performed exploratory simulations, showing the possibilities
of the model. Results of detailed simulations and experiments of isolated droplet-particle
collisions can be incorporated into this model with relative ease.



Samenvatting

Sproeidrogen is een belangrijke eenheidsoperatie in veel industriële processen, waaronder
chemische, farmaceutische, voedings- en zuivelprocessen, met als doel een poeder te maken
uit een vloeibare suspensie. Een sproeidroger staat meestal aan het einde van de proceslijn
omdat het een belangrijke stap is bij het beheersen van de kwaliteit van het eindproduct. Een
beter begrip van de onderliggende fenomenen kan helpen bij het optimaliseren van het ont-
werp, het opereren van de sproeidroger, en het opschalen van de processen. Hoewel deze
processen in principe experimenteel bestudeerd kunnen worden, zijn de belangrijkste param-
eters en variabelen heel moeilijk te meten of heel kostbaar om te meten. Veelvoorkomende
problemen in sproeidrogers zijn aankoeken aan de wanden en kwaliteitsproblemen met het
eindproduct ten gevolge van de complexiteit van het deeltjes/lucht mengsel en het optreden
van onbedoelde gas stromingspatronen. Nauwkeurige metingen van de stroming in een in-
dustriële sproeidroger zijn moeilijk uit te voeren. Om een beter begrip te krijgen van de stro-
mingsfenomenen in een sproeidroger, is het gedrag van de dynamische en turbulente stroming
experimenteel bestudeerd in een schaalmodel van een sproeidroger met behulp van Particle
Image Velocimetry (PIV) en de Proper Othogonal Decomposition (POD) methode.

Computational Fluid Dynamics (CFD) is een krachtig en veelzijdig gereedschap welke in
steeds grotere mate wordt toegepast om het optimale ontwerp, het opereren en het opschalen
van deze processen te bestuderen. De complexe transportverschijnselen welke in een sproei-
droger optreden kunnen echter nog niet met grote nauwkeurigheid gemodelleerd worden. Het
voornaamste doel van dit onderzoek was simulatiegereedschap te ontwikkelen waarmee de
deeltjesgrootte, -snelheid en fluxverdeling voorspeld kunnen worden voor een hoog-turbulent
deel van een grote sproeidroger. De resultaten kunnen gebruikt worden als randvoorwaarden
voor meer grofstoffelijke simulaties. In deze studie hebben we ons geconcentreerd op de
topsectie van de sproeidroger waar de meeste gebeurtenissen zoals botsing, samensmelting,
opbreken, drogen en agglomeratie plaatsvinden. Om dit model systematisch op te bouwen,
hebben we het modelleer proces verdeeld in vijf stappen: modelleren van stroming, model-
leren van botsingsdetectie, modelleren van de uitkomst van een botsing, modelleren van de
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kinetiek van het drogen en modelleren van agglomeratie.

Voor het modelleren van de botsingsdetectie is een aangepast Direct Simulation Monte Carlo
(DSMC) model ontwikkeld. In dit model introduceren we een lokale bolvormige zoekruimte
waarbinnen een deeltje gedurende elke tijdstap zoekt naar botsingspartners. In de aangepaste
methode wordt de radius van de bolvormige zoekruimte automatisch en zelfconsistent aan-
gepast tot een minimum aantal buurdeeltjes wordt meegenomen, wat een statistisch nauw-
keurige en onbevooroordeelde schatting van de gemiddelde botsingsfrequentie garandeert.
Het grootste voordeel van het DSMC model is de mogelijkheid om vele miljoenen deeltjes
te kunnen simuleren met een redelijke rekentijd. We hebben ook uitgebreid de limieten van
het DSMC model beschreven. Het DSMC model is geverifieerd door een uitgebreide verge-
lijking met resultaten voor twee kruisende deeltjesstromen van elastische en niet-elastische
monodisperse deeltjes, verkregen met behulp van meer gedetailleerde DPM simulaties.

Nauwkeurige metingen van gebeurtenissen zoals samensmelten en breken nabij de sproeituit
en in de sproeiwolk zijn moeilijk te verkrijgen in een optisch dichte wolk. We hebben een
Euler-Lagrange model ontwikkeld welke de dynamica kan beschrijven van vloeistofdruppels
die uit een hogedruktuit verschijnen. Omdat het aantal deeltjes per eenheid volume meer dan
1011m−3 kan zijn gebruiken we de DSMC aanpak, gekoppeld aan een Euleriaans model voor
de gasstroming. Afhankelijk van de waarden van karakteristieke dimensieloze getallen, valt
de uitkomst van een interactie in het ene regime of het andere, zoals botsing, samensmel-
ting, en rekkend- of reflectief opbreken. Experimentele data van een holle kegel sproeiwolk,
verkregen door middel van Phase Doppler Anemometry (PDA) bij verschillende drukken en
vloeistoffen, zijn gebruikt om het stochastische DSMC model te valideren.

Een belangrijk component van de simulatie is het modelleren van de karakteristieken van
drogende druppels welke vaste bestanddelen bevatten. We hebben een droogmodel geïn-
troduceerd van een enkele druppel met vaste stoffen, gebruik makend van een reactie engi-
neering aanpak. Het model is gevalideerd met experimentele data uit de literatuur voor het
drogen van een enkele druppel volle melk en magere melk met 20% vaste bestanddelen bij
verschillende omstandigheden en verschillende correlaties voor het bepalen van de warmte-
en massaoverdrachtscoëfficiënten. De effecten van het drogen op druppels in de top sectie
van een grote sproeidroger is bestudeerd door dit droogmodel te koppelen aan het eerder
ontwikkelde Euler-DSMC model.

Terwijl druppels drogen, veranderen hun botsingseigenschappen als functie van de tijd. Ook
worden in de industriële praktijk gedroogde kleine deeltjes teruggevoerd naar de sproei-
droger. De interacties tussen druppels en kleine deeltjes leiden tot een rijk spectrum van
botsen, samensmelten, agglomeratie, en vorming van satellietdruppels. Onderzoekers hebben
druppel-druppel en deeltjes-deeltjes interacties uitgebreid onderzocht met numerieke en ex-
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perimentele methoden. Echter, de literatuur over druppel-deeltjes interacties met een nauw-
keurige beschrijving van agglomeratie tijdens sproeidrogen is zeldzaam, en overwegend kwa-
litatief. In dit werk hebben we een analyse van karakteristieke dimensieloze getallen uitge-
voerd om het ontwikkelde Euler-DSMC model uit te breiden met botsingen, samensmelten en
agglomeratie van deels natte deeltjes in een sproeidroger. We hebben verkennende simulaties
uitgevoerd, welke de mogelijkheden van het model laten zien. Resultaten van gedetailleerde
simulaties en experimenten van geïsoleerde druppel-deeltjesbotsingen kunnen met relatief
gemak in dit model ingebracht worden.
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Introduction

In this thesis a multi scale modelling strategy is adopted to model transport phenomena in

spray drying processes. A significant part of the work is devoted to the development of a

detailed simulation tool based on an Eulerian-Lagrangian approach with a stochastic Direct

Simulation Monte Carlo (DSMC) method, with different sub-models for the sub-processes

such as i) turbulence ii) droplet-droplet and droplet-particle interactions, and iii) drying of

droplets. An experimental analysis of the (large scale) dynamic jet behavior inside the spray

dryer is also included. An overview of the project is presented and the chapter is concluded

with an outline of this thesis.
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Figure 1.1: Schematic diagram of the spray dryer.

1.1 Background
Spray drying is an essential unit operation that transforms a liquid slurry into a powder by
evaporation of the volatile constituents (Masters, 1972; Filkova and Mujumdar, 1995). This
technology is widely used in different industries such as the chemical, pharmaceutical, the
food, dairy, ceramic, and dyestuff industry etc (Woo et al., 2011). The spray dryer generally
appears at the end of the processing line, as it is an important step to control the final product
quality. These units offer specific (combined) advantages, such as high drying rates, a wide
range of operating temperatures and short residence times (Gianfrancesco et al., 2008). The
spray dryer set-up consists of a large spray drying tower and a cyclone coupled to it. The
spray dryer itself has a gas inlet at the top and several atomizers in or near the gas inlet to
spray the liquid feed. The formed liquid droplets are then transported by the air flow through
the drying chamber. The resulting droplets are mixed with hot air/gas flow to transform into
dry particles in a single step unit operation. During the drying process, moisture evaporates
from the droplet surface, leading to droplet shrinkage and eventual formation of dry particles.
The dry particles then leave the drying chamber through the bottom. The resulting dried
product represent granules, agglomerates and powder. The very fine particles remain in the
gas flow and are retrieved from the air stream in the cyclone. The typical layout of spray
drying process is shown in Figure 1.1.
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Figure 1.2: Agglomeration of the dry milk particles (SEM image from Tetra Pak).

Especially since the last two decades, many industries show a growing interest to use spray
dryers for different applications. However, there are still many fundamental and practical
issues, which have not been sufficiently investigated, due to the complexity of the prevailing
turbulent multi-phase flow in the spray chamber. Agglomeration can take place within the
spray of an atomizer, between sprays of various atomizers and between sprays and returning
fines at the top of the spray dryer. The resulting agglomerated powders are obtained through
size enlargement or agglomeration, where small particles combine to form large, porous and
open structures (see Figure 1.2). Agglomerated powders are preferred because they to give
improved physical properties such as flowability, dispersibility, reduced dustiness and de-
creased bulk density. Agglomeration is one of the important factors controlling the quality of
the final product.

Agglomeration takes place when atomized droplets mix with hot air and get converted to
sticky particles; and the sticky particles collide to form a viscoelastic liquid bridge that is
strong enough to resist mechanical deformations. Surface tension, effective density, and
dynamic viscosity all influence the collision behavior of droplets and particles. Many re-
searchers have applied various models to calculate a critical viscosity for sticking during
contact time of a few seconds. Wallack and King (1988) investigated experimentally and
reported that the critical viscosity appears to be in the range of 106 - 108 Pa.s. At much lower
viscosities the particles will coalesce upon collision, while at higher viscosities the particles
will not stick together but bounce (Verdurmen et al., 2004). However, agglomeration can
be difficult to control and operators find it hard to fine-tune the process needed to produce
specific powder properties, and this often results in a low quality product (Williams, 2007).

In recent years, Computational Fluid Dynamics (CFD) has received considerable attention to
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explore the spray dryer process. CFD simulations are often used to complement experimental
studies because flow pattern, temperature, particle size and humidity distributions inside the
drying chamber are very difficult and expensive to obtain in large-scale dryers. CFD can also
be used to study different designs of the spray dryers and to investigate different positions
and direction of the gas inlets. Recent rapid developments in CFD and the ever-increasing
computing power at decreasing cost makes it feasible to evaluate spray dryer designs without
undertaking expensive experimental pilot campaigns. However, accurate simulation of the
complex transport phenomena in spray dryers is still very challenging. In the literature, most
of the reported simulation studies have been done without incorporation of the complete
interactions between the dispersed elements.

Nowadays, the growing interest in using CFD for predicting the final particle size has led
to extensive developments of new techniques that can give insights into droplet-droplet,
droplet-particle and particle-particle interactions. Researchers have extensively investigated
single droplet-droplet and single particle-particle interactions using numerical and experi-
mental methods. However, the literature on droplet-particle interactions with a quantitative
description of agglomeration in spray drying is scarce, and mainly qualitative.

1.2 Objectives and scope of research
The main objective of this research is to develop a CFD-based simulation tool that can pro-
vide the particle size, velocity and flux distribution for a highly turbulent gas flow section
of a large-scale spray dryer. These results are meant to be used as boundary conditions for
coarse-grained simulations. This CFD tool ultimately should facilitate optimization of spray
dryer operations in terms of higher energy efficiency and higher product yield while still
maintaining a high product quality.

For this purpose, we adopted an Eulerian-Lagrangian approach using a stochastic Direct Sim-
ulation Monte Carlo (DSMC) method, considering various phenomena such as collisions, co-
alescence and agglomeration between droplet-droplet, droplet-particle and particle-particle
combinations in a highly turbulence gas flow in the top section (near the nozzle) of a spray
dryer.

1.3 Model building blocks
In this project, we focus at the top section of a spray dryer where most of the critical events
such as collision, coalescence, breakup, drying and agglomeration occur. To systematically
develop the simulation tool, we split the modelling process into four main different steps:
gas and particle flow modeling, collision detection modeling, collision outcome modeling,
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Figure 1.3: Agglomeration model development stages: Gas flow, collision detection, collision
outcome, drying.

and drying kinetics modeling, as shown schematically in Figure 1.3. We will describe the
essential features of each component in more detail in separate chapters.

1.4 Outline of the thesis
In chapter 2, we present an experimental study of the dynamic jet behavior in a scaled spray
dryer model using Particle Image Velocimetry (PIV). The dynamic jet behaviour in the spray
chamber, jet turning point and effect of the expansion ratio for different Reynolds number,
using water as a continuous phase instead of the air were analyzed.

In chapter 3, a Lagrangian model with stochastic modified-DSMC approach is presented. The
DSMC model is verified using data obtained from a deterministic DPM model for granular
flow. Also, we report the DSMC model limitations and benefits.

In chapter 4, an experimental and numerical study of droplet-droplet interactions in a nozzle
spray is reported. In this chapter, we validate our model by comparing the simulation results
with experimental data from Tetra Pak using industrially relevant operating parameters.
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In chapter 5, the single droplet drying model is presented, implemented and validated, based
on a reaction engineering approach.

In chapter 6, the combined simulation tool, based on integration of the different elemen-
tary sub-models, is described. In addition sample calculations are reported highlighting the
potential of the integrated model to obtain detailed information on the complex multiphase
transport phenomena in spray drying processes.
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An experimental study of dynamic

jet behavior in a scaled cold flow

spray dryer model using PIV∗

Research on the dynamic flow behavior in spray dryers has a long history. Interest in de-

scribing these flows originates from problems like roof and wall fouling. The aim of the

present study is to experimentally investigate the dynamic jet behavior and turbulent flow in

a scaled-down cold flow model of a spray dryer in order to better understand and optimize

spray drying units. Dynamic jet behavior and turbulent flow features (i.e. RMS velocities)

were studied by Particle Image Velocimetry (PIV) using water as the continuous phase. To ob-

tain more insight in the jet dynamics we analyzed the turning point, the width and shape, and

the velocity profiles of the turbulent jet at different heights and the turbulence characteristics.

We found that at higher Reynolds numbers, the jet penetrates further along the downward

direction with a time-averaged profile which is symmetric at the center. In addition, we in-

vestigated the effect of the expansion ratio via Proper Orthogonal Decomposition (POD).

Outcomes of different characteristics of the dynamic jet, like steady, transient, regular, and

complex precession, can be collapsed by proper scaling. These results can be used for val-

idation of computational fluid dynamics simulations and facilitate the design (identification

of jet operation boundaries) of new spray dryer configurations.

∗This chapter is based on: Pawar et al. (2014b)
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2.1 Introduction

Spray drying is an essential unit operation for production of powders from liquid slurry. It is
widely used in different industries such as the chemical industry, the pharmaceutical industry,
the food industry etc (Woo et al., 2011; Masters, 1972). The liquid feed is atomized in the
cylindrical chamber where hot air enters at the top along the centerline as a swirling or non-
swirling flow. The resulting droplets are mixed with hot air/gas flow to transform into dry
particles in a single step operation. However, industrial spray dryers are still designed on the
basis of experience and extensive pilot plant experiments. One of the challenges faced by
designers and operators is to understand the complexity of the particle/air mixing in spray
chambers (Palencia et al., 2002). Improper gas flow patterns inside the chamber can cause
roof and wall fouling and the quality of the final product can deteriorate.

Accurate measurement of the flow inside industrial scale spray dryers is difficult, leading to a
growing interest in the use of Computational Fluid Dynamics (CFD). In order to validate the
results of CFD simulations, the availability of accurate experimental data is crucial. Many
different measurement techniques are available for this purpose. The most frequently used
methods are laser-based. That is, Laser Doppler Anemometry (LDA) and PIV. The advan-
tages of these techniques are their non-intrusive nature and high resolution. LDA and hot wire
anemometry have frequently been used by many research groups in order to study flows in
spray dryers. However, only few studies used PIV for the analysis of flow patterns prevailing
in spray dryer. Stafford et al. (1997) visualized the velocity field in a lab-scale spray dryer
with pressure nozzle atomization using video recording and PIV. They observed large velo-
city fluctuations, non-symmetrical recirculation zones, an off centre jet and strongly varying
flow in the wall zone. They concluded that the prevailing flow pattern was possibly due to
the maldistribution of the gas inlet flow. Kieviet (1997) studied experimentally and computa-
tionally a pilot scale spray dryer excluding atomization. They observed an instability in the
slow recirculation zone near the wall. Accurate measurements of the mean velocities were
not possible in many areas due to the unstable flow. The experimental results indicated a
fast flowing core that diverged as it progressed into the chamber. The flow instabilities were
characterized as a wiggling core. Southwell and Langrish (2001) have investigated the effect
of the swirl angle of the sprayer on the stability of the flow patterns in a scaled set-up of the
spray dryer using visualization and LDA techniques. They found that the introduced spray
has a significant effect on the flow behavior. Fletcher et al. (2006) performed a transient sim-
ulation with particle tracking of a deflected jet, which precesses slowly with time around the
central axis. The offset outlet pipe at the base of the chamber caused the central jet to be
significantly off-axis. However, no validation of the simulation model was attempted. Guo
et al. (2003) performed transient 3D simulations on a sudden contraction and expansion of a
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laboratory spray dryer. They reported that the flow was unstable with periodic oscillations.
The jet moved in a quasi flapping pattern. It was concluded that the movement of the central
jet was due to pressure fluctuations in the large recirculation zones between the jet and the
walls. Meyer et al. (2011) performed PIV experiments on a scaled model of a spray dryer
without atomization and analyzed the data using POD technique. They determined the mean
and dynamic velocity field, and characterized the frequency of the jet precession. They con-
cluded that the jet moves in the down-stream direction and that there is a periodic elongation
of the jet cross section which manifests itself as a displacement of the jet towards the chamber
wall.

The purpose of this study is to experimentally analyze the dynamic jet behavior and turbu-
lent flow in a scaled-down cold flow model of a spray dryer using PIV, in order to better
understand and control the jet. Results will be useful to gain more insight into the exact flow
patterns, and to validate turbulence models used in simulations.

2.2 Experimental set-up
The system studied in this work is a scaled-down spray dryer to enable PIV measurements to
be performed. We did not apply swirl at the inlet, nor did we consider the effects of liquid
atomization in the jet. The spray dryer was scaled geometrically, while maintaining the same
Reynolds number. In particular, the studied expansion ratios (ratio of the chamber diameter to
the inlet diameter) were chosen such that they are in accordance with those in full scale spray
dryers. Although in real spray dryers hot air is used, we used tap water as the continuous
fluid. This is because it has a kinematic viscosity that is about 20 times smaller than air, so
we can use inlet velocities that are 20 times smaller than we would have with air. Moreover,
seeding the fluid with tracers is easier in water. In our case, we used small traces of air that
are present in the flow loop. This air is sucked along with the liquid as it enters the spray
dryer and is broken up into very small bubbles due to the high shear rates. These air bubbles
act as tracers. The volume fraction of the air bubbles is small O (10−4), so the liquid flow
remains virtually unaffected. Moreover, the air bubbles should be small enough to follow the
motion of the liquid. This is accomplished when the bubbles are smaller than about 1 mm,
i.e. in that case, the buoyancy acting on the bubbles is sufficiently small compared to the drag
force exerted by the liquid. As a consequence bubbles will follow the liquid flow and act as
tracers. In our experiments, we found the bubble sizes ranged between 0.2 - 0.7 mm.

Figure 2.1 shows a schematic of the experimental set-up of the scaled-down cold flow spray
dryer studied in this work. It consists of three parts: a closed loop spray dryer setup, a PIV
setup (high speed camera and laser with traverse system) and data collector. The spray dryer
section was made of transparent acrylic Polymethyl methacrylate (PMMA) and consists of
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Figure 2.1: Schematic overview of the scaled-down cold flow set-up of a spray dryer. A high
speed camera and a laser were used to measure the instantaneous fluctuating flow. A support
frame was used to adjust camera and laser inline.

two sections: a cylindrical section with a height Hcylinder of 0.5 m and an inner diameter Dc of
0.5 m and a conical section that reduces in diameter from 0.5 m to 0.1 m over a height (Hcone)
of 0.5 m. One inlet (din = 0.025 m) and two outlets (dout = 0.080 m) are mounted at x = 0.1875
m from the center axis on the top plate of the spray dryer for continuous circulation of the
fluid, no flow passes through the bottom outlet. To achieve uniform flow at the inlet we used
a long circular inlet tube and no swirl elements. The length of the circular inlet tube was (L
> 15 din). To minimize optical distortions that would normally occur in cylindrical systems,
the entire spray dryer was contained in a rectangular box that was also made of transparent
PMMA. A positive displacement pump was used for circulating the water, and the flow rate
was controlled by the speed of the pump. Both the temperature and flow rate were measured
at the outlet flow pipes.

The PIV setup consists of a high speed camera (LaVision, Imager Pro) and a double pulsed
Nd: YAG laser (Litron LPY 703; 200 Hz; 50 mJ; 532 nm). The camera and laser were located



Experimental study of a dynamic jet using PIV 11

Figure 2.2: PIV data evaluation via cross correlation.

at the same height and perpendicular to each other on a traverse system (see Figure 2.1). The
latter is used to change the position of the camera and the laser during the experiment. The
camera, laser and traverse system are controlled through a computer.

Measurements were carried out at different velocities by varying inlet velocity ranging from
4.8 m/s to 8.3 m/s. Reynolds numbers are calculated on basis of the inlet opening diameter
and velocity, and ranged from 1.20×105 to 2.07×105. Dynamic jet behavior and turbulent
flow characteristics were measured at different positions in the axial y-direction. In addition,
measurements were repeated with different expansion ratios (E = Dc/din) ranging from 5 to
10 by varying the diameter of the inlet pipe.

2.3 Particle image velocimetry

Particle Image Velocimetry is used to analyze the dynamic jet behavior and the turbulent flow.
In PIV, the flow is seeded with tracer particles, which in this case are air bubbles present in
the liquid phase small enough to follow the flow. A laser (LPY 703; Nd: YAG laser with
a wavelength of 532 nm) is used to illuminate the tracer particles in a vertical plane that
cuts through the inlet. A high speed camera (LaVision, Imager Pro) is used to record two
subsequent images of the tracer particles. The time delay between the two images is set to
750 µs and image pairs are recorded at a frequency of 200 Hz. These images are divided into
50% overlapping interrogation areas of 32×32 pixels (see Figure 2.2). For each of these areas
the velocity is calculated by cross correlating the intensities of the successive interrogation
areas to obtain the displacement and by dividing it by the time delay.
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Figure 2.3: a) Instantaneous dynamic jet velocity vectors profile and, b) Time-averaged (10
s) dynamic jet velocity vectors map in a cylindrical chamber (Re = 2.07×105, E = 20).

2.4 Results and discussion
In this section, the experimental data on the turbulent jet behavior obtained with PIV will be
reported. We analyzed different aspects of the jet behavior such as the time-averaged and
Root Mean Square (RMS) jet velocity profile along the axial direction, the jet flow turning
point, and regime map for the dynamic jet behavior for different expansion ratios using POD
at different Reynolds numbers.

2.4.1 Jet velocity profile
Figure 2.3a shows the velocity map of the instantaneous flow field of the region where the
jet enters in the cylindrical chamber at the top of the spray dryer (Re = 2.07×105, E = 20).
Colors of the vectors indicate the magnitude of the liquid phase velocity. Near the inlet, the
velocity of the jet is higher. With increasing distance the velocity decreases due to the co-flow
or formation of eddies (Figure 2.3a). Figure 2.3b shows a time-averaged velocity map of the
dynamic jet. It can be seen that the time-averaged velocity map is asymmetric around the
centerline. Additional information was obtained by analyzing the dynamic jet behavior.

Guo et al. (2001) noted that the extent of transient behavior of the dynamic jet depends on
different factors such as expansion ratio, swirl, and Reynolds number. If the expansion ratio
E is equal to 5 then regular precession expected. If the expansion ratio is equal to 10 then
at low Reynolds numbers no precession is observed, while at high Reynolds numbers no
experimental data are available in the literature. For the length ratio, not much is known from
the literature. If the length ratio is sufficiently small, the precession will stop.
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Figure 2.4: a) Time-averaged and, b) RMS velocity profiles and width with ūy = 0.5uy,c, and
ūy = 0.1uy,c of the dynamic jet for Re = 2.07×105 and E = 20.

Figure 2.4a shows the jet velocity profiles in a cylindrical chamber along the length, ex-
pressed as local velocities divided by the maximum velocities for that specific plane. The
x-co-ordinate has been normalized by the inlet diameter (din) of the nozzle. Included in this
figure is the evolution of the jet width defined as the dimensionless co-ordinate, at which the
dimensionless time-averaged velocity ūy/ūy,c = 0.1 (orange lines) or ūy/ūy,c = 0.5 (red lines).

Similarly, Figure 2.4b shows the evolution of the RMS jet velocity profiles. From this figure
it can be seen that the RMS values in the center of the jet are smaller than that in the shear
layer of the jet, and the values decrease with increasing axial position. These observations
are qualitatively in accordance with the expectation because the turbulence production rate is
higher in areas with high velocity gradients.

Figure 2.5 shows the evolution of the time-averaged normalized velocity profile in the axial
direction. The radial position is normalized by the jet half width (b1/2) which is defined as
the width of the jet where the velocity is equal to half of the centerline velocity width whereas
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Figure 2.7: Normalized time-averaged radial velocity profiles at y/din = 11.25 for different
Re.

the axial velocity is normalized by the maximum centerline velocity. The jet velocity profiles
closely resemble a Gaussian and all collapse on each other. In Figure 2.6, the correspond-
ing data are shown for the evolution of the normalized RMS velocity profile. Again, the
maximum centerline velocity has been used to normalize the RMS velocities. Near the jet
boundary, the turbulence intensity reaches its maximum value due to the large velocity gra-
dient at the jet boundary.

Figure 2.7 shows the normalized time-averaged velocity profiles of the jet for several Rey-
nolds numbers ranging from 1.25×105 to 2.07×105. Again the radial position was normal-
ized with the jet width whereas the local maximum centerline velocity was used to normalize
the time-averaged velocities. From these results, we can say that the normalized jet velocity
profiles show the same behavior. We compared our results with literature data for turbulent
jet non-dimensional velocity profiles. The normalized time-averaged velocity profiles of the
turbulent jet for different Reynolds numbers appear to collapse a single curve, and agree well
with the result of Hussein et al. (1994).

Figure 2.8a, shows the inlet velocity over the time-averaged maximum velocity (ūy,in/ūy,max)
at different y-positions plotted against penetration depth (y/din) of the downstream direction.
The center line velocity decays approximately linearly.

The following equation corresponds to the straight line plotted through the experimental data
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Figure 2.8: a) Dimensionless inlet velocity over the local maximum velocity versus penetra-
tion depth along the jet axial direction and, b) definition of the y-co-ordinate.

points as shown in Figure 2.8a.

uy(x = 0)
uin

=
B

(y+ y0)/din
(2.1)

From this equation, B can be determined, which is a measure for the decay rate of the axial
jet velocity. The spreading rate of the jet in the radial direction can be estimated from:

S≡
db1/2(y)

dy
(2.2)

and is compared with experimental value reported in literature in Table 2.1. The value of the
spreading rate S is higher than the values reported by Hussein et al. (1994) in the top section.
We also reported the value at the bottom section of the spray dryer. However, the values of B

match well with the experimental data of Hussein et al. (1994).

2.4.2 Jet flow turning points

In order to investigate the penetration depth and flow behavior in the conical section, the jet
flow turning points were investigated as well. For this purpose the time averaged vorticity
was calculated, which shows a distinct maximum at the jet flow turning point. These points
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Table 2.1: Jet velocity decay (B) and spreading rate (S).
Hussein et al.(1994) Hussein et al.(1994) Expt. at top

(y/din=3.75)
Expt. at bottom
(y/din=18.75)

Jet type Round Round Round Round

Method Hot wire LDA PIV PIV

Re x105 0.95 0.95 2.25 2.25

S 0.102 0.094 0.117 0.092

B 5.9 5.8 5.7 5.7
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Figure 2.9: Jet turning points visualized by determining the vorticity in the conical section.

are shown in Figure 2.9 for one section of our set up for several Reynolds numbers ranging
from 1.25× 105 to 2.07× 105. With increasing Reynolds number, the penetration depth of
the jet increases. At higher Reynolds number the volumetric flow rate is higher and the flow
turning point moves to a position lower and closer to the centre of the cone.

2.4.3 Jet regime characteristics

2.4.3.1 Proper orthogonal decomposition (POD)

The PIV measurements were analyzed via POD to characterize the jet regime. POD is a
technique that can be used to decompose an unsteady flow into a number of dominant modes.
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Figure 2.10: (a) Average flow field, (b) 1st decomposed state and (c) 2nd decomposed state.

The principle of POD is to create a mathematical model of an unsteady flow that decouples the
spatial and temporal variations. The 2D flow fields obtained from PIV, describe the horizontal
flow velocity and vertical flow velocity at time t0 to tn.

ux(x,y, t) = ūx(x,y)+u′x(x,y, t) = ūx(x,y)+
N

∑
i=1

qi(t)φux,i(x,y) (2.3)

uy(x,y, t) = ūy(x,y)+u′y(x,y, t) = ūy(x,y)+
N

∑
i=1

qi(t)φuy,i(x,y) (2.4)
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Figure 2.11: Frequencies of occurrence of first and second decomposed states (expansion
ratio E = 5). The system is in regular precession.

where and are obtained by the time averaging flow field over the total time and and time
dependent fluctuations around the mean. The fluctuations are decomposed using N mode
shapes, and N modes generalized coordinates qi(t). The main purpose of the POD technique
is to extract the most energetic modes that capture most of the unsteady flow energy. The
total kinetic energy from velocity fluctuations that is associated with a given POD mode
is proportional to the corresponding eigenvalue. The energy of each eigenfield reflects the
fraction of the overall energy in the input vector fields that is represented by this eigenfield.
By applying a Fast Fourier transform (FFT), we can determine the frequencies of dominant
decomposed states.

Figure 2.10a shows the average of all vector fields at expansion ratio E = 5. Figure 2.10b
shows the first most common mode of the system and Figure 2.10c the second most common
state.

Figure 2.11 shows the Fourier time transform of the relative contribution of the first and
second decomposed states at E = 5. We find high peaks for both the first and second decom-
posed states at different low frequencies with peaks at 0.14 and 0.09 s−1, indicating regular
precession of the jet with periods of 7 s to 11 s. By analyzing these frequency distributions
at different expansion ratios (din/Dc) and Reynolds numbers, additional insight into the dy-
namic behavior of the system can be obtained. In absence of dominant peaks the system does
not show regular precession and is characterized as having complex precession (Figure 2.12).
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Figure 2.12: Dominant frequencies are not found in the first and second decomposed states
for E = 10. The system is in a complex precession.

2.4.3.2 Jet regime plot

Figure 2.13 shows the different flow regimes (steady, transient, regular precession and com-
plex precession) as a function of expansion ratio and Reynolds number. With smaller expan-
sion ratios (below 3), flows tend to be stable due to the smaller size of the shear layer. But
when the expansion ratio increases above 3, flows no longer remain stable due to flow distur-
bances and enter a transient regime. The Reynolds number plays important role when the ex-
pansion ratio is larger than 4. If the Reynolds number increases above a certain value, regular
precession occurs which means that there are no significant variations in time and the direc-
tion reveres consecutive cycles. At lower Reynolds numbers, with expansion ratio higher than
6, the flow behavior follows complex precession. Guo et al. (2001) identified the different
flow regimes to be dependent on the expansion ratios without inlet swirl. They numerically
investigated expansion ratios ranging from 1.6 to 6 and observed that flow was unstable when
the expansion ratio was above a certain value. They also predicted the jet movement and tran-
sient behavior. Our experiments were conducted for different expansion ratios from E = 5,
5.95, 7.35 and 10 and varying the Reynolds number ranging from 0.65× 105 to 2.07× 105.
We did not study the steady state or transient regime due the instability of the flow theses
expansion ratio. For an expansion ratio E = 5, regular precession was observed at a range
of different Reynolds numbers. For E = 5.75 and E = 7, complex precession was observed
at lower Reynolds numbers and regular precession at higher Reynolds numbers. For E = 10,
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within our range of Reynolds numbers (from 1.20×105 to 2.07×105), no definite frequen-
cies were detected. That is, the system under these conditions was in complex precession.
The different regimes found in this study are shown in Figure 2.13 along with results reported
by Guo et al. (2001) and Nathan et al. (1998).

2.5 Conclusions
The dynamic jet behavior in a scaled-down cold flow experimental set-up of a spray dryer
was studied by PIV using small air bubbles present in the liquid as tracer particles. The
time-averaged velocity profiles of the dynamic jet obtained for various Reynolds numbers
show self-similar velocity profiles along the axial direction. The velocity profiles, the decay
and spreading rate are in good agreement with experimental data reported in literature. The
flow turning points were determined and they were found to move towards the center of the
conical section when the flow rate was increased. Regular and intermediate precession are
expected for the system with an expansion ratio of 5, 5.95, and 7.35 respectively, at higher
Reynolds number, and complex precession at lower Reynolds numbers with higher expansion
ratio. Our results show the expected trends and are in good agreement with literature data, as
shown in a regime map of expansion ratio verses Reynolds number.
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Lagrangian modelling of dilute
granular flow - modified stochastic
DSMC versus deterministic DPM∗

In this chapter, a modified Direct Simulation Monte Carlo (DSMC) algorithm is introduced

which is tailored towards achieving quantitative agreement with deterministic Discrete Par-

ticle Model (DPM) simulations for the collision frequency between particles in dilute gran-

ular flows. To avoid lattice artifacts, we use a spherical searching scope in which a par-

ticle searches for a collision partner during each particle time step. The particle collision

frequency is calculated on the basis of particle concentration, diameters, and velocities of

neighbouring particles within the searching scope, similar to existing DSMC methods. How-

ever, when the particle time step is limited by an external time step, such as the time step for

the solver of the gas equations, without additional measures, the resulting searching scope

often contains a single or even no neighbours, with detrimental effects on estimates of the

average collision frequency. We modified the method to automatically and self-consistently

increase the searching scope until it contains a minimum number of neighbouring particles to

ensure that a statistically accurate and unbiased estimate of the collision frequency is made.

The developed stochastic-DSMC model is verified qualitatively and quantitatively with DPM

simulations of two colliding streams of elastic as well as inelastic mono-disperse spheres. The

major advantage of the DSMC model is its capability to handle many millions of particles for

simulation in a reasonable computation time. This number increases even more when each

simulated particle represents a large group of real particles, called a parcel. We investigate

how far the parcel size can be increased before the DSMC approach breaks down.

∗This chapter is based on: Pawar et al. (2014a)
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3.1 Introduction
In recent years, computational fluid dynamics (CFD) has been increasingly employed by
many industries either to explore the problems in the manufacturing process or to provide
an insight into existing processes so that they may be analysed and improved. CFD has
become a very powerful and versatile tool for the numerical analysis of transport phenomena
(Kuipers and Van Swaaij, 1998). With continuously increasing computer power combined
with the development of improved physical models CFD has become a very useful tool for
various applications. CFD models are often used because experimental measurements of the
parameters/variables on industrial scale reactors are very difficult and expensive to obtain.
Dispersed multiphase flows are frequently encountered in a variety of industrially important
processes in the petroleum, chemical, metallurgical and energy industries (Kuipers, 2000).

Over the last decade, there has been growing interest to use CFD for investigating dispersed
phase in the industrial scale reactors, which has led to extensive developments of new tech-
niques that can give detailed insights. One of the key simulation tools for gas-solid flows is
the Discrete Particle Model (DPM) (Deen et al., 2007), which consist of an Eulerian CFD
description of the continuous phase and a Lagrangian Discrete Element Model (DEM) for
the dispersed phase. In DPM, the total force acting on each particle is evaluated and the
acceleration, velocity and position that results from this force is tracked over a period of
time. Particle-particle collisions are modeled as either an event-driven hard sphere collision
or through a time step driven soft sphere model (Hoomans et al., 1996). Because each particle
pair collision is tracked deterministically, and because in the soft sphere model a very small
time step is necessary, the DPM approach is computationally intensive and requires a long
time to simulate a system with millions of particles. Sakai et al. (2012) developed a coarse
grained model to simulate the non-cohesive particle behaviour in large-scale powder system
by extending the DEM approach. They considered that one large particle represents a group
of the original particles and the model was dependent on cell size (the cell size should be
larger than the particle size).

Continuum models, such as the Two Fluid Models (TFM) and the Multi-Fluid Model (MFM),
serve as another powerful method for simulation of gas-solid systems (Gidaspow, 1994;
Hoomans et al., 1996; Kuipers et al., 1992; Goldschmidt et al., 2003). In the continuum
models, the dispersed phase is considered as separate continuum, like the gas phase, and the
motion of the particles is averaged out. The rheology of the dispersed phase is described
by relations from the Kinetic Theory of Granular Flow (KTGF) (Gidaspow, 1994), which is
essentially an extension of the kinetic theory of dense gases to particulate systems, but unlike
the kinetic theory of gases, particle-particle collision can be inelastic. Continuum models
are more suitable for large systems than DPM simulations, but depend critically on the qual-
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ity of the rheological constitutive equations. Also it is very difficult, if not impossible, to
treat highly dissipative systems or systems in which particles coalesce or undergo physical
transformations.

In many cases it is therefore preferable to trace particles in a Lagrangian fashion. For ex-
ample, Sommerfeld (2001) introduced a stochastic inter-particle collision model based on
an Euler-Lagrange approach where fictitious collision partners are generated; this approach
is very economic with regards to computer time, because it does not require to search for a
possible collision partner in the vicinity of the considered particle. However, for the gen-
eration of the velocity of the fictitious particle, assumptions about the velocity fluctuations
need to be made. Such assumptions need not be made when collision partners are also ex-
plicitly tracked. An important development is the Direct Simulation Monte Carlo (DSMC)
method, first proposed by Bird (1976). In DSMC, collisions between pairs of particles are
detected stochastically instead of deterministically as in DPM. The method is very popular
for the investigation of large numbers of particles, because real particles can be represented
by a lower number of representative particles, and the trajectories of only these representative
particles are calculated. In this way, computer memory and computation time can be reduced
significantly (Tsuji et al., 1998; Müller and Herrmann, 1998). O’Rourke, 1981 has described
application of the DSMC method to granular particle collisions. In this approach, a collision
partner for a particle is sought within the same rectangular cell as the particle in question.
Du et al. (2011) have modified this approach to a stochastic model in which the path of each
representative particle is updated sequentially during a large time step. The probability of
particles colliding and the search for collision partners are based on a spherical region (called
the searching scope) generated from the local particle parameters.

The stochastic-DSMC model of Du et al. (2011) seems to yield correct results for the qual-
itative features of impinging streams of particles. However, a quantitative comparison with
accurate DPM simulations has never been reported until now. When we compared the pre-
dicted collision frequencies in impinging particle streams with accurate DPM simulations, we
found large quantitative disagreements. We will argue in this chapter that this disagreement
is mainly caused by the fact that the searching scope size is limited by an external time step
(i.e. the gas time step in Euler-Lagrange simulations) leading to a low number of neighbour-
ing particles (often 0 or 1) within the searching scope range and consequently low statistical
accuracy and bias in the estimation of the collision frequency.

The main objective of the present study is to show how the stochastic-DSMC model can be
modified to achieve full quantitative agreement with DPM simulations of elastic and inelastic
collisions in relatively dilute granular flows. We show how far we can stretch the method for
larger parcel sizes (number of real particles represented by a single particle in the simulation)
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before its accuracy finally breaks down, and give practical rules for pre-estimating this point
of breakdown. Note that we already take into account the expected finite gas time step, but
that only at a later stage we will include the gas phase.

This chapter is organized as follows. In section 3.2 we briefly introduce the Discrete Particle
Model. In section 3.3 we discuss the Direct Simulation Monte Carlo model, including details
of our approach. In section 3.4 we introduce the geometry and parameters of our test cases of
two impinging streams of particles. In section 3.5 we present and discuss the results. Finally,
we give our conclusions in section 3.6.

3.2 Discrete particle model
In the DPM model, the motion of the particles is described by Newton’s second law:

mi
dvi

dt
= ∑Fi = ∑

j 6=i

~Fi j +Fg,i +Fd,i +Fp,i (3.1)

where mi and vi represent the mass and velocity, respectively, of the ith particle and ∑Fi the
sum of the forces acting on that particles. These forces consist of the contact forces with
neighbouring particles (during collisions), as well as gravity, drag and pressure forces. The
precise contact forces depend on the type of particles under consideration. In this work we
consider soft sphere collisions, using the contact model of Cundall and Strack (1979). The
particles are considered spherical and rigid without rotation with a coefficient of restitution e
and friction coefficient and the gas-induced drag and pressure forces are deactivated. These
simplifications are not essential for our conclusions; what is important is that in the compar-
ison between DPM and DSMC the same simplifications are made. Note that the soft sphere
model is more generally applicable, also at higher solid volume fractions. In this work, we
will focus on not too high solid volume fractions, in which case the soft sphere model yields
the same results as a hard sphere model.

3.3 Stochastic direct simulation Monte Carlo model
3.3.1 Impulsive particle collisions
The goal of the DSMC model is to generate random nearby pairs of particles to collide with
each other with realistic probabilities, leading to correct average collision rates. This will be
described in detail in the next subsections. If a collision between a pair of particles i and j is
accepted, we need the rules for updating their velocities. At not too local high solid volume
fractions, we may assume the particles to behave like hard spheres, i.e. (1) that the collisions
are binary, i.e. simultaneous collisions between 3 or more particles can be neglected, and (2)



Lagrangian modelling of stochastic DSMC versus deterministic DPM 27

that the collisions are impulsive, i.e. the duration of a collision is much less than the mean
free time in between two consecutive collisions. In this case, the post-collision velocities of
the collision pair can be obtained from impulsive equations as follows:

mi(vi−v(0)i ) = J (3.2)

m j(v j−v(0)j ) = J (3.3)

where J is the impulsive momentum transferred onto particle i, due to its collision with par-
ticle j and the superscript (0) is used for pre-collisional values. For spherical rigid parti-
cles without rotation, with a coefficient of restitution e and friction coefficient µ f , the post-
collision velocities of the two particles are as follows:

if(
∣∣n ·vi j

∣∣/∣∣vi j
∣∣
ct ≤

(
1/µ f (1+ e)

)
:

vi = v(0)i − (n+µ f t)(n ·vi j)(1+ e)
m j

mi +m j
(3.4)

v j = v(0)j +(n+µ f t)(n ·vi j)(1+ e)
mi

mi +m j
(3.5)

if(
∣∣n ·vi j

∣∣/∣∣vi j
∣∣
ct ≥

(
1/µ f (1+ e)

)
:

vi = v(0)i −
[
(1+ e)(n ·vi j)n+

∣∣vi j
∣∣
ct t
] m j

mi +m j
(3.6)

v j = v(0)j +
[
(1+ e)(n ·vi j)n+

∣∣vi j
∣∣
ct t
] mi

mi +m j
(3.7)

Here n is the normal unit vector directed from particle j to particlei at the moment of collision.
|vi j|ct is the tangential component of the relative velocity vi j = vi- v j between the two particles
before the collision (Du et al., 2011). t is the unit vector in the tangential direction, defined
as the non-normal component of the relative velocity.
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3.3.2 Collision probabilities
The main speed advantage of DSMC, relative to DPM, has two reasons. First, in DPM
collision pairs are detected by expensive deterministic rules, checking for overlap between
all pairs of simultaneously moving particles, while in DSMC collision pairs are chosen by
probabilistic rules, while moving only a single particle at a time. Second, in DSMC not
all particles need to be explicitly modeled; a group of particles, called a parcel, may be
represented by a single representative particle.

3.3.2.1 Searching for collision partners within a searching scope
In the DSMC approach of O’Rourke (1981), the system volume is divided into rectangular
cells and particles collide with other particles within the same cell. This may lead to lattice
artifacts because particles cannot communicate across cell boundaries and collisions take
place between particles in a cubic arrangement. To avoid such lattice artifacts, in this work we
use a spherical searching scope in which a particle searches for neighbours during a particle
time step, as suggested by Du et al. (2011). An example of a searching scope is shown
in Figure 3.1. After each particle time step the searching scope range of particle i (Rs,i) is
updated based on the local collision frequency and particle velocities. The calculation of the
collision frequency is analogous to the calculation of the collision frequency in molecular
gas dynamics. If di is the diameter of the moving particle of interest and d j the diameter
of a particle within its searching scope, and assuming the particles are distributed randomly
(locally) in space, the collision frequency of particle i can be estimated as:

fi = ∑
j∈Rs,i

∣∣vi j
∣∣π

4
(di +d j)

2 n j
4
3 πR3

s,i
(3.8)

Here |vi j | is the magnitude of the relative velocity between the colliding particles, (π/4)(di+

d j)
2 is the effective collision area, and (4/3)πR3

s,i is the volume of the searching scope of
particle i. Finally, n j is the number of real particles represented by parcel j, i.e. the parcel
size. From the collision frequency, a collision mean free path of the moving particles i is
calculated as:

λi =
|vi|
fi

(3.9)

During one particle time step ∆tp,i, the total collision probability (due to collisions with all
possible neighbours) should be less than 1. This condition is necessary to separate calcula-
tions of inter-particle collisions from those of free particle motion. This condition is referred
to as the ‘principle of uncoupling’. This condition is satisfied if the particle time step ∆tp,i, is
calculated as follows:
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di+dj

|vij |Δti Rs,i

Figure 3.1: In DSMC, a particle (red) can collide with any of its neighbouring particles
(yellow) within a certain range (dashed circle). The collision probability depends on the
relative velocity, the particle sizes, and local concentrations. The dashed grid lines indicate
the computational mesh for the gas phase (not used in this work).

∆tp,i = min
[

λi

3vi
,∆tg−∆tcompl

i

]
(3.10)

Here ∆tg is an external time step limiting the particle time step; in our future applications this
will be the time step for updating the gas phase velocities. Note that, unlike Du et al. (2011),
we have based the particle time step on the magnitude of the total particle velocity vi, and
not on separate Cartesian components of the particle velocity. This is more in spirit with the
off-lattice approach and spherical shape of the searching scope. Also unlike Du et al. (2011),
we take into account that when we are finished with particle i, precisely one gas time step
should have been completed; the particle time step should therefore not be limited by the gas
time step but by the remainder of the gas time step, i.e. by the difference between the gas
time step and the completed time ∆tcompl

i up to this point. After each particle time step, the
radius of the searching scope is updated as follows:

Rnew
s,i = max[|vi|∆tp,i,

∣∣vi j
∣∣
max∆tp,i] (3.11)

where |vi j |max is the largest value of relative velocity between particle i and any of its neigh-
bours within its searching scope.
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3.3.2.2 The number of representative particles in a searching scope: limitations to
parcel size

Let us now digress some more into the number of particles in a searching scope. This will
have important implications for the accuracy of our DSMC approach and the choice for the
parcel size.

It is important to estimate and keep track of the maximum local solid volume fraction in the
simulation from the number density of particles. Near a particle i we can estimate the local
solid volume fraction as:

φi =
π

6 ∑
j∈Rs,i

ρ̃ jd3
j ≈

π

6 ∑
j∈Rs,i

n j
4
3 πR3

s,i
d3

j (3.12)

where ρ̃ j is the estimated number density of particles j inside the searching scope. A major
assumption of the (current version of the) DSMC model is that collisions between particles
are binary, i.e. simultaneous collisions between three or more particles are neglected and
also that the collision probability is not increased due to packing effects (a radial distribution
function of unity). The DSMC approach is therefore not suitable for simulation of very high
local solid volume fractions. In practice, the local solid volume fraction should not be higher
than O(0.1). If the method is to be internally consistent, the searching scope range should be
independent of the parcel size. However, if we increase the parcel size n j of each particle j,
less and less representative particles will be left inside the searching scope of a particle. At a
certain point only a single representative particle will be left in the searching scope of every
other representative particle. At this point we have clearly coarse-grained too far, because (1)
no statistical representation of the collision probabilities is possible, (2) the relative particle
number fluctuations will have increased and (3) the maximum relative particle velocities will
be underestimated due to the small sample size.

To get a feeling for the maximum allowable parcel size in a given situation, we will now
estimate the number of representative particles N within a typical searching scope in a cloud
of randomly distributed particles of equal diameter d at volume fraction φ . We assume the
particles move convectively with an average velocity v and have typical (magnitudes of)
relative velocities equal to ∆v. From Eqs. 3.8 and 3.9, we find that the average collision
frequency and mean free path in such a system is

f = ρ̃πd2
∆v =

6φ∆v
d

(3.13)

λ =
v
f
=

d
6φ

v
∆v

(3.14)
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We further assume the particle time step is limited by a gas time step ∆tg and that the parcel
size n is equal for all representative particles. For a particular particle we denote the maximum
relative velocity with its neighbours as ∆vmax. We need to distinguish between 3 different
cases.

a) If v > ∆vmax and λ < 3v∆tg (convection dominating relative velocities and mean free path
smaller than average particle displacement in a gas time step), we have Rs = λ/3. It is easy
to show that in this case the number of representative particles N within the searching scope
is typically:

N =
1

93φ 2n

( v
∆v

)3
(3.15)

Note that v > ∆vmax > ∆v because, the factor (v/∆v) is (much) larger than one.

b) If ∆vmax > v and λ < 3v∆tg (relative velocities dominating convection and mean free
path smaller than the average particle displacement in a gas time step) we have Rs = (λ/3)
(vmax/v). The number of representative particles N within this searching scope is:

N =
1

93φ 2n

(
∆vmax

∆v

)3

(3.16)

Note that by definition (vmax/v) is larger than one.

c) If λ > 3v∆tg(the mean free path is larger than the average particle displacement during a
gas time step), we have ∆tp = ∆tg and Rs = max(v,∆vmax)∆tg. In this case the number of
representative particles within the searching scope depends on the gas time step:

N =
8φ

n

(
∆tg
d

max(v,∆vmax)

)3

(3.17)

For an accurate estimate of the collision frequency, it is important that N is sufficiently high at
all times, i.e. it must be clearly larger than unity. In cases (a) and (b), in more dilute systems
(lower φ ), the maximum allowable parcel size therefore increases as n ∝ φ 2, i.e. the efficiency
of the method increases for more dilute systems. This counter-intuitive result stems from the
fact that the searching scope volume scales φ−3 as whereas the number density scales as φ .

However, in case (c), N depends on the (absolute or relative) distance travelled by the particle
in a gas time step. For small gas time steps or low volume fractions this may lead to a very
low number of representative particles inside a searching scope.

From the work of Du et al. (2011) it is not clear whether after the calculation of the collision
frequency in Eq. 3.8, an additional check is made on the number N of neighbouring particles
encountered within the searching scope range. From preliminary simulations we found that,
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without additional measures, in many cases the number of neighbouring particles turns out
to be N = 0. This usually occurs when in Eq. 3.10 the particle time step is limited by an
external time step (i.e. limited by the gas time step in Euler-Lagrange simulations, as in
case c above). When this happens, the collision frequency is zero for many time steps until
a particle finds itself very close to another particle, at which time the collision frequency is
suddenly extremely high (because of the small volume of the searching scope range). As a
consequence, the collision frequency of the particle shows strong fluctuations and generally
yields a different average compared to the case where the particle time step is not limited by
the external time step.

To cure this problem, we suggest to make the following modification. After calculation of
the collision frequency (based on the searching scope calculated in the previous time step),
we iteratively increase the searching scope range (with a factor α =1.1) until it contains at
least Nmin neighbouring particles, or until it reaches a practical maximum range Rs,max. The
maximum range is chosen sufficiently large to not influence the resulting average collision
rates, i.e. it is chosen so large that the volume fraction corresponding to Nmin particles in a
volume (4/3)πR3

s,max is orders of magnitude lower than the volume fraction in the relevant
regions of the system. The value of Nmin is chosen high enough to ensure that a statistically
accurate estimate of the collision frequency can be made. We found empirically that Nmin

= 8 neighbouring particles per searching scope volume is sufficient to obtain an unbiased
estimate of the average collision frequency, irrespective of the limits imposed by an external
time step. Note that Nmin is not a hard number, and depends on the required accuracy, but it
is certainly larger than unity. Also note that the optimal number of neighbours suggested in
the DSMC literature on molecular gases is similar, 10 to 20 (Rader et al., 2006). Finally, to
avoid resetting the searching scope range to very small values, in the subsequent particle time
step the searching scope range should not be lowered as long as the number of neighbours N

is still equal to or lower than Nmin.

As we will show in the results section, our new approach to deal with the gas time step
limitation leads to a correct prediction of the collision frequency, independent of parcel size,
as long as the number N for the then relevant cases (a) or (b) remains larger than unity.

We mention that in applications of fluidized beds, the velocity fluctuations are typically less
than 1/4 of the average flow velocities (∆v/v < 1/4), see e.g. Godlieb et al. (2008). In that
case the number of neighbours is given by Eq. 3.15, which is larger than 8 if the solid volume
fraction is less than 0.1.

3.3.2.3 Choosing the collision partner
Suppose we have a list of Ni neighbours of particle i within its (possibly adjusted) searching
scope. All these neighbouring particles are considered to be possible collision partners. The
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probability Pi j that particle i will collide with neighbouring particle j is, consistent with the
calculation of the collision frequency in Eq. 3.8, given by:

Pi j =
∣∣vi−v j

∣∣ π

4
(di +d j)

2 n j∆tp,i
4
3 πR3

s,i
(3.18)

To actually choose the collision pair, with the correct probability, we apply the modified
Nanbu method (Tsuji et al., 1998). First, a random number χ is extracted from a generator,
which has a uniform distribution ranging from zero to unity. A candidate collision partner
jε[1, ....Ni] is then selected from the list of neighbours using the equation

j = int [χNi]+1 (3.19)

where int[x] is defined as the integer part of x and Ni is the total number of all neighbour-
ing (representative) particles in the searching scope of particle i. An actual collision with
representative particle j is performed only if

χ >
j

Ni
−Pi j (3.20)

From preliminary simulations, we found that in very dilute regions the same pair of particles
tend to repeatedly collide with each other whereas in reality they would collide only once.
Similar to DPM simulations, we therefore only allow particles i and j to collide if they move
towards one another, i.e. we introduce the additional condition:

(vi−v j) · (ri− r j)< 0 (3.21)

Note that this reduces the collision frequency relative to Eq. 3.8, leading to a larger mean free
path, as in reality. This also further improves the condition of uncoupling. If all conditions are
satisfied, particle i will collide with particle j within the particle time step, and the velocities
of particles i and j are replaced with the post-collision velocities (see section 3.1).
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3.3.3 Detailed algorithm
Figure 3.2 shows the flow diagram of the DSMC routine as implemented in our computational
model. Upon entry of the routine, the positions and velocities of all representative particles
are known, as well as external forces on these particles. To prevent bias in the order of
collisions between particles, first a randomly permuted list of the particles is generated. Then:

1. Go to the next particle (i) from the randomly permuted list of particles.

2. The collision frequency of particle i (Eq. 3.8) is calculated based on its current value of the
searching scope. The number N of neighbouring particles is counted as well. If the number N

is lower than Nmin and the searching scope range is still smaller than the maximum, increase
the searching scope range by a factor α , and step 2 is repeated.

3. The local collision mean-free path and particle time step ∆tp,i are calculated, Eqs. 3.8 and
3.9. The new searching scope is calculated by Eq. 3.11 if N > Nmin, else the old searching
scope is retained.

4. For this particle time step, a collision partner is chosen with the correct probability, see
section 3.2.2. If particle i is moving towards particle j, the velocities of particlesi and j are
replaced with the post-collision velocities, see section 3.1. The new position and velocity
of particlei is determined based on the total external force acting on it, see Eq. 3.2 and 3.3
(excluding explicit contact forces). The searching scope is updated for the next particle time
step. If the total completed time is equal to the gas time step, we go back to step 2, else go to
the next particle, step 1.

3.4 Geometry and set up of the test cases
In the remainder of this chapter we will validate our modified DSMC algorithm by compar-
ing with results from deterministic DPM simulations for several test cases. To define our test
cases, we have taken into account the following considerations: (1) collisions due to fluctua-
tions within a stream of particles, as well as collisions between particles of mutually imping-
ing streams, should both be tested quantitatively; (2) to enable a one-to-one comparison, the
total number of particles in the system should not be so high as to make DPM simulations
unfeasible; but (3) at least one test for much larger parcel sizes (where DPM simulations are
unfeasible) should also be included; (4) besides systems with elastically colliding particles, a
one-to-one comparison for systems with highly dissipative collisions should be included; and
(5) the particle size should be typical for our future applications (spray drying of milk). As
a result, we have defined three test cases of impinging streams of particles, generated by two
inclined nozzles:



Lagrangian modelling of stochastic DSMC versus deterministic DPM 35

 

P=P+1; i = permutation (P); 
set 0compl

it   

Calculate mean free path i by eq. (9), particle time by 

eq.(10), and ,
new
s iR  by eq.(11) 

Calculate frequency based on particles in searching 
scope Rs,i, eq. (8) 

Calculate new position and velocity, 

, ,
new

s i s iR R , ,
compl compl
i i p it t t    

No 

 

Done 

Yes 

No

Yes 

No 

Yes 

Generate random permutation of 
particles; P=0 

Rs,i = Rs,i 

Calculate collision probability Pij by eq. 
(15) 

ij

j
P

N
   ? 

Generate a random number  

 int  N 1        ij  

Collide particles i and j 

Yes

No 

min

, ,max

and
?s i s

N N

R R




P = N? 

 ?com pl
i gt t  

Figure 3.2: Flow diagram of the stochastic-DSMC model.
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Table 3.1: Simulation parameter settings for test case 1. The settings for test cases 2 and 3
are the same, with the following exceptions. For test case 2, the nozzle diameter is 12×10−3

m, the mass flow rate is 5.13×10−3 kg/s, and the average injected particle velocity is 5 m/s.
For test case 3, the restitution coefficient is 0.1 and coefficient of friction is 0.1.

Parameters Values Unit

Density of particles (ρp) 1300 kg/m3

Injected particle diameter (dp) 1.0×10−4 m

Nozzle diameter (d) 4.0×10−3 m

Mass flow rate per nozzle (q) 0.001 kg/s

Average injected droplet velocity (vin j) 2.5 m/s

Relative particle velocity fluctuations in nozzle (∆v/v) 0.1

Restitution coefficient (e) 1.0

Coefficient of friction (µ f ) 0.0

Gravitational acceleration (g) 9.8 m/s2

Domain size (W ×D×H) 0.12×0.12×0.12

"Gas time step" (∆tg) 2.0×10−4 s

Test case 1: Two relatively narrow streams of fully elastic 0.1 mm particles, starting off in
the nozzle area with a velocity of 2.5 m/s and a solid volume fraction of 0.024.

Test case 2: Two thicker streams of fully elastic 0.1 mm particles, starting off in the nozzle
area with a velocity of 5 m/s and a solid volume fraction of 0.007.

Test case 3: Two relatively narrow streams of dissipative 0.1 mm particles, starting off in the
nozzle area with a velocity of 2.5 m/s and a solid volume fraction of 0.024.

In all three test cases, particles are introduced at random positions in two cylindrical inlet re-
gions (nozzles) placed at 0.01 m from the top wall pointed towards each other at a 60 degree
angle, with a specified average velocity and random velocity fluctuations in all directions
from a normal distribution with a standard deviation of 10% of the average velocity. The dis-
tance between the two nozzles is 0.04 m. A cubic box with sides of 0.12 m with a Cartesian
grid with 40 cells in the x, y and z-direction is used. The Cartesian grid is used now exclu-
sively for measurements of the spatial distribution of the collision rates; in future work it will
also be used to solve the gas phase. Particles are removed from the simulation as soon as they
cross the boundaries of the computational domain. Details of the simulation parameters are
given in Table 3.1.
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(a) (b)

                  
(c) (d)

Figure 3.3: Snapshots from DPM (left) and DSMC (right) simulations of two impinging
streams of fully elastic particles after 0.05 s (test case 1). (a) and (b): close-up side view of
the region where the two streams meet. (c) and (d): top view showing the spreading of the
particles throughout the system. Particles are colour coded by their velocity, and depicted
larger than their actual size for clarity.

3.5 Results and discussion

3.5.1 Test case 1: comparison between DPM and DSMC model for elas-
tic particles

In the first test, we study two relatively narrow streams of fully elastic particles. Figure
3.3 shows snapshots of the system after a time of 0.05 s for both DPM (left) and DSMC
(right) simulations, where we have used a parcel size of 1, i.e. each real particle is actually
represented in the DSMC simulation. The results are qualitatively indistinguishable.
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Figure 3.4: Total (cumulative) number of collisions in the entire system for fully elastic
particles (test case 1). Comparison between DPM and DSMC model with a parcel size 1.
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Figure 3.5: Collision frequency of all particles in the entire system of fully elastic particles
(test case 1). Comparison between DPM and DSMC model with a parcel size 1.
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(a) (b)

        

(c) (d)

Figure 3.6: Contour plots for the spatial distribution of the collision frequency measured in
DPM (left) and DSMC (right) models for elastic particles (test case 1). Top: in a vertical
plane cutting the particle nozzles. Bottom: in a horizontal plane at z = 0.5m, where the two
streams strike.

The important question is whether the results are also quantitatively the same. Figure 3.4
shows the total (cumulative) number of collisions in the entire system as a function of simu-
lation time. Note that the results from the DPM and the DSMC simulations are indistinguish-
able. The number of collisions rises slowly during the first 0.01 s, when particles have just
emerged from the nozzles and only collide due to velocity fluctuations within each stream.
The number of collisions rises more steeply when the two particle streams meet. After ap-
proximately 0.04 s a steady state is reached in which the total number of particles present in
the system does not change on average. The total collision frequency for all particles in the
entire system as a function of time is shown in Figure 3.5. Note that the fluctuations in the
collision frequency are also well captured by the DSMC model.
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Table 3.2: Properties of the average collision frequency
〈

∑
i

ni fi

〉
and the finite sample error

σ/
√

n, and single-processor CPU time comparison between DPM and DSMC, measured for
test case 1 after 0.04s

Method Parcel
size n

〈
∑
i

ni fi

〉
σ/
√

n CPU-time per
simulated

second

Speed-
up w.r.t
DPM

DPM 1 4.79×105s−1 4.94×104s−1 4.15×105 1×

DSMC 1 4.79×105s−1 4.77×104s−1 5.50×103 75×

DSMC 2 4.78×105s−1 4.77×104s−1 5.11×103 81×

DSMC 6 5.16×105s−1 4.97×104s−1 4.32×103 96×

Figure 3.6 shows a comparison of the spatial distribution of the particle collision frequency.
A high number of collisions occur near the nozzles and where the two particle streams strike
each other. Again, the DSMC and DPM simulations are in very good quantitative agreement.

From the results up to this point, we can conclude that the DSMC model gives quantitatively
the same results as the DPM model if we choose a parcel size of 1. Note that this already is a
very positive outcome because for this parcel size the simulation speed of the DSMC model
is more than 75 times faster than that of the DPM model (we will discuss the computational
efficiency later).

Next, we ask whether the DSMC model performs just as good for larger parcel sizes. Figure
3.7 shows the global collision frequency for parcel sizes n = 1, 2 and 6. Note that because
of the coarse-grained approach we have to count each collision between two representative
particles as n real collisions. We observe that the fluctuations in the collision frequency
grow with increasing parcel size, as expected because of the lower number of representative
particles per searching scope. The average frequency for a parcel size 2 is still correct, but
is slightly overestimated for parcel size 6. This becomes more clear in Figure 3.8 where we
plot the cumulative number of collisions. The calculated average collision frequencies are
reported in Table 3.2. The results for parcel sizes 1 and 2 are practically indistinguishable,
whereas for parcel size 6 the number of collisions is overestimated by about 8%.

We emphasize that the maximum parcel size with which quantitative agreement is still pos-
sible (in this case n between 2 and 6) is not an intrinsic property of the method, but depends
on the system under consideration. As we will confirm in the next test case, the accuracy
of the DSMC model starts to deteriorate when the lowest expected number of representative
particles in the searching scope becomes 2 (the particle itself and 1 neighbour). Using Eqs.
3.15 and 3.16 it is possible to estimate this number for known maximum local solid volume
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Figure 3.7: Collision frequency of all particles in the entire system of fully elastic particles
(test case 1). Comparison between parcel sizes 1, 2 and 6 in the DSMC model.
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Figure 3.8: Total (cumulative) number of collisions in the entire system for fully elastic
particles (test case 1). Comparison between parcel sizes 1, 2 and 6 in the DSMC model. Note
that the results for parcel sizes 1 and 2 are indistinguishable.
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fractions and (relative) velocities. In this case, the maximum local solid volume fraction
occurs in the area where the two particle streams strike each other.

We estimate that in this area the local solid volume fraction is approximately twice the volume
fraction emerging from each nozzle, and the maximum relative velocity is approximately
twice the average relative velocity. In that case Eq. 3.16 applies, yielding approximately 5/n
representative particles per searching scope. Indeed, we find that a parcel size of n = 2 yields
accurate results whereas a parcel size of n = 6 does not.

Finally, we investigate the computational speed-up achieved for test case 1 by employing the
DSMC algorithm. The 5th column in Table 3.2 shows the real CPU time, measured on a
single processor, per simulated second in the steady-state regime (i.e. after 0.04 s). Of course
the actual computational speed will depend on the system, the efficiency of the code and the
speed of the processor, but the table provides an indication of the high relative computational
speed-up achieved by the DSMC method. For a parcel size of 1, the speed-up is a 75 relative
to the DPM method. Interestingly, the additional gain by using a larger parcel size is not very
large for test case 1, slowly increasing to a factor 96 for n = 6. The reason for this relatively
slow growth is clear: the limit N < Nmin is reached increasingly much beyond a parcel size
of n = 2, leading to increasingly larger searching scopes (and therefore more computational
overhead) to find sufficiently many neighbouring representative particles.

3.5.2 Test case 2: consistency of the DSMC model for larger parcel sizes

In the previous test case, we considered a relatively low number of particles to make the DPM
simulations feasible, but at the same time this also limited the maximum reasonable parcel
size. In the second test case, we choose a much larger number of (real) particles to check
whether the DSMC model also gives quantitatively correct results for larger parcel sizes n.
For low enough n the results become indistinguishable and, as we have seen for the previous
test case, equal to the results of DPM simulations.

For the parameters of this test case (see Table 3.1 and its caption) the lowest expected num-
ber of representative particles in a searching scope again occurs in the area where the two
particle streams strike each other; in this area N is approximately 56/n. So we expect that the
DSMC approach will break down for a parcel size beyond approximately n = 28 (when two
representative particles per searching scope are left).

Figure 3.9 shows the global collision frequency for parcel sizes n = 5, 10, 20, 40 and 80.
Again, we observe that the fluctuations in the collision frequency grow with increasing parcel
size. The average frequency for parcel sizes up to 20 are identical. This becomes clear in
Figure 3.10 where we plot the cumulative number of collisions as a function of time.
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Figure 3.9: Collision frequency of all particles in the entire system of fully elastic particles
(test case 2). Comparison between parcel sizes 5, 10, 20, 40 and 80 in the DSMC model.
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Figure 3.10: Total (cumulative) number of collisions in the entire system for fully elastic
particles (test case 2). Comparison between parcel sizes 5, 10, 20, 40 and 80 in the DSMC
model. Note that the results for parcel sizes 5, 10 and 20 are almost indistinguishable.
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Table 3.3: Properties of the average collision frequency
〈

∑
i

ni fi

〉
and the finite sample er-

ror σ/
√

n, and single-processor CPU time comparison for DSMC at various parcel sizes,
measured for test case 2 after 0.04 s.

Method Parcel
size n

〈
∑
i

ni fi

〉
σ/
√

n CPU-time per
simulated

second

Speed-
up w.r.t
n = 5

DSMC 5 5.09×107s−1 4.93×105s−1 2.64×104 1×

DSMC 10 5.15×107s−1 5.05×105s−1 2.02×104 1.3×

DSMC 20 5.09×107s−1 5.07×105s−1 1.58×104 1.7×

DSMC 40 4.97×107s−1 4.97×105s−1 1.18×104 2.2×

DSMC 80 4.67×107s−1 4.98×105s−1 9.75×103 2.7×

The results for parcel sizes 5, 10 and 20 are almost indistinguishable, whereas for parcel size
40 the number of collisions is underestimated by only 2%, (see Table 3). As expected from
our heuristic arguments, for parcel size 80 the agreement deteriorates because the expected
number of representative particles per searching scope becomes less than unity, in this case
underestimating the collision frequency by 8%.

In the last column of Table 3.3 we compare the speed-up of the DSMC simulations for various
parcel sizes relative to a parcel sizen = 5. We observe that up to n = 40, the speed-up increases
by a factor 1.3 for every doubling of the parcel size. For larger parcel sizes the speed-up levels
off because of additional computational overhead associated with a larger searching scope.

3.5.3 Test case 3: comparison between DPM and DSMC model for dis-
sipative particles

The first two test cases focused on fully elastic particles. However, in many applications the
collisions between particles will be dissipative: collisions between granular particles and wet
particles may be described as having an (effective) coefficient of restitution less than 1; liquid
droplets may even coalesce. To test the applicability of our modified DSMC approach for
such cases, we now study two impinging streams of particles, the same as test case 1, but
with a much lower restitution coefficient of 0.1 and a friction coefficient of 0.1. Additional
parameters settings can be found in Table 3.1.

Figure 3.11 shows the cumulative number of collisions as a function of simulation time for
the DPM and DSMC model (with parcel size 1). Again the results are indistinguishable.
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Figure 3.11: Total (cumulative) number of collisions in the entire system for highly dissipa-
tive particles (test case 3). Comparison between DPM and DSMC model with a parcel size
1.

(a) (b)

Figure 3.12: Contour plots for the spatial distribution of the collision frequency measured in
DPM (left) and DSMC (right) models for highly dissipative particles (test case 3) in a vertical
plane cutting the particle nozzles.
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Figure 3.12 shows a quantitative comparison of the spatial distribution of the particle colli-
sion frequency. Compared to the fully elastic case (Figure 3.6), the collisions take place in
a slightly reduced volume, which is especially apparent from the more narrow shape of the
zone where the two particle streams collide. This is caused by the strong reduction in rela-
tive velocities between the particles after the first initial collisions. Again the DSMC model
predictions are in good agreement with the DPM simulation results.

3.6 Conclusions
The advantage of the Direct Simulation Monte Carlo model is its potential capability to han-
dle very large amounts of particles in relatively dilute systems in a reasonable time by effi-
ciently separating the particle position updates from the collisions with neighbouring parti-
cles, and by representing parcels of particles by a single representative particle. In this way,
computer memory and computation time can be reduced significantly. However, it is impor-
tant to quantitatively validate the approach and to quantitatively understand the limitations
of the method, so that in new situations the method can be applied with confidence. In this
chapter, we described a modified version of the DSMC model which gives consistent results,
independent of limitations imposed on the particle time step by external factors such as the
time step for a gas flow solver. We verified that the distribution and frequency of particle colli-
sions predicted by this DSMC model is in quantitative agreement with deterministic Discrete
Particle Model simulations for both elastic and dissipative particles. With increasing parcel
size, fluctuations in the collision frequencies increase, but the average collision frequencies
remain accurate and independent of the parcel size up to the point where approximately 2 rep-
resentative particles are present within each searching scope. Generally, larger parcel sizes
are allowed for lower particle volume fractions. We have shown how the maximum allowable
parcel size can be calculated based on estimates for the maximum local solid volume fraction
and typical (relative) velocities.

In a next chapter we will extend our analysis to polydisperse droplet sprays emerging from
high pressure swirl atomizers.
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investigation of induced flow and

droplet-droplet interactions in a

liquid spray∗

An Euler-Lagrange model is presented that describes the dynamics of liquid droplets emerg-

ing from a high-pressure spray nozzle in a relatively large volume (of the order of almost a

cubic meter). In the model, the gas phase is treated as continuum, solved on an Eulerian

grid, and the liquid phase is treated as a dispersed phase, solved in a Lagrangian fashion,

with interphase coupling through state-of-the-art drag relations obtained from direct numer-

ical simulations. The droplets are introduced into the system at high velocities, leading to

a turbulent self-induced gas flow which is solved using large eddy simulation. Despite the

relatively low liquid volume fraction in the spray, the number density of droplets at the noz-

zle is still more than 1010 m−3, which is why we employ a highly efficient stochastic Direct

Simulation Monte Carlo (DSMC) approach to track collisions between droplets. The droplet

collision frequency is calculated on the basis of local droplet number density, droplet size and

relative velocities of neighbouring droplets within a dynamically adapting searching scope,

as described in [Pawar et al., Chem. Eng. Sci. 105, 132-142 (2014)]. We use known correla-

tions from literature to determine the outcome of a binary droplet collision, which depending

on characteristic dimensionless numbers can be coalescence, bouncing or, for high velocity

impacts, stretching or reflexive separation leading to formation of satellite droplets. Our sim-

ulation model is validated by comparing with phase Doppler interferometry experiments on a

∗This chapter is based on: Pawar et al. (2014c) and Pawar et al. (2012)
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hollow-cone pressure swirl nozzle spray. We find semi-quantitative agreement for spray char-

acteristics such as the axial and radial spray velocity, spray jet width, and the dependence

of the droplet size distribution on position within the spray. The simulation model enables

us to study the relative importance of different droplet collision events occurring in the spray

volume.

4.1 Introduction
Atomization of a liquid is an important step in spray drying, air conditioning, spraying pes-
ticides in agriculture, liquid fuel-combustion in gas turbines, oil furnaces, rocket engines,
and in many other engineering areas (Nasr et al., 2002; Marchione et al., 2007;Tratnig et al.,
2009;De Luca et al., 2009). Pressure swirl nozzles are often used to generate a spray of
droplets. The operating principle of a pressure swirl nozzle relies on the conversion of pres-
sure into kinetic energy to achieve a high relative velocity of the liquid with respect to sur-
rounding gas. The swirling part of the nozzle gives a swirling motion to the liquid. The
centrifugal forces acting on the liquid lead to a conical liquid sheet leaving the nozzle orifice.
This liquid sheet becomes unstable and breaks up into small droplets. This initial droplet size
distribution subsequently evolves to other distributions due to a multitude of droplet coales-
cence and collision-induced breakup events occurring continually inside the spray.

In this paper we will describe a simulation model that can predict the evolution of a liq-
uid spray beyond the initial atomization stage. Our work builds on methods and insights
generated by previous experimental and simulation studies of initial spray formation and
subsequent spray evolution, which we will now shortly review.

Many experimental studies have been carried out focusing on the initial liquid sheet break-
up and initial droplets emerging from a pressure swirl nozzle using different experimental
techniques, e.g. high-speed photography, phase Doppler anemometry (PDA), particle image
velocimetry (PIV), ballistic imaging (Linne et al., 2006), structured laser illumination planner
imaging (Berrocal et al., 2008), X-ray radiography (Powell et al., 2000), and high resolution
shadowgraphy (Crua et al., 2012), planar laser-induced fluorescence (PLIF) (Dombrowski
and Fraser, 1954;Lozano et al., 2001). As a result of these studies, many features of the
liquid sheet breakup are understood reasonably well. However there is still a lack of funda-
mental knowledge regarding the prediction of the initial droplet size distribution (Renze et al.,
2011). Some research groups have developed empirical correlations on the basis of experi-
ments and numerical studies to derive and relate the mean droplet diameter to the physical
properties (e.g. density, surface tension, viscosity) and spray conditions (e.g. pressure drop
and volumetric flow rate) for the design of a spray process. Rizk and Lefebvre (1985) studied
the geometrical parameter and operating condition influence on the thickness of the annular
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liquid film. Sivakumar and Raghunandan (1998) experimentally investigated the spray char-
acteristics of liquid-liquid coaxial injectors. Santolaya et al. (2010) experimentally investi-
gated the structure of the spray resulting from the break-up of a conical liquid sheet. Paciaroni
and Linne (2004), and Linne et al. (2006) developed the ballistic imaging (BI) technique to
investigate the turbulent primary breakup of the near field and dense region of the atomized
spray by time-gated femtosecond lasers. Sedarsky et al. (2006) determined the velocity of the
liquid-gas interphase by correlation of two ballistic images. Berrocal et al. (2008) developed
a new technique, called structured laser illumination planar imaging (SLIPI). This technique
is used for an accurate description of the near-nozzle region and spray interior. They also
mentioned the possibility to extract instantaneous motion of dilute flow water droplets. Pow-
ell et al. (2000) developed a time-resolved radiographic technique using X-ray absorption
of monochromatic synchrotron-generated radiation for determination of liquid mass (drops,
ligaments and liquid core) close to the nozzle. Crua et al. (2012) experimentally investigated
the spray near-nozzle region using microscopic imaging. They optimized the light source and
imaging optics to produce blur-free shadowgraphy images, allowing identification of small
and large structures, and the droplet size distribution near the nozzle. Linne (2013) provides a
detailed overview of the different experimental imaging techniques for dense spray analysis.

Other experimental studies focus on the spray evolution beyond the initial atomization stage,
and often use Phase-Doppler Anemometry (PDA) to investigate spray properties such as the
droplet sauter mean diameter and mean droplet velocity at various radial and axial locations
for different liquid injection velocities (Sommerfeld, 1998; Wigley et al., 2004; Li and Shen,
1999). Ghorbanian et al. (2003) extensively studied experimentally the various governing
parameters of liquid spray patterns of swirl type injectors.

Accurate measurements of the droplet size distribution, droplet velocity, as well as coales-
cence and break-up events are difficult to perform close to the nozzle exit and deep inside the
spray because usually the spray is optically very dense. Therefore, there is a growing interest
to use computational fluid dynamics (CFD) for the investigation of sprays. It is important
to distinguish between CFD studies focusing on the initial spray formation and CFD studies
focusing on further evolution of the spray.

To understand the initial droplet formation and droplet collisions in the very dense zone near
the pressure atomizer, fully resolved gas-liquid flow simulations are necessary (Ménard et al.,
2007). Such simulations are still difficult and computationally very expensive. They usually
concern a few cases, representative of what can be encountered during an atomization pro-
cess. Hirt and Nichols (1981) focus on the computation of the fluid volume at each cell using
Volume-of-Fluid (VOF). Chang et al. (1993) and Nonnenmacher and Piesche (2000) inves-
tigated the flow inside a hollow-cone nozzle and sheet breakup with a simplified modelling
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approach using a cylindrical coordinate system. Sommerfeld (1998) shows that a gas entrain-
ment process is active in the spray near field. Preussner et al. (1998) investigated the basic
mechanism of fuel spray generation from a hollow cone spray device. Iyer and Abraham
(2003) proposed models based on droplet collisions for application in the dense zone of the
spray where the droplets are not yet fully formed. Renze et al. (2011) investigated the droplet
size distribution using a VOF method combined with a turbulence model using open source
code.

Other CFD studies have focused on the evolution of the spray beyond the initial atomization
step. Pinsky et al. (1999) studied the random character of hydrodynamic droplet interactions
in turbulent flows and indicated the possible increase of impact efficiencies due to turbulence
effects. Lebas et al. (2009) extended the Eulerian Lagrangian Spray Atomization (ELSA)
model, originally proposed by Vallet et al. (2001), to diesel injection. This model is based on
a single-phase Eulerian description of the flow that is composed of a liquid and a gas mixture.
Ruger et al. (2000) studied the collision phenomena according to the classic kinetic theory of
gases and consequently, the particle motion was completely uncorrelated with the fluid. Luret
et al. (2010) investigated numerically the outcome of droplets collisions in moderately dense
spray. Sommerfeld (2001) and Blei et al. (2002) have carried out numerical simulations in
which droplets are traced in a Lagrangian fashion to obtain droplet collision rates. They in-
troduced a stochastic collision model based on an Euler-Lagrange approach where fictitious
collision partners are generated; this approach is very economic with regards to computer
time, because it does not require a search for a possible collision partner in the vicinity of
the considered particle. However, for the generation of the velocity of the fictitious particle,
assumptions about the velocity fluctuations need to be made. Such assumptions need not
be made when collision partners are also explicitly tracked. An important development in
this direction is the Direct Simulation Monte Carlo (DSMC) method, first proposed by Bird
(1976). In DSMC, collisions between pairs of particles are detected stochastically instead of
deterministically. The method is very popular for the investigation of large numbers of parti-
cles, because real particles can be represented by a lower number of representative particles,
and the trajectories of only these representative particles are calculated.

Predicting the outcome of a droplet collision is very important for prediction of the evolution
of the droplet size distribution. Collisions lead to bouncing, coalescence or breakup. From an
experimental point of view, binary droplet collisions have been studied extensively (Ashgriz
and Poo, 1990; Jiang et al., 1992; Qian and Law, 1997; Ko and Ryou, 2005; Kuschel and
Sommerfeld, 2013). Two main parameters are generally used to build a diagram of collision
outcomes: the Weber number of the collision and the impact factor B. O’Rourke and Bracco
(1980) treated the collisions stochastically and included regimes of permanent coalescence
and separation, but ignored the formation of satellite droplets. Brenn et al. (2001) performed
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an extensive experimental and theoretical investigation of unstable binary drop collisions.

The objective of the present work is to introduce and validate a simulation model that can
predict the frequency of various droplet collision events in a spray beyond the initial atom-
ization step, leading to a prediction for the temporal and spatial evolution of the droplet size
distribution. The model uses an Eulerian simulation method to capture the effect of induced
air flow and a Lagrangian simulation method for the droplet phase. The Lagrangian method is
a version of Direct Simulation Monte Carlo which we recently developed Pawar et al. (2014)
to achieve accurate prediction of collision frequencies when the time step of the simulation is
limited by an external factor, in this case the gas time step of the Eulerian flow solver. We will
show that the predictions of our model compare favourably with experimental measurements
in an isothermal water spray obtained from Phase Doppler Interferometry (PDI) experiments,
focusing on the droplet velocity field, the droplet size distribution, and its spatial evolution
characterized by the Sauter mean diameter.

This chapter is organized as follows. In section 4.2 details are given of the numerical model
for the gas phase and the discrete droplet phase, including a summary of the Direct Simula-
tion Monte Carlo model for detection of droplet collisions, and the model to determine the
outcome of such collision events. Details and parameters of the test geometry are given in
section 4.3. Section 4.4 describes the experimental setup of the PDI system. The results are
shown and discussed in section 4.5. Finally, we give our conclusions in section 4.6.

4.2 Numerical model
4.2.1 Introducing the droplets: Rosin-Rammler distribution
Our numerical model does not explicitly model the film break-up process, because this is
not possible with an unresolved method such as presented here. Instead, as shown in Fig-
ure 4.1, we introduce new droplets at a location right after film break-up has occurred. In
this region, we assume the droplets are already spherical, but the velocity of the droplets has
not yet decreased relative to the nozzle injection velocity. The nozzle injection velocity is
determined by the orifice relation vin j = CD

√
2∆p/ρ , where ∆p is the difference between

injected liquid pressure and gas pressure, ρ is the liquid density, and CD = 0.70 is the dis-
charge coefficient (Madsen, 2006). We can calculate the thickness of the (hollow) liquid film
cone as δl = q/(πd0ρvin j cosθ), where q is the liquid feeding mass rate, d0 is the diameter
of the cone at the nozzle, and θ is the (initial) spray cone angle (Madsen, 2006). The spray
cone angle is obtained from experimental measurements. To mimic the hollow cone spray
geometry, droplets are introduced at random positions inside a hollow cylindrical shell with
inner diameter din = do and outer diameter do = din+2δl . The angle of direction of the initial
velocity of droplet i is assumed to increase linearly with increasing radial distance ri to the
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central axis, i.e. droplets are released with a velocity vzi = vin j cos(2riθ/dout) along the axial
direction vzi = vin jsin(2riθ/dout)and along the radial direction.

The initial droplet size distribution emerging from a high pressure nozzle is extremely broad.
A study by Han et al. (1997) has shown that the so-called Rosin-Rammler distribution most
accurately predicts the droplet size distribution for a high pressure swirl injector. This is a
cumulative distribution of the following general form:

1−Y (d) = exp
[
−
(

d
d̄

)ns]
(4.1)

Y (d) is the mass fraction of all droplets with a diameter smaller than d, d̄ is called the Rosin-
Rammler diameter, and ns is a spread parameter which controls the width of the distribution.
In our work we use a spread parameter ns = 3.5, which is often used for spray nozzles (Mad-
sen, 2006). Note that the Rosin-Rammler diameter d̄ can be related to the Sauter mean
diameter d32 =

〈
d3
〉
/
〈
d2
〉

through a ratio of Gamma functions. This ratio is d̄/d32=1.28
for ns = 3.5. The Sauter mean diameter is particularly important in spray drying applications
because the mass transfer happens at the interface of the droplets and the surrounding air. To
enhance the evaporation of a population of droplets, one has to maximize the active surface
areas and minimize the internal volumes. An additional advantage of specifying or measur-
ing d32 (compared with the numerical average) is that it is more sensitive of the distribution
at larger diameters, and therefore less sensitive of possible errors in the distribution at small
diameters.

For computational reasons the droplet diameter is limited to the range d ∈ [d0.5%,d99.5%],
where d0.5% = d̄[− ln(1−0.005)]1/ns ≈ 0.220d̄ and d99.5% = d̄[− ln(1−0.995)]1/ns ≈ 1.610d̄.
In other words, we exclude the smallest droplets whose collective mass take up 0.5% of the
total mass of all injected droplets, as well as the largest droplets whose collective mass take
up 0.5% of the total mass. The lower limit is important to avoid having to deal with a huge
number of tiny droplets, with a negligible total mass and negligible effect on the flow charac-
teristics. In our simulations we generate a new diameter as:

d = d̄(− lnξ )1/ns (4.2)

where ξ is a uniform random number between 0 and 1, but only accept this diameter if it
lies in the range d ∈ [d0.5%,d99.5%] and another uniform random number (between 0 and 1)
is smaller than (d0.5%/d)3. The latter step is essential because the Rosin-Rammler distribu-
tion is an accumulative probability for mass fraction, and for any given amount of mass the
number of droplets scales as d−3. A large number of new droplets is generated each time
step ∆tg of the flow solver. The cumulative introduced mass is calculated and new droplets
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Figure 4.1: Schematic diagram of the system. Left: a pressure swirl nozzle atomizer produces
a conical liquid film which breaks up into a large quantity of droplets. Right: in our numerical
model we do not explicitly model the film break-up process, but introduce new droplets in a
cylindrical region with a preset velocity and droplet size distribution, see main text for details.

are introduced in the cylindrical region until the desired total mass q∆tg is reached.

4.2.2 Continuum gas phase
As discussed in the previous section, discrete droplets are introduced at high velocity into the
system. Through gas-solid drag coupling, this causes a self-induced flow of the continuum
gas phase. In the model, we compute the Navier-Stokes equations for the gas phase, with
conventional two-way coupling for the momentum exchange between the gas and the discrete
phase. In detail, we solve the following equations of conservation of mass and momentum of
the gas phase:

∂

∂ t
(ρgεg)+∇ · (ρgεgug) = 0 (4.3)

∂

∂ t
(ρgεgug)+∇ · (ρgεgugug) = −εg∇p−∇ · (εgτ̄g)−Sp +ρgεgg (4.4)

where ug, ρg, εg and p are the gas velocity, density, volume fraction (i.e. porosity) and pres-
sure, respectively, and g the acceleration due to gravity. The interaction with the discrete
droplet phase is captured by the sink term Sp, which we will treat in detail in the next subsec-
tion. For computational efficiency, we solve these equations on a relatively coarse grid (see
section 3), meaning that the gas velocity ug is an averaged or filtered velocity. In this study,
we use a Large Eddy Simulation (LES) model proposed by Vreman (2004) for the investiga-
tion of highly turbulent gas flow effects on the droplet/particle trajectories. One of the main
advantages of this model, especially in light of future extensions to confined systems, is that
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it is more accurate than the Smagorinsky model near walls while it is as good as the Smago-
rinsky model in the bulk. The LES model is able to adequately handle not only turbulent but
also transitional flows. The effect of LES turbulence on the filtered gas velocity is taken into
account though the stress model due to Vreman (2004), leading to an increase of the effective
gas viscosity:

τg = −µe((∇ug)+(∇ug)
T − 2

3
(∇ ·ug)I) (4.5)

µe = µlam+µtur (4.6)

µtur = ρgc

√
Bβ

αi jαi j
(4.7)

αi j = ∂iu j =
∂u j

∂xi
(4.8)

βi j = ∆
2
mαmiαm j (4.9)

Bβ = β11β22−β
2
12 +β11β33−β

2
13 +β22β33−β

2
23 (4.10)

Here µtur is the eddy viscosity of the gas phase, c is a model constant, and ∆mis the local
filter width. Note that in the above equations summation over repeated indices is implied.
The symbol α stands for the (3× 3) matrix of derivatives of the filtered velocity ug. The
model constant c is related to the Smagorinsky constant Cs by c≈ 2.5C2

s .

4.2.3 Droplet-gas drag coupling

The sink term Sp in Eq. (4.4) represents the drag force density experienced by the droplets in
the computational cell, which we treat as point sources of momentum for the gas phase. In
detail (Ye, 2005),

Sp =
1
V

ˆ
∑

Nd
i=1

βVi

1− εg
(ug−vi)δ (r− ri)dV (4.11)

where V represents the local volume of the computational cell and Vi is the volume of droplet
i. The distribution function δ distributes the reaction force acting on the gas phase to the
computational cells, where a trilinear interpolation method is used in this work (Ye, 2005).
The inter-phase momentum transfer coefficient βi describes the drag of the gas-phase acting
on the droplets i, which is modelled using the correlation proposed by Beetstra et al. (2007)
on the basis of high quality direct numerical simulations:
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F(εg,Re)=
10(1− εg)

ε2
g

+εg
2 (1+1.5

√
1− εg

)
+

0.413Re
(
ε−1

g +3εg (1− εg)+8.4Re−0.343)
1+103(1−εg)Re2εg−2.5

(4.12)

βi = 18µεg(1− εg)
F
d2

i
(4.13)

where Re= εgρg |ug−vi|di/µg is the droplet Reynolds number and di is the droplet diameter.
Note that this drag model is more general than we need in most situations, because the gas
volume fraction is usually very close to one. Also note that we implicitly assume that the
drag on droplets can be approximated as the drag on a spherical particle of equal size. The
spherical assumption is valid when two conditions are met: (1) the droplets should be so
small that their shape is dominated by surface tension, i.e. in between collisions they are
not deformed by gravity or other forces, and (2) temporary shape deformations associated
with coalescence, bouncing or separation of droplets have decayed back to the spherical
equilibrium shape on time scales much shorter than the free flight time between consecutive
collisions with other droplets. Both conditions are met in the spray-drying applications of
interest here. For droplets with a diameter of 100 µm or less, the Eötvös number is much less
than unity (validation of the first condition). For such droplets the droplet shape relaxation
time is of the order of a millisecond or less (Qian and Law, 1997), while the mean free flight
time between collisions is of the order of 10 ms at a volume fraction of 10−4(Pawar et al.,
2014) (validation of the second condition).

Unresolved sub-grid scale turbulent fluctuations in the gas velocity could lead to additional
dispersion of the droplet velocities. An important parameter is the Stokes number St = τv/4x

based on the time needed to cross a computational grid cell of size , where is the droplet
response time and the velocity of the droplet. If St << 1, the response time of the droplet
is much smaller than the time to cross a computational grid cell. Thus, the droplet will have
ample time to respond to sub-grid scale turbulent gas velocity fluctuations. If St >> 1, the
droplet will have no time to respond to the sub-grid scale turbulent gas velocity fluctuations
during the time needed to cross a computational grid cell. For the relevant range of droplet
diameters (10 to 100 µm) and relevant velocities (10 to 160 m/s) the Stokes number is in
most cases larger than unity. Only for small droplets of 10µm moving with a low velocity of
10 m/s the Stokes number is 0.2. We therefore expect that for all droplets, with the possible
exception of the smallest droplets at relatively low velocities, the effect of sub-grid scale
turbulence on the droplet trajectories can safely be neglected.

As mentioned, a turbulent gas flow is induced by the high initial velocities of the droplets.
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Our LES turbulence model is strictly speaking only valid for one-phase flow. In general, the
presence of particles or droplets may lead to a damping of the turbulence intensity. However,
for the cases studied in this chapter, where we focus on the spray beyond the initial break-
up region, the volume fraction of droplets is so low (typically less than 10−4) that droplet-
induced damping of gas turbulence can also be neglected.

Finally, we must consider the possibility that larger droplets may break up due to the large
drag forces experienced with the surrounding gas, a phenomenon referred to as secondary
breakup. Apte et al. (2003) describe how the critical (or maximum stable) droplet diameter
dcr for secondary breakup can be obtained by considering a balance between these disruptive
hydrodynamic forces and capillary forces. Taking into account the turbulent gas velocity
fluctuations, they arrive at dcr = 2[9Wecrσvin j / (2ερd)]1/3 , where Wecr is a critical Weber
number (based on the relative velocity between droplet and gas) estimated to be of the order of
six, σ and ρd are the surface tension and density of the droplet, and ε is the viscous dissipation
rate. The latter may be estimated as ε ≈ u3/L with u and L characteristic macroscopic velocity
and length scales of the largest eddies. In our system the gas velocity u generally does not
exceed 50 m/s. Using the spray radius of 0.15 m for L and using the surface tension, viscosity
and density of water, we estimate the critical droplet diameter to be approximately dcr ≈ 80
mum. As we will show later, almost all droplets in our region of interest (relatively far from
the initial sheet breakup region) are smaller than this. Therefore, in this work secondary
breakup will be neglected. Secondary breakup may be included in our future work on spray
drying where also a highly turbulent air jet is forced into the system.

4.2.4 Droplet dynamics

4.2.4.1 Droplet dynamics in between collisions

Because of the relatively low volume fraction in our spray, the free flight time of the droplets
is much larger than the duration of droplet-droplet collision events. We can therefore treat the
change in droplet velocities due to collisions as instantaneous. In between such collisions,
the motion of the droplets is described by Newton’s second law:

mi
dvi

dt
= Fp,i +Fd,i +Fg,i (4.14)

where mi and vi and represent the mass and velocity, respectively, of droplet i. The non-
collisional forces, consisting of the pressures, drag, and gravity forces, are given by

Fp,i = −Vi∇p (4.15)

Fd,i =
Viβ

1− εg
(u−vi) (4.16)
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Fg,i = mig (4.17)

Note that in this work we neglect lift and virtual mass forces. The total momentum of the gas
and solid phase is locally conserved: Eq. (4.15) is consistent with the first term on the r.h.s.
of Eq. (4.4), and Eq. (4.16) balances the source term in Eq. (4.4) given by Eq. (4.11).

4.2.4.2 Detecting collisions: a brief description of DSMC

Despite the relatively low droplet volume fraction in a spray, the smallness of the droplets
leads to a droplet number density in the range of 109 m-3 to 1010 m-3. In our model, droplet
collisions are treated separately and stochastically because this large number of droplets
present in a spray make a deterministic treatment of all droplets trajectories and all droplet
collision events unfeasible. Our approach for detecting droplet collisions is based on the
Direct Simulation Monte Carlo (DSMC) method, first proposed by Bird (1976) for simu-
lation of dilute molecular gases. The method is very popular for the investigation of large
numbers of particles, because real particles can be represented by a lower number of repre-
sentative particles, and the trajectories of only these representative particles are calculated. In
this way, computer memory and computation time can be reduced significantly (Tsuji et al.,
1998; Müller and Herrmann, 1998). O’Rourke (1981) has described application of the DSMC
method to granular particle collisions. In this approach, the path of each representative par-
ticle is updated sequentially during a large time step. After each update, a collision partner
for a particle is sought within the same rectangular cell as the particle in question. Unfortu-
nately, this leads to a lack of communication across cell boundaries, as well as an anisotropic
(rectangular) bias in the distribution of colliding particles. To avoid such lattice artifacts,
the approach was later modified to a stochastic model in which the collision probability and
the search for collision partners are based on a spherical region (called the searching scope)
generated from the local particle parameters Du et al. (2011). In some situations, the latter
method yields inconsistent results, especially when the particle time step is limited by ex-
ternal factors such as a flow solver. We have recently shown how to amend the method to
yield consistent results which are in quantitative agreement with detailed deterministic dis-
crete particle simulations (Pawar et al., 2014). Below we will present the main features of
our DSMC method; for details the reader is referred to Pawar et al. (2014).

In DSMC collision pairs are chosen by probabilistic rules, while moving only a single particle
at a time. Not all particles need to be explicitly modeled; a group of particles, called a parcel,
may be represented by a single representative particle. As mentioned above, to avoid lattice
artifacts, in this work we use a spherical searching scope in which a particle searches for
neighbours during a particle time step. An example of a searching scope is shown in Figure
4.2. After each droplet time step the searching scope range of droplet i(Rs,i) is updated based
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di+dj

|vij |Δti Rs,i

Figure 4.2: In DSMC a droplet (red) can collide with any of its neighboring droplets (yel-
low) within a searching scope range (dashed circle). The collision probability depends on
the relative velocity, the droplet sizes, and local concentrations of the droplets within the
searching scope. The searching scope range dynamically adapts itself during the simulation,
depending on the mean free paths of the droplets. The dashed grid lines indicate the Eulerian
computational mesh for calculation of the gas phase velocity.

on the local collision frequency and droplet velocities.

The calculation of the local collision frequency is analogous to the calculation of the collision
frequency in molecular gas dynamics. If di is the diameter of the moving droplet of interest
and d j the diameter of a droplet within its searching scope, and assuming the droplets are
distributed randomly (locally) in space, the collision frequency of droplet i can be estimated
as:

fi = ∑
j∈Rs,i

∣∣vi j
∣∣π

4
(di +d j)

2 n j
4
3 πR3

s,i
(4.18)

Here |vi j| is the magnitude of the relative velocity between the colliding droplets, π

4 (di +d j)
2

is the effective collision area, and 4
3 πR3

s,i is the volume of the searching scope of droplet i.
Finally, n j is the number of real droplets represented by parcel j, i.e. the parcel size. From
the collision frequency, a collision mean free path of the moving droplets i is calculated as:

λi =
|vi|
fi

(4.19)

During one droplet time step ∆tp,i, the total collision probability (due to collisions with all
possible neighbours) should be less than 1. This condition is necessary to separate calcula-
tions of inter-droplet collisions from those of free droplet motion. This condition, referred
to as the ‘principle of uncoupling’, is satisfied if the droplet time step ∆tp,i is calculated as
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follows:
∆tp,i = min

[
λi

3vi
,∆tg−∆tcompl

i

]
(4.20)

Here ∆tg is an external time step limiting the droplet time step; in our application this is
the time step for updating the gas phase velocities. We take into account that when we are
finished with droplet i, precisely one gas time step should have been completed; the droplet
time step should therefore not be limited by the gas time step but by the remainder of the gas
time step, i.e. by the difference between the gas time step and the completed time ∆tcompl

i

up to this point. After each droplet time step, the radius of the searching scope is updated as
follows:

Rnew
s,i = max[|vi|∆tp,i,

∣∣vi j
∣∣
max∆tp,i] (4.21)

where |vi j|max is the largest value of relative velocity between droplet i and any of its neigh-
bours within its searching scope.

Having generated a list of neighbours of droplet i within its searching scope, a specific colli-
sion partner j is chosen with the following probability, consistent with Eq. (4.18):

Pi j =
∣∣vi− v j

∣∣ π

4
(di +d j)

2 n j∆tp,i
4
3 πR3

s,i
(4.22)

We note that preliminary simulations showed that in very dilute regions the same pair of
droplets tend to repeatedly collide with each other whereas in reality they would collide only
once. Similar to discrete particle method simulations, we therefore only allow droplets i and
j to collide if they move towards one another, i.e. we introduce the additional condition:

(vi−v j) · (ri− r j)< 0 (4.23)

If all conditions are satisfied, droplet i will collide with droplet j within the droplet time step
∆tp,i. The outcome of this collision depends on many factors, which we will discuss next.

4.2.4.3 Determining the outcome of a droplet-droplet collision

The droplet-droplet collision process is one of the main events occurring in the spray process.
For surface-tension dominated droplets, four different types of collision outcomes can be
distinguished, as shown in Figure 4.3. When two droplets strike each other, the gas between
them is trapped and the pressure increases inside this gap. If the relative velocity of droplets is
not enough to overcome the pressure force, two droplets do not intermix and simply bounce.
This is referred to as bounce/rebound (a). For higher relative velocities, depending on the
impact angle, one droplet may merge with another droplet directly and coalescence (b) takes
place. At very high relative velocities, again depending on the impact angle, the kinetic
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Figure 4.3: Schematic illustration of the outcome of droplet collisions: (a) bouncing; (b)
coalescence; (c) stretching separation; (d) reflexive separation. Time is running from top to
bottom in each schematic illustration at the sides. The centre plot shows the lines demarcating
the different regimes as a function of Weber number and impact parameter for equal sized
droplets. For unequal sized droplets, the lines are slightly shifted (Ko and Ryou, 2005).

energy of impact is so high that the droplet breaks up again, leading to stretching (c) or
reflexive (d) separation, including the formation of new satellite droplets.

Ko and Ryou (2005) have studied the droplet collision process in an inter-spray impingement
system, both experimentally and numerically. The type of droplet collision is determined
by the size ratio between the droplets, a dimensionless Weber number based on the relative
velocity between the droplets,

We =
ρdds

∣∣vi j
∣∣2

σ
(4.24)

and by an impact parameter
b = 2B/(ds +dl) (4.25)

Here the subscripts s and l are used for the smallest and largest droplet in the interaction. Note
that the Weber number is based on the smallest droplet diameter ds. The impact parameter b

is the nondimensionalized distance B from the center of one droplet to that of the other in the
plane perpendicular to the relative velocity vector, |vi j|, as shown in Figure 4.4.

It is important to stress that in our simulations we do not specifically track the trajectories of
all individual droplets, but only of a lower number of representative droplets. The positions
of the droplets not explicitly tracked are therefore rather fuzzy. Consistent with this picture,
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Figure 4.4: Collision between two droplets, and the definition of impact distance B.

for the determination of the impact parameter, we assume that droplets collide at a random
position. In detail, the impact position has equal probability anywhere inside the circular
(two-dimensional) collision cross-section perpendicular to the relative velocity. Therefore,
the normalized probability P(b) to generate a certain impact parameter b is equal to P(b)= 2b

for b ∈ [0,1]. Such a probability distribution can be generated by choosing b =
√

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

The model by Ko and Ryou (2005) improves the widely used model for droplet-droplet
collisions developed by O’Rourke and Bracco (1980) by considering the collision-induced
breakup process in more detail. The post-collisional diameters and velocities of the droplets,
including possible formation of satellite droplets, are determined based on momentum and
energy conservation equations. The formation of satellites costs surface energy. Therefore,
for stretching or reflexive separation at intermediate Weber numbers only a single satellite
droplet will emerge, whereas at higher Weber numbers (and depending on the impact param-
eter) the additional kinetic energy can be used to generate an increasing amount of satellite
droplets, which is also predicted by the model. We have implemented this model in our sim-
ulations, with one important distinction: in the region of lowest Weber numbers (the region
left of the black line and left of the blue line in Figure 4.3) we assume droplets coalesce
rather than bounce. This choice is inspired by the work of Kuschel and Sommerfeld (2013),
who reported a collision map for (among others) water droplets which shows coalescence
of droplets at the lowest Weber numbers. For details the reader is referred to Ko and Ryou
(2005) and Kuschel and Sommerfeld (2013).

4.3 Test system: parameters settings
We will validate our droplet spray model by comparing with experimental results of a spray of
water droplets, introduced into an essentially unbounded air-filled chamber. The parameters
of the model have been chosen using experimentally available data for the initial average
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Table 4.1: Simulation parameter settings.

Parameters Values Unit

200 bar 250 bar

Gas density (ρg) 1.25 kg/m3

Viscosity of gas (µg) 1.8×105 kg/(m.s)

Density of droplets (ρd) 103 kg/m3

Surface tension of the droplets (σ ) 73×10−3 kg/s2

Nozzle diameter (d) 2.31×10−3 m

Initial sauter mean diameter 51×10−6 45×10−6 m

Initial cone angle (θ) 73/2 75/2 degree

Mass flow rate (q) 0.275 0.289 kg/s

Average injected droplet velocity (vin j) 140 157 m/s

Parcel size (ni) 1000

Typical no. of droplets in system 109

Domain size (W ×D×H) 0.6×0.6×0.7 m

No. of gas cell (NX×NY ×NZ) 60×60×70

Gas time step (∆tg) 2.0×10−6 s

Total simulation time 0.5 s

droplet size, the initial cone angle and the mass flow rate. The initial Sauter mean diameter
used in the inlet region was determined by varying its value until best agreement was found
with the experimental Sauter mean diameter at the first reliable measurement location (at an
axial distance of 80 mm, see next section).

In the simulations we place a nozzle at 0.20 m from the top wall in a rectangular channel
with a cross section of 0.6m× 0.6m and a height of 0.7 m. For the gas dynamics we use
a Cartesian grid of 60 cells in the x, y direction and 70 cells in the z direction. We also
checked the effect of grid size on the droplet size distribution. The results remain essentially
unchanged for a two times refined grid size (80 x 80 x 140 cells). Prescribed pressure (1
bar) boundary conditions were used at all boundaries, allowing for inflow and outflow of gas.
Droplets that cross the system boundaries are automatically removed. More details of the
simulation parameters are given in Table 4.1.
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4.4 Experimental study: phase Doppler interferometry

We compare the predictions of our model with the results of experiments conducted at Tetra
Pak Sweden. An important geometrical parameter, the sheet opening angle, was determined
from photographs of the spray by simple image processing. The droplet size and velocity
distributions were measured using a phase Doppler interferometry (PDI) system. PDI is an
interferometric technique for measuring size and velocity of spherical droplets, bubbles or
solid particles, as are typically occurring in sprays, liquid atomization and multiphase flows,
passing through an optically defined probe volume. This probe volume is defined by the in-
tersection of pairs of laser beams, generating a pattern of interference by their superposition.
Measurements are performed on single droplets as they move through the probe volume. A
portion of the optical signal generated by the scattered (refracted) light from the droplets is
projected onto a multiple detector system, placed at an off-axis position (approximately 30
- 40°). The optical signal is converted into a Doppler burst having a frequency linearly pro-
portional to the velocity. Droplet diameters are extracted from the phase shift between the
Doppler signals from the detectors. The dominance of one of the these two scattering modes,
which is a prerequisite for correct PDI measurements, is determined by the optical configura-
tion of the PDI system and refractive index of the drop liquid. The experimental arrangement
is shown Figure 4.5. The experimental set-up, presented in Figure 4.5, consists of a low and
high pressure pump, tubing and a spray nozzle, exhaust ventilation, and a device for process
monitoring as well as drop size and velocity measurements. During the experiments, water is
sprayed into a still air environment at ambient conditions using a hollow-cone pressure-swirl
atomizer from BETE. The atomizer consists of a swirl chamber (SW06) and an orifice disc
(2.31 mm). Two sets of experiments were carried out, at a driving pressure of 200 bar and
250 bar, respectively. A plate container with a length of 4 m and an opening cross-section of
1 x 1 m2 was utilized to collect and re-circulate the ejected water. In order to map as large
part of the flow field as possible, several measurement points were chosen across the upper
part of the spray. The downstream position as well as the vertical position was varied. An
axisymmetric structure of the spray was assumed. It was not possible to obtain reliable data
close to the nozzle. We define reliable data as measurements where more than 50% of the
PDI samples can be used with confidence. For example, in samples where multiple droplets
are present in the intersection area of the lasers, no reliable measurement can be made. Also,
when the droplet velocity is too large, the phase shift is beyond the maximum allowed by
the PDI equipment. Taking this into account, the first reliable PDI data was measured at a
downstream axial position of 80 mm. In each of the measurement locations the two velocity
components (axial and radial) as well as the droplet size distribution were determined.
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Figure 4.5: Experimental arrangement for the PDI system. Top: Schematic diagram of the
single liquid spray experimental set-up. Bottom left: side view of the spray. Bottom right:
top view of the spray.

We investigated whether the number of samples influences the mean diameter and mean axial
velocity of the droplets. We found that the number of samples has only a very small influence
on the number mean diameter (D10) and also on the mean axial velocity of the droplets.
For our measurements, 10,000 samples were taken at every radial position. Only for sprays
with low data rates the sample rate had to be lowered to 5,000 samples to minimize the
measurement time. This was only the case for measurements at large axial distances from the
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atomizer and/or in positions where the measurement conditions were bad. The present data
shows that even the 5,000 samples were sufficient to achieve reliable mean drop data.

During the experiments, water is sprayed into a still air environment at ambient conditions
using a hollow-cone pressure-swirl atomizer from BETE. The atomizer consists of a swirl
chamber (SW06) and an orifice disc (2.31 mm). Two sets of experiments were carried out,
at a driving pressure of 200 bar and 250 bar, respectively. A plate container with a length
of 4 m and an opening cross-section of 1 x 1 m2 was utilized to collect and re-circulate the
ejected water. In order to map as large part of the flow field as possible, several measurement
points were chosen across the upper part of the spray. The downstream position as well as
the vertical position was varied. An axisymmetric structure of the spray was assumed. The
denseness of the spray did not allow for measurements to be conducted close to the nozzle
exit. The first reliable PDI data was measured at a downstream axial position of 80 mm. In
each of the measurement locations the two velocity components (axial and radial) as well as
the droplet size distribution were determined.

4.5 Results and discussion

4.5.1 Verification of the droplet-droplet collision model

Before validating the model with experimental results, we first verify our implementation
of the droplet-droplet collision model by analyzing the outcome of collision events occur-
ring between droplets in a simulation of two impinging droplets sprays (Pawar et al., 2012).
Figure 4.6 shows the calculated outcomes of the collision events as a function of the Weber
number We of the smallest droplet and the impact parameter b. Note that each symbol in
the figure represents a single collision event. Solid lines in the figure demarcate regions of
different collision type, according to the theory of Ashgriz and Poo (1990) and Ko and Ryou
(2005), for equal sized droplets. For different sized droplets, the transition lines between coa-
lescence and the two types of separation (stretching and reflexive) both shift to higher Weber
numbers. This explains why coalescence events are also reported inside the regions marked
as “stretching” and “reflexive” in the figure. The number of satellite droplets formed in a
stretching or reflexive separation also depends on the Weber number, impact parameter and
size ratio. Figure 4.6 shows the parameter regions in which 1, 2, 3 or more than 3 satellite
droplets are formed, respectively. All these results are in agreement with the results reported
in Ko and Ryou (2005), with the adaptation to coalescence for the low Weber number region
as observed by Kuschel and Sommerfeld (2013), from which we verify that the model for
collision outcomes has been implemented correctly.
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Figure 4.6: Calculated collision types for colliding droplets in two impinging sprays as a
function of the Weber number of the smallest droplet and the impact parameter. Solid lines
demarcate different regions for equal size droplets, but note that different droplet sizes occur
in the simulation. For stretching and reflexive separation, the number of formed satellite
droplets is indicated by different symbols with different colors. For stretching separation:
green cross = 1, blue star = 2, light blue square = 3, orange triangle = more satellite droplets.
For reflexive separation: red plus = 1, pink square = 2, yellow circle = 3, black circle = more
satellite droplets.

4.5.2 Analysis of the spray nozzle: jet width

The first obvious larger-scale feature of a spray is its average width as a function of axial
position. For the experiments, we define the spray width as two times the radial position
of the highest gradient in the time-averaged intensity of the light reflected by the droplets.
For the simulations, we define the spray width similarly as two times the radial position of
the highest gradient in the time-averaged droplet volume fraction. Figure 4.7 compares the
experimental spray width with the simulated spray width at axial distances ranging from 50
mm to 250 mm beyond the nozzle exit. The simulation results are in good agreement with
the experimental results. Note that the observed spray width is relatively insensitive of the
liquid pressure for our system.
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Figure 4.7: Time-averaged spray width. Experimental results (symbols) are compared with
simulation results (lines) at different locations along the axial direction for 200 bar (blue) and
250 bar (red) inlet pressure.

4.5.3 Droplet size distribution
Figure 4.8 shows the droplet probability distribution function, indicating the total mass (or
equivalently: total volume) of all droplets falling inside a certain size class, encountered in
the experiments and simulations at four locations in the spray and for two inlet pressures. The
first sample has been taken at 80 mm from the nozzle exit and 38 mm from the central axis.
The other three samples have been taken at (axial, radial) positions of (180, 45), (280, 60)
and (380, 80) mm. At all positions the size distribution is significantly altered from the initial
Rosin-Rammler distribution used for the introduction of the droplets in the inlet region (red
histogram in all plots). Overall, the evolution of the droplet size distribution predicted by our
simulations (green histogram) is in qualitative and semi-quantitative rather good agreement
with experiments (blue histogram), with some small deviations which we will discuss.

At the first location (z = 80 mm, r = 38 mm, Figures 4.8a and 4.8e), which is deep inside
the spray, simulations show that the width of the droplets size distribution has decreased rel-
ative to the initial distribution, and that the average droplet size has slightly decreased. This
is caused by simultaneous coalescence of smaller droplets and breakup of larger droplets
caused by the relatively high relative velocities in combination with a high collision prob-
ability. Small deviations are observed between the experimental and simulated probability
distribution functions at small diameter. This may be caused by our neglect of sub-grid scale
LES turbulence on the droplet velocities, leading to a slight underestimation of collision
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Figure 4.8: Droplet probability distribution function for the total mass in each size class, as
measured experimentally with the PDI technique (blue) and in the simulation (green) for 200
bar (a and d) and 250 bar (e and h) inlet pressure. Four locations are shown here: (a and e) at
80 mm from the nozzle exit and 38 mm from the central axis; (b and f) at 180 mm from the
nozzle exit and 45 mm from the central axis; (c and g) at 208mm from the nozzle exit and
60mm from the central axis; and (d and h) at 380 mm from the nozzle exit and 80 mm frm
the central axis.In all plots, the red colour histogram is the initial Rosin-Rammler distribution
used in the inlet region.

probabilities between small diameter droplets. Assessment of this effect will be part of our
future work.

At the second and third location (z = 180 mm, r = 45 mm,4.8b and 4.8f and z = 280 mm,
r = 60mm 4.8c and 4.8g ), we observe that the droplet size distribution is slowly shifting to
larger average droplet size, after first experimental reliable measurement data, in experiments
and simulations, in time and space. This is caused by the predominance of coalescence
events (concurrent with bouncing events) at more moderate relative velocities. At the fourth
location (z = 380 mm, r = 80 mm, 4.8d and 4.8h), both experiments and simulations show
that the droplets have significantly grown in size. Both experiments and simulations show
that the width of the droplet size distribution has also increased, and that the relative and
absolute growth in droplet size is larger for higher inlet pressure. In the experiments slightly
more larger droplets are found than predicted by our model.

In summary, although the simulated and experimental droplet size distributions may not agree
entirely, overall they predict the same trends and are in good semi-quantitative agreement with
each other.

From the above it has become clear that the droplet size distribution is a very non-trivial
function of the axial and radial position in the spray. The Sauter mean diameter (SMD)
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has been determined experimentally at selected locations; the results are given graphically
in Figure 4.9. We observe that at a given axial position, with increasing distance from the
central axis the mean droplet diameter first increases, then decreases, and finally increases
again. In 4.10 we show the SMD as determined in the simulations as a function of axial and
radial position. In agreement with the experimental observations, we find a local maximum in
droplet size at a finite distance from the central axis. It is encouraging to see that our DSMC
model reproduces all qualitative features observed in the experiments.

(a) (b)

Figure 4.9: Sauter mean droplet diameter measured by the PDI technique at various locations
(colored dots) in a single spray. Left: 200 bar; right: 250 bar inlet pressure. The color of the
dot represents the local d32, see color-scale on the right.

 0
 0.1

 0.2
 0.3

 0.4 0
 0.025

 0.05
 0.075

 0.1
 0.125

 0
 2e-05
 4e-05
 6e-05
 8e-05

 0.0001

d d 
(
µm

)

Sim 200 bar
Sim 250 bar

Zaxial (m)
 Y radial (m)

d d 
(
µm

)

Figure 4.10: Sauter mean droplet diameter measured in the simulation model as a function of
axial and radial position. Green: 200 bar; red: 250 bar inlet pressure.



Numerical and experimental study of droplet-droplet interactions 71

 0

 0.02

 0.04

 0.06

 0.08

 0.1

 0.12

 0  0.05  0.1  0.15  0.2  0.25  0.3  0.35  0.4  0.45

 Y
ra

di
al

 (m
)

 Z axial (m)

Expt-200 bar
Sim-200bar-ug
Sim-200bar-vd

 0

 0.02

 0.04

 0.06

 0.08

 0.1

 0.12

 0  0.05  0.1  0.15  0.2  0.25  0.3  0.35  0.4  0.45

 Y
ra

di
al

 (m
)

 Z axial (m)

Expt-250 bar
Sim-250bar-ug
Sim-250bar-vd

(a) (b)

Figure 4.11: Mass-averaged droplet velocities and induced gas velocity at different locations
in the spray as shown by arrows. The scale is given by the arrow in the top left. The blue col-
ors arrows correspond experimental, green color corresponds to simulation results of droplet
average velocity and red colors correspond to induced gas flow velocity. (a) 200 bar; (b) 250
bar inlet pressure.

4.5.4 Droplet velocity distribution
The mass-averaged velocity of the droplets is shown in Figure 4.11. We use a mass average
because this is more representative of the liquid transported in the spray than a numerical
average, which would be dominated by the more numerous very small droplets.

Initially the droplet velocity is very high (more than 100 m/s), but the air drag causes a
fast deceleration. The droplet velocity at the nozzle could not be measured experimentally.
The first reliable measurement at the central axis was possible at 280mm and second in on
380mm from the nozzle exit. We observe that the velocity is still relatively high near the
central axis, but decreases rapidly with increasing distance from the central axis. The velocity
magnitudes and directions observed in the simulations are in semi-quantitative agreement
with the experimental measurements.

4.5.5 Spatial distribution of droplet collision events in a spray
An advantage of the simulations is that they can provide additional insight into processes
which are very difficult to observe experimentally. An important example is the spatial dis-
tribution of the collision frequencies of the different collision events. Figure 4.12 shows the
collision frequencies, defined as the number of collisions per second (taking into account the
number of real particles in a parcel) per computational cell of 1 cm3. Note that the color scale
used in these plots is logarithmic to be able to show both high and low collision frequencies.
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(a) (e)

(b) (f)

(c) (g)

(d) (h)

Figure 4.12: Contour plots of the frequencies (per cm3) of different collision events shows
onthe cutting plane (0.6m x 0.7m) at center of the domain in a spray, for 200 bar (left side)
and 250 bar (right side) inlet pressure: a) bouncing, b) coalescence, c) stretching separation,
d) reflexive separation. Note that the color scale is logarithmic.
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Bouncing of droplets (Figure 4.12a) is the most frequent event almost everywhere in the
spray. Still, because of the higher number density, the largest bouncing frequency occurs
near the nozzle exit. The hollow cone shape of the spray density can easily be distinguished
as well.

The next most frequent event is coalescence (Figure 4.12b). There is a subtle difference with
the bouncing contours: coalescence seems to be relatively more rare near the central axis of
the spray.

Stretching and reflexive separations (Figure 4.12c and 4.12d) are again more rare, and mostly
limited to the region near the nozzle exit. Here the droplet velocities are very high (result-
ing in high Weber numbers) and the droplet number density is very high. Droplets moving
farther from the nozzle exit move much slower and the Weber number is too low to induce a
separation.

4.6 Conclusions
A very complex interplay of droplet-air and droplet-droplet interactions is taking place inside
a spray produced by a high pressure atomizer. In this work we coupled a CFD model for
the gas phase to a DSMC droplet collision model, in which a very large number of droplets
are represented by a smaller number of droplets and collision probabilities are calculated
based on relative velocities and local number densities inside a spherical region. The type of
collisions that occur depend on the size ratio of the two colliding droplets, the Weber number,
and the impact parameter.

To validate our CFD-DSMC model, we studied the spray jet width, the distribution of droplet
sizes and droplet velocities inside a single nozzle spray. We compared our simulation results
at different locations inside the spray with experimental results obtained by phase Doppler
interferometry. Our simulation results are in semi-quantitative agreement with the experi-
mental results, with small deviations at the smallest and largest droplet sizes. In future work
we will study the droplet-droplet interactions under turbulent flow, include non-isothermal
conditions, and extend the collision model to include dried particles, all of which are relevant
to the case of spray dryers.
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Drying kinetics of droplets

containing solids using a reaction

engineering approach∗

Spray drying is an essential unit operation for production of powders from liquid slurry. Im-

portant events occurring inside the spray dryer are droplet formation, droplet drying and

interactions between droplets and fine particles. The final goal of our project is to predict

the dried solid particle size and mass flux distributions as a result of collision, coalescence

and agglomeration of droplets and particles. A coarse-grained simulation tool is developed

which will enable the design more efficient spray dryers that can produce higher throughputs.

One of the key ingredients of this simulation tool is the modelling of the drying characteris-

tics of droplets containing solids. In this chapter, a model is presented for drying of a droplet

containing solids using a reaction engineering approach. The model is validated with exper-

imental literature data for the drying of a single droplet of whole milk and skim milk, initially

containing 20% solids. We compare the simulated droplet temperature, mass, drying rate and

droplet diameter for different temperatures and solid content with experimental results. We

compare correlations of Lin and Chen (2002) and Ranz and Marshall (1952) for the deter-

mination of the heat and mass transfer coefficients. Moreover, simulations of a single drying

drop of whole milk, containing 30% solid, are compared with photographic results from the

literature. We present preliminary simulation results of drying of many droplets in a section

of a large scale spray dryer.

∗This chapter is based on: Pawar et al. (2014c).
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5.1 Introduction
Spray drying is an essential unit operation that transforms liquid slurry into powders by evap-
oration of the volatile constituents (Filkova and Mujumdar, 1995). This technology is widely
used in different industries such as the chemical, pharmaceutical, food, dairy, ceramic, and
dyestuff industry (Woo et al., 2011). The spray dryer generally appears at the end of the
processing line, as it is an important step to control the final product quality.

The liquid feed contains a solid fraction in insoluble or dissolved state and is atomized in
the spray chamber. The resulting droplets are contacted with a hot gas (usually air) flow
to transform them into dry particles in a single step operation. The sprayed liquid feed can
be a slurry, paste, suspension or solution. Granules, agglomerates and powders represent
the resulting dried product. At first sight this may seem like a simple process: moisture
evaporates from the droplet surface and the droplet diameter shrinks until a dried particle
remains. However, the real situation is complicated due to the complex multiphase transport
phenomenon, as well as the fact that colliding partially dried droplets may bounce, coalesce,
break up or agglomerate, depending on the impact velocity and physical properties such as
particle size, viscosity, surface tension, etcetera, all of which are changing dynamically in
the spray dryer. As a consequence of this complexity, most industrial spray dryers are still
designed on the basis of experience and pilot plant experiments.

A fundamental understanding is necessary for further improvement in the performance of
spray dryers. In recent years, computational fluid dynamics (CFD) has been employed by
many industries, either to explore the problems in the manufacturing process, or to provide
an insight into existing processes so that they may be analysed and improved. CFD simula-
tions are often used because experimental studies of air flow, temperature, particle size and
humidity inside the drying chamber are difficult and expensive to obtain in large scale dryers.
CFD is also used to test different designs of spray dryers and different positions or direction
of the gas inlets.

Drying is of course the key phenomenon occurring inside the spray dryer, involving simulta-
neous mass, momentum and heat transfer. Much research pertaining to heat and mass transfer
in spray drying, both experimentally and numerically, has been carried out on a single, rel-
atively large, stationary drop. Several drying models are available in the literature, some
of which have a physical basis, and some are entirely empirical. The characteristic drying
rate curve (CDRC) and Reaction Engineering Approach (REA) models are the most popular
models in the literature. The CDRC approach divides the drying process into different dry-
ing stages, such as constant drying period and falling rate period(s). The REA assumes that
drying is a competitive process between “evaporation reaction” and “condensation reaction”.
Both the CDRC and the REA models have the advantage in reducing computational time
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in future computational fluid dynamics (CFD) approaches to simulate spray drying systems,
because they do not involve computations for the spatial concentration distribution within a
droplet being dried (Chen and Lin, 2005). Woo et al. (2008) implemented and studied the
reaction engineering approach (REA) model for a 2-D steady flow of a pilot-scale dryer. Jin
and Chen (2009) implemented the reaction engineering approach in FLUENT to model the
drying process of milk particles.

The REA model of proposed by Chen and Xie (1997) seems to yield correct results for
the quantitative features of single large droplet drying. However, most studies show the
droplet temperature and mass of a single large drying droplet as a function of time, excluding
explicit information on the drying rate and shrinking droplet diameter. In this chapter we
will show that the drying rate and droplet diameter predicted by REA are in agreement with
experimental results of Lin and Chen (2002) as long as the droplet has a relatively high
moisture content, but marked discrepancies appear once the moisture content drops below
a critical level. The reason for these discrepancies can actually be understood by looking
at the photographs of the droplet in Lin and Chen (2002): the drying droplet is initially
spherical, but the surface of the droplet becomes increasingly dry and stiff. At a certain point
the surface is so stiff that evaporation of moisture from the core of the particle (diffusing
through the surface layer) can no longer lead to further shrinkage of the particle diameter but
rather to deformation of the droplet surface. This leads to a highly non-spherical shape of the
collapsed particle.

The particle surface collapse, described above, is observed for relatively large droplets of the
order of a millimeter. However, in industrial scale spray dryers the droplets are typically 10 to
100 micrometer, with a relatively much higher stability of the spherical solid surface. Indeed,
the dried particles observed in spray dryers are usually agglomerates of spherical particles.
We therefore expect that the REA model actually performs better for the smaller droplets
encountered in spray dryers.

The main objectives of the present study are (1) to validate the REA model for the initial
drying stage of a single large droplet of whole milk and skim milk containing 20% solid at
different temperatures of the gas phase, (2) to compare the predictions from correlations of
Lin and Chen (2002) and Ranz and Marshall (1952) for the external heat and mass transfer
coefficients, (3) to expose the limitations of the REA model by studying the change in diam-
eter of a single large drying droplet of whole milk containing 30% solids and comparing with
photographic results from the literature, and (4) to present simulation results for drying of a
spray, containing a large amount of small droplets, in the inlet section of a large scale spray
dryer. Note that in this preliminary work a constant gas temperature and relative humidity
was assumed; in future work we will include the energy equations also for the gas phase.
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5.2 Numerical model
In our model we solve the Navier-Stokes equations for the gas phase and Newtonian equations
for the motion of the individual droplets, which are possibly represented by a lower number
of representative droplets, with conventional two-way coupling for the momentum exchange
between the gas and discrete phase.

For the single droplet simulations, the droplet is fixed in space, allowing us to accurately set
the relative velocity between gas and droplet. For the spray dryer simulations, the motion of
droplets in between collisions is described by Newton’s second law.

The droplet collisions are treated separately and stochastically because the large number of
droplets present in a spray make a deterministic treatment of all droplets trajectories and all
droplet collision events unfeasible. Our approach for detecting droplet collisions is based on
the stochastic Direct Simulation Monte Carlo (DSMC) method. More details are given in
chapter 4.

5.2.1 Droplet drying kinetics
During the drying process, moisture evaporates from the droplet surface and the droplet di-
ameter decreases. For the modelling of this process, it is assumed that the droplet remains
spherical, homogeneous in composition (i.e. a perfect mixture of water and solid without hol-
low pockets), and has a uniform temperature inside. These assumptions will break down for
droplets in the final drying stage where the moisture content is relatively low. However, the
assumptions are expected to be valid for small droplets, especially in the early drying stage
when the moisture content is still high. The equation of energy conservation for the discrete
phase can be written as:

H f gṁv + cp,dmd
dTd

dt
= πd2

dhc(Tg−Td) (5.1)

where H f g is the specific latent heat of evaporation; cp,d , md , Td , dd are respectively the
evaporation rate, specific heat under constant pressure, mass, temperature and diameter of
the droplet; hc is the coefficient of convective heat transfer and Tg is the local temperature of
the drying gas.

The rate of moisture evaporation for a spray droplet is found by assuming convective mass
transfer from the droplet surface as follows:

ṁv =−
dmd

dt
= πd2

dhD(ρv,s−ρv,∞) (5.2)

where hD is the external mass transfer coefficient, ρv,s is the partial vapor density at the droplet
surface (calculated at the droplet temperature) and ρv,∞ is the local vapor density of the drying
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gas (at Tg ). For the determination of the partial vapour density and local vapor density, the
REA model proposed by Chen and Xie (1997) is used, in which the partial vapour pressure
over the droplet surface depends on the temperature and on the concentration of the solid
content (or wet fraction) in the droplet.

The coefficients of external heat and mass transfer are determined by the corresponding Nus-
selt and Sherwood numbers, which are evaluated using two correlations. The first is the
well-known Ranz-Marshall correlation (Ranz and Marshall, 1952),

Nud = 2.0+0.6Re1/2
d Pr1/3 (5.3)

Shd = 2.0+0.6Re1/2
d Sc1/3 (5.4)

and the second is the correlation proposed by Lin and Chen (2002):

Nud = 2.04+0.6Re1/2
d Pr1/3 (5.5)

Nud = 1.63+0.54Re1/2
d Sc1/3 (5.6)

In the above expressions, Nud , Shd and Red are, respectively, the droplet Nusselt, Sherwood
and Reynolds numbers; Pr and Sc are the Prandtl and Schmidt numbers. For the drying
process under atmospheric pressure, we use the correlation given by (Grigoriev and Zorin,
1988) for the diffusion coefficient of water vapour in air to calculate Sc.

In our model all change of mass of a droplet is attributed to evaporation of the moisture
(water) content. We only keep track of the total droplet mass and the relative amount X of
moisture mass per solids mass. The specific heat and diameter of the droplet are calculated
by assuming a perfect mixing model with constant specific heat and constant mass density of
the respective solid and liquid components.

5.2.2 Binary droplet-droplet collision model
As we discussed in chapter 4, collisions between droplets and particles significantly affect
their trajectories, complicate the calculations of particle tracks, and extend the computational
time needed for the simulations. Nevertheless, it is essential to model droplet and particle
interactions that influence the quality of the final product. With the purpose of keeping the
model simple, in the present study we consider only droplet–like interactions (i.e. the low
Ohnesorge number regime) and neglect rotational motion of the droplets. The breakage and
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coalescence of droplets is modeled as proposed by Ko and Ryou (2005). We have imple-
mented this model in our simulations, with one important distinction: in the region of lowest
Weber numbers (see in chapter 4, Figure 4.3) we assume droplets coalescing rather than
bouncing. This choice is inspired by the work of Kuschel and Sommerfeld (2013), who re-
ported a collision map for (among others) water droplets which shows coalescence of droplets
at the lowest Weber numbers.

5.3 Geometry and set up of the test cases

We will first validate the droplet drying model by comparison with experimental data for two
test cases of single stationary droplets. In these test cases we assume that (1) the gas temper-
ature and humidity is uniform and constant, and (2) the droplet has a uniform temperature. A
single drop is placed at the center of a square channel with sides of 0.1 m perpendicular to
the flow direction and a side of 0.4 m in the flow (z-) direction, using a Cartesian grid with
30 cells in the x- and y-, and 50 cells in the z-direction. We neglect gravity and drag forces
acting on the droplet. Details of the test cases are:

Test case 1: Drying of a single large droplet of whole milk and skim milk with 20% (by
mass) solids content at different drying temperatures: a) 340.5 K; b) 360.1 K; c) 379.6 K =
1.44 mm, ug = 0.45 m/s, H = 0.0001 kg/ kg of dry air). Note that whole milk contains more
fat than skim milk, leading to a different density of the solids contents and a different surface
tension of the droplet.

Test case 2: A single droplet of whole milk with 30% solids, drying at 360.1 K. Here we
focus on the evolution of droplet morphology (dd = 1.14 mm, ug = 0.45 m/s, H = 0.0001 kg /
kg of dry air). Further details of these test cases can be found in Table 5.1.

After validating the droplet drying model, we extended the simulations to preliminary inves-
tigate sprays with large amounts of skim milk droplets with 20% solids. The droplet spray
was generated from a Rosin-Rammler distribution with Sauter mean diameter of 51 microm-
eter and a n parameter of 3.5 (Han et al., 1997). The droplet spray is initialized at 0.15 m
from the top boundary with an average velocity of 140 m/s, as predicted for a pressure spray
dryer operating at a pressure of 200 bar. A cubic box with sides of 0.6 m and a cartesian
grid with 60 cells in all directions is used. We waited until a steady-state gas flow, induced
by the droplet spray, has developed before taking measurements. Details of the simulation
parameters for this test case 3 are given in Table 5.2.
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Table 5.1: Simulation parameter settings.

Parameters Whole milk Skim milk Unit

Gas temperature (Tg) 340.5 / 360.1 / 379.6 K

Gas velocity (ug) 0.45 m/s

Density of droplets with 20% solids (ρd) 1005 1039 kg/m3

Surface tension of the droplets (σ ) 34×10−3 53×10−3 kg/s2

Domain size (W ×D×H) 0.1×0.1×0.4 m

No. of gas cell (NX×NY ×NZ) 30×30×50

Gas time step (∆tg) 2.5×10−3 s

Total simulation time 300 s

Table 5.2: Simulation parameter settings.

Parameters Values (200bar) Unit

Gas density (ρg) 1.25 kg/m3

Viscosity of gas (µg) 1.8×10−5 kg/(m.s)

Milk density containg 20 % solids (ρd) 1039 kg/m3

Surface tension of the droplets (σ ) 53×10−3 kg/s2

Nozzle diameter (d) 2.31×10−3 m

Initial sauter mean diameter 51×10−6 m

Initial cone angle (θ) 73/2 degree

Mass flow rate (q) 0.275 kg/s

Average injected droplet velocity (vin j) 140 m/s

Parcel size (ni) 1000

Gas temperature (Tg) 340.5 K

Domain size (W ×D×H) 0.6×0.6×0.7 m

No. of gas cell (NX×NY ×NZ) 60×60×80

Gas time step (∆tg) 2.5×10−6 s
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5.4 Results and discussion

5.4.1 Test case 1: validation of the drying model using REA for a single
large droplet (20% solids)

Figure 5.1(a-c) and 5.1(b-d) show a comparison between our simulations and experimental
data reported by Lin and Chen (2002) for a single large droplet of whole milk and skim milk,
respectively, drying in hot air at different temperatures. Figure 5.1(a-b) shows the droplet
temperature, and Figure 5.1(c-d) shows the droplet mass, both as a function of time. We
observe that our simulations (lines) agree well with experimental results (symbols).

Moreover, we find that the two sets of correlations used for heat and mass transfer coefficients
(Eqs. 5.3-5.4 and 5.5-5.6) give practically identical results for all gas temperatures studied.

Figure 5.2(a-c) and 5.2(b-d) show the same comparison as Figure 5.1(a-c) and 5.1(b-d), now
focusing on the evaporation rate and droplet diameter (non-dimensionalised by the initial
diameter), both as a function of relative moisture content X . For these test cases, during the
drying process the relative moisture content is decreasing from an initial value of 4 (20%
solids and 80% moisture) to 0. We observe that the evaporation rate is predicted reasonably
well by the simulations. The evolution of the droplet diameter is predicted well down to a
relative moisture content of X = 1.5. However, for a moisture content lower than X = 1.5
the model clearly underpredicts the droplet diameter. The model is therefore not valid for
relatively large droplets during the final stage of the drying process.

5.4.2 Test case 2: morphology of a single large drying droplet of whole
milk (30% solids)

To explain the disagreement between predicted and experimental droplet diameter, we now
focus on the second test case involving drying of a large droplet of whole milk with 30 wt%
solids, for which experimental information on droplet size/shape evolution is available (Lin
and Chen, 2002). Figure 5.3a shows the experimental results, while Figure 5.3b shows the
computational results at equal times from our simulations, where the droplet is colored by its
wetness wt = X/(1+X). Up to approximately 20 s drying time, the experimental shape is
still reasonably spherical, but then the droplet surface starts to deform. As already alluded in
the introduction, this is caused by an increasingly dry and stiff surface of the droplet. At a
certain point the surface is so stiff that evaporation of moisture from the core of the particle
(diffusing through the surface layer) can no longer lead to further shrinkage of the droplet
diameter. Instead, the droplet surface will deform and collapse, leading to a highly non-
spherical shape. After collapse of the droplet, moisture is still evaporating from the droplet,
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Figure 5.1: Droplet temperature (circles) and droplet mass (squares) as a function of time
observed in our simulations (lines) and in experiments (symbols) of single droplet drying of
whole milk (a-c) and skim milk (b-d). Dashed lines use correlations of Lin and Chen (2002);
solid lines use correlations of Ranz and Marshall (1952). Three different gas temperatures
are studied: 340.5 K (green), 360.1 K (blue) and 379.6 K (red). Initial solids contents is 20
wt%.
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Figure 5.2: Droplet evaporation rate (squares) and dimensionless droplet diameter (circles) as
a function of relative moisture content X observed in our simulations (lines) and experiments
(symbols) of single droplet drying of a) whole milk and b) skim milk. Dashed lines for
correlations of Lin and Chen (2002); solid lines for correlations of Ranz and Marshall (1952).
Three different gas temperatures are studied: 340.5 K (green), 360.1 K (blue) and 379.6 K
(red). Initial solids content is 20 wt%.
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(a)

(b)

Figure 5.3: Snapshots of a) experimental results of Lin and Chen (2002) and b) simulation
results of a single large drying droplet of whole milk containing 30 wt% solids. Simulation
results are colored by wetness.

as the experimentally observed droplet mass is still decreasing. On the other hand, the droplet
does not seem to shrink in size anymore. This leads us to believe that the evaporated moisture
must be replaced by air pockets. Although this is not part of our study, it does explain the
differences observed in Figure 5.3a and 5.3b: in our simulation model a homogenously filled

spherical shape is assumed, leading to a smaller predicted diameter than observed in the
experiments.

Note that these results are in agreement with experiments of Walton (2004) on large milk
droplets, where a droplet sphericity of 1 was found to be rare during the final stage of the
drying process. In the literature different shrinkage diameter correlations are proposed on the
basis of the equilibrium moisture content of a single droplet drying (Lin and Chen, 2006).

In Figure 5.4 we show the experimental (symbols) and simulated (lines) droplet diameter as
a function of drying time, for skim milk (green) and whole milk (red) (30 wt% solids) drying
at 360.1 K. We reiterate that in the simulations, the droplet diameter is determined on the
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Figure 5.4: Experimental (symbols) and simulation (lines) results for the droplet diameter as
a function of drying time, for whole milk (red) and skim milk (green). Experimental results
are from Lin and Chen (2002) at 360.1 K. Initial solid contents is 30 wt%, ug = 0.445 m/s.

basis of changing droplet mass during drying, assuming a spherical shape. Simulations and
experiments are in agreement until the droplet diameter has shrunk to approximately 87%
of its initial value (at a relative moisture content of approximately X = 1.2), after which the
model underpredicts the droplet diameter. Similar to the results of test case 1, we verified that
our model can predict the droplet mass and temperature as a function of time rather accurately
for all gas temperatures studied (not shown here).

In summary, the prediction of our model for the diameter of a large drying droplet becomes
inaccurate when the relative moisture content is lower than X approximately 1.2 to 1.5, de-
pending on the initial solids content. Nevertheless, the model is able to predict with reason-
able accuracy the mass, and therefore moisture content, and temperature of a milk droplet
as a function of time, even when the spherical approximation is no longer valid. Note that
for smaller droplets a non-spherical shape is less likely to occur, due to the relatively higher
mechanical energy penalty for deformations of the droplet surface.

5.4.3 Test case 3: single droplet spray nozzle containing 20% solid using
REA

Milk droplets in a spray dryer are considerably smaller than the millimeter sized milk droplets
studied above. Rather, they are in the range of 50 micrometer. For this purpose we first test
the single droplet model for whole milk droplet sizes ranging from the previous 1.4 mm down
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Figure 5.5: Droplet temperature (a and c) and mass (b and d) for different initial whole milk
droplet sizes (20 wt% solids) drying in a gas of 360.1 K. Note that on the x-axis a semi-log
scale is used.

to 50 micrometer, see Figure 5.5. As is clear from this figure, and as expected, small droplets
heat up and dry much faster than larger droplets.

Initial milk droplets temperature in a spray dryer are considerably higher than the temperature
of the milk droplet studied above. Rather, they are in the range of 313 K. For this purpose
we test the single droplet model for whole milk droplet initial temperature ranging from the
previous 296.4 K above to 363 K, see Figure 5.6. From this figure we find that a higher initial
temperature of the droplet does not significantly affect the drying rate. The reason is that
irrespective of the initial temperature, the droplet temperature first quickly reaches a quasi-
steady state equal to the wet bulb temperature (corresponding to our fixed relative humidity
of 0.01%), while only at longer time the droplet really starts to heat up and evaporate.



88 Chapter 5

 280

 300

 320

 340

 360

 380

 400

 0  50  100  150  200  250  300

 T
d
 (

K
)

 t (sec)

Expt Td-296.4 K

Sim Td-296.4 K

Sim Td-303 K

Sim Td-313 K

Sim Td-323 K

Sim Td-333 K

Sim Td-343 K

Sim Td-353 K

Sim Td-363 K

 0

 5e-07

 1e-06

 1.5e-06

 2e-06

 0  50  100  150  200  250  300

m
d
 (

k
g
)

 t (sec)

Expt md-23.4 
o
C

Sim md-296.4 K
Sim md-303 K 
Sim md-313 K
Sim md-323 K
Sim md-333 K
Sim md-343 K
Sim md-353 K
Sim md-363 K

(a) (b)

Figure 5.6: Droplet temperature (a) and mass (b) of whole milk droplet sizes (20 wt% solids)
drying in different initial droplet temperature.

We now report on preliminary results of simulation of a section of a large scale spray dryer,
spraying a large amount of such skim milk droplets. Figure 5.7. shows a snap shots of the
spray, color coded by the droplet temperature (left) and wetness (right), respectively. Clearly,
the droplets are slowly heated up by the surrounding hot gas, while simultaneously they are
drying by evaporation of the moisture. The droplet size distribution is evolving quickly,
depending on axial and radial position in the spray.

Figure 5.7: Droplet temperature (left) and wetness (right) in a spray dryer predicted by the
simulation model.

Figure. 5.8 shows the droplet size probability distribution function (probability by mass) as
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Figure 5.8: Droplet size probability distribution function with drying (red) and without drying
(blue) at a) 80 mm from the nozzle exit and 38 mm from the central axis, and b) 280 mm from
the nozzle exit and 80 mm from the central axis. The green pdf is the inlet distribution.

measured at 80 mm from the nozzle exit and 38 mm from the central axis and 280 mm from
the nozzle exit and 80 mm from the central axis, both with and without droplet drying. The
drying leads, as expected, to a shift in the distribution to smaller droplets.

In a future study we will compare these model prediction with experimental results.

5.5 Conclusions
A model of a single drying droplet containing solids using a reaction engineering approach
was compared with experimental results. In the model, we assumed a uniform temperature
inside the droplet (a Biot number less than 0.1) and a spherical droplet shape for all cases.
The simulations produced good agreement with experimental results of the temperature and
mass of whole and skim milk droplets drying under different conditions. We do not find a
significant difference in the temperature and mass varying with time using the correlations
of Lin and Chen or the correlations of Ranz and Marshall for heat and mass transfer. For
sufficiently dried droplets (X lower than 1.2 to 1.5), we found that the predicted droplet
diameter did not match well with experimental results. This is attributed to the collapse of
the droplet to a non-spherical shape and formation of air pockets replacing the evaporated
moisture. Finally, we have presented preliminary results of a Direct Simulation Monte Carlo
(DSMC) method of a section of a large scale spray dryer, showing the potential and strength
of this simulation approach.
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Agglomeration study in the inlet

section of a large scale spray dryer

using stochastic Euler-Lagrange

modelling∗

Spray drying is an essential unit operation for the production of powders from liquid slurry.

Main events occurring inside the spray dryer are droplet drying and interactions between

droplets and fine particles, leading to bouncing collisions, coalescence, agglomeration, and

satellite droplet formation. In recent years, there has been growing interest to use Com-

putational Fluid Dynamics (CFD) for exploring such phenomena inside spray dryer sys-

tems. Researchers have extensively investigated single droplet-droplet and single particle-

particle interactions using numerical and experimental methods. However, the literature on

droplet-particle interactions with a quantitative description of agglomeration in spray drying

is scarce, and mainly qualitative.

In this chapter, we report the development of an Euler-Lagrange model with a stochastic ap-

proach for the prediction of collision, coalescence and agglomeration of partially wet parti-

cles in a spray dryer. In this approach, the dynamics of the gas phase is solved by an Eulerian

equation as a continuum and the dynamics of the solid phase is solved by a Lagrangian equa-

tion as a dispersed phase, with conventional gas-solid coupling. Inside the spray chamber,

the turbulent gas flow has an effect on the particle interactions. In a spray dryer, the number

density of droplets is usually more than 1011 per cubic meter, effectively ruling out a deter-

ministic approach in which each particle is individually tracked. We introduce a stochastic

∗This chapter is based on: Pawar et al. (2014d)

91



92 Chapter 6

Direct Simulation Monte Carlo (DSMC) approach in which each particle searches randomly,

in a local and spherical searching scope, for another particle to collide with during a parti-

cle time step. In a spray dryer, different outcomes can occur when a pair of particles collide.

We use elementary models for collision, coalescence, break-up, drying and agglomeration,

validated by experimental results from the literature and industrial data. In this chapter we

present details of the modelling approach using sub-models and preliminary simulation re-

sults. The ultimate aim of this project is to develop a simulation tool that can provide the

particle size, velocity and flux distribution for a section of a large-scale spray dryer. These

results are meant to be used as boundary conditions for even coarser simulations, which will

be used to design more efficient spray dryers that can produce higher throughputs.

6.1 Introduction
Spray drying is an important unit operation in many industrial processes such as chemical,
pharmaceutical, food, and dairy processing for making powders from liquid slurry. A spray
dryer unit generally appears at the end of the processing line, as it is an important step to
control the final product quality. A better understanding of the underlying phenomena in
spray dryers can help in optimal design, operation and scale-up of these processes. The
liquid feed contain solid fraction in insoluble or dissolved state and is atomized in the spray
chamber. The resulting droplets are mixed with hot air/gas flow to transform into dry particles
in a single step operation. The sprayed liquid feed can be a slurry, paste or solution. Granules,
agglomerates and powder represent the resulting dried product.

Agglomerated powders are produced to give improved physical properties such as flow abil-
ity, dispersibility and decreased bulk density. They can be obtained by improving wettability
and size enlargement through agglomeration (Williams, 2007). Agglomeration is achieved by
returning fines to the top of the spray drier and contacting them with concentrated droplets,
followed by evaporative drying. This allows small particles to combine and form large,
porous, open structures.

Graham (1997) distinguished two types of agglomeration processes, called primary and sec-
ondary. Primary agglomeration involves collisions between atomized droplets. Secondary
agglomeration involves collisions between droplets and dry particles, and can be forced ag-
glomeration or spontaneous agglomeration. Spontaneous agglomeration refers to fine par-
ticles being dragged into the agglomeration zone by aerodynamic recirculation. Forced ag-
glomeration refers to the spraying of atomized droplets on to a fines recycle stream that enters
the top of the drier. The appearance of agglomerates has been described as onion, raspberry
or grape-like (Williams, 2007). An onion is created when small droplets of high moisture (i.e.
low viscosity) contact the fine particles and spread over the surface. A raspberry is formed
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when large droplets of high moisture collide with a large amount of fines. The fines adhere
to the outer surface but do not penetrate the droplets. When dried, raspberry and onion struc-
tures may have high mechanical strength but are often difficult to dissolve. A grape is created
by the collision of the droplets and fine particles.

Agglomeration takes place when atomized droplets mix with hot air and get converted to
sticky particles; and the sticky particles collide to form a viscoelastic liquid bridge that is
strong enough to resist mechanical deformations. Surface tension, effective density, and
dynamic viscosity all influence the collision behavior of droplets and particles. Many re-
searchers have applied various models to calculate a critical viscosity for sticking during
contact time of a few seconds. Wallack and King (1988) investigated experimentally and
reported that the critical viscosity appears to be in the range of 106 - 108 Pa.s. At much lower
viscosities the particles will coalesce upon collision, while at higher viscosities the particles
will not stick together but bounce Verdurmen et al. (2004).

Only little information is available in the literature concerning the modeling of the agglomer-
ation processes of colliding droplets and particles during spray drying. Roos (2002) pointed
out the importance of glass transition temperature for the sticking behavior of amorphous
materials as they occur in lactose containing foods. The boundary between viscous droplets
and dry particles is determined with help of the sticky point temperature, which was found to
be around 20 K above the glass transition temperature of the lactose containing surface of the
particle. If the particle temperature exceeds the sticky point temperature, the particle surface
will become viscous and the particle is classified as a viscous droplet. Below the sticky point
temperature the particle is considered as dry.

Ho and Sommerfeld (2002) described a stochastic collision model to mimic particle agglom-
eration in turbulent flows. They considered a collision propensity based on the relative inertia
of the particles and an agglomeration efficiency based on the van der Waals interaction. Som-
merfeld and Stübing (2012) extended this approach to agglomerate structure also in the frame
of the Lagrangian point-particle approach the collision and agglomeration model for storing
the additional information of the agglomerates.

Verdurmen et al. (2004) have reported an attempt to simulate the entire agglomeration pro-
cess. However, a better understanding of particle agglomeration is needed to translate this to
industrial operating guidelines. In the literature, little existing work is available that spatially
addresses the agglomeration in a spray dryer.

In this chapter, we develop a simulation tool that can provide the particle size, velocity and
flux distribution for a highly turbulent gas flow section of a large-scale spray dryer. These
results are meant to be used as boundary conditions for coarse-grained simulations. For
this purpose, we will use an Eulerian-Lagrangian approach, while considering the various
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phenomena of collisions, coalescence and agglomeration between droplet-droplet, droplet-
particle and particle-particle combinations in a highly turbulence gas flow at the top section
(near the nozzle) of a spray dryer. Note that our collision model at this stage is only pre-
liminary. Details simulation and experiments are necessary to check and improve upon this
model.

6.2 Spray drying model
Computational Fluid Dynamics (CFD) is a very powerful and versatile tool, which has been
increasingly employed to study the optimal design, operation and scale-up of industrial pro-
cesses. However, the complex transport phenomena that occur in a spray dryer cannot yet be
modeled with sufficient accuracy. The main objective of our research is to develop a simula-
tion tool that can provide the particle size, velocity and flux distribution for a highly turbulent
section of a large-scale spray dryer. These results are meant to be used as boundary condi-
tions for more coarse-grained simulations. In this study, we focus at the top section of the
spray dryer where most of the events such as collision, coalescence, breakup, drying and ag-
glomeration occur. To systematically build up this model, we split the modelling process into
four different steps, including gas and particle flow modeling, collision detection modeling,
collision outcome modeling, and drying kinetics modeling, as shown schematically in chap-
ter 1 (Figure 1.3). We will describe the essential features of each component subsequently in
more detail.

6.2.1 Gas and particle flow modeling
The liquid feed is atomized in the cylindrical chamber where hot air enters at the top as a
swirling or non-swirling flow where the resulting droplets are mixed with hot air/gas flow
to transform them into dry particles in a single step operation. One of the challenges faced
by scientist and engineers is to understand the complexity of the particle/air mixing in spray
chambers. Improper gas flow patterns inside the chamber can cause roof and wall fouling and
the quality of the final product can deteriorate.

Accurate measurement of the gas flow inside an industrial scale spray dryer is difficult to
achieve experimentally, leading to a growing interest in the use of Computational Fluid Dy-
namics. In this study, we use a sub-grid scale (SGS) model, proposed by Vreman, 2004, for
the investigation of highly turbulent gas flow effects on the droplet/particle trajectories. One
of the main advantages of this model that it is more accurate than the classical Smagorinsky
model and as good as the standard dynamics model. The SGS model is able to adequately
handle not only turbulent but also transitional flow. Moreover, the Smagorinsky model is
known for a poor turbulence modelling close to walls. The Vreman model is expected to
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correct for this effect. Still, there may be an over prediction of the shear. We have validated
our turbulent flow model using experimental literature data for different Reynolds numbers
(Pawar et al., 2014b). As before, we compute the Navier-Stokes equations for the gas phase
and Newtonian equations for the motion of the individual droplets/particles, which are pos-
sibly represented by a lower number of representative droplets, with conventional two-way
coupling for the momentum exchange between the gas and discrete phase.

For the spray dryer simulations, the motion of droplets and particles (in between collisions)
is described by Newton’s second law. Collisions between droplets and particles significantly
affect their trajectories, complicate the calculations of particle tracks, and extend the com-
putational time needed for the simulations. Nevertheless, it is essential to model droplet and
particle interactions that influence the quality of final product. With the purpose of keeping
the model simple, in the present model we neglect rotational motion of the droplets.

In our model, droplet collisions are treated separately and stochastically because the large
number of droplets present in a spray make a deterministic treatment of all droplets trajecto-
ries and all droplet collision events unfeasible. Our approach for detecting droplet collisions
is based on the Direct Simulation Monte Carlo (DSMC) method. More details give in chap-
ter 3.

6.2.2 Collision outcome

6.2.2.1 Introduction

Accurate measurements of collision events at the nozzle exit and inside of the spray are dif-
ficult to obtain in very dense spray. As droplets are drying, their collisional properties will
change in time. Moreover, in industrial practice dried fine particles are usually returned to the
spray dryer. The interactions between droplets and fine particles lead to a rich spectrum of
bouncing collisions, coalescence, agglomeration, and satellite droplet formation. Researchers
have extensively investigated droplet-droplet and particle-particle interactions using numeri-
cal and experimental methods. However, the literature on droplet-particle interactions leading
to agglomeration in spray drying is scarce, and mainly qualitative. In this work, the outcome
of a collision is first and foremost determined by the surface glass transition temperature of
the particle, which depends on the relative amount of solids and liquid at the surface. If
the particle temperature is between 10-30 degrees above the glass transition temperature, the
particles are sticky and will agglomerate. For example, during the production of milk pow-
der, collisions and adhesion between milk droplets and recycled fines take place, leading to
complex macro particles, which are agglomerates of several primary particles. The primary
particles can be dry particles, or droplets. A number of primary particles contribute to the
formation of an agglomerate, with each primary particle having its own diameter d (assum-
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ing a spherical particle) and its wetness w (a variable between 0 and 1, 0 for recycled dry
fines and 1 for water droplets). We keep track of these variables in our simulations, giving
us the possibility to keep track of the drying of the moisture content inside the agglomerates.
The outcome of a collision between two agglomerates depends on the stickiness, viscosity
and surface tension, which we will discuss now.

6.2.2.2 Stickiness

For powders with a high carbohydrate content, the phenomenon of stickiness is related to the
physical state of the carbohydrate components, i.e. normally an amorphous glassy state. In
the course of drying, viscosity and surface tension become extremely high around a critical
water activity level which is dependent on composition and temperature (Adhikari et al.,
2003). The high viscosity/high surface tension state is sometimes referred to as a rubbery
state (Roos and Karel, 1992). Further drying leads to a solid glassy state which is non-sticky
(Foster et al., 2006). There is a region roughly between the rubbery and non-sticky states
known as a glass transition region (Brostow et al., 2008, Bhandari and Howes, 1999). In
other words, powders become prone to stickiness in a range of temperatures above the Tg

level. Note that during drying the water content and water activity are changing, leading to
a changing Tg (Abiad, 2009). It is therefore essential to model the dependence of the glass
transition temperature on the surface moisture content of the particle.

6.2.2.3 Water activity and moisture isotherm

The level of interaction of water with dry matter is expressed by the water activity, defined
as the ratio between the water vapour pressure at the droplet surface and the saturated vapour
pressure of pure water at the considered temperature:

aw,s =
Pv,s

Pv,sat
(6.1)

The surface vapour pressure is determined using Raoult’s law (Patel and Chen, 2008). The
equilibrium is characterized by the sorption isotherms, which represent the aw variation as a
function of water content X of the product for a given temperature (each point representing an
equilibrium state) (Mathlouthi and Roge, 2003). Sorption isotherms depend on temperature,
but slightly for the range of temperatures considered here (293 - 313 K). They are usually
established by water sorption on the dry product, where hysteresis exists between absorption
and desorption. The surface moisture content is calculated using the relevant isotherm model
of the specific material. For droplets, the equilibrium moisture isotherm was presented using
the popular Guggenheim-Anderson-de Boer (GAB) model (Adhikari et al., 2003). The sur-
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face moisture content of droplets X , (kg/kg, dry basis) during drying can be estimated using
the following isotherm model:

Xs =
m0CKaw,s

(1−Kaw,s)(1−Kaw,s +Ckaw,s)
(6.2)

where mo, C and K are constants. For droplets mo, C and K were reported to be 0.04290, 8.78
and 0.909 at 325 K, respectively (Lin and Chen, 2006).

6.2.3 Glass transition temperature
The glass-transition temperature (Tgl ) of the droplets containing solids is a moisture con-
centration dependent property of the material. The Gordon-Taylor equation has widely been
used in the literature to estimate Tgl of the droplet containing solids of single or multiple so-
lutes (Adhikari et al., 2004). Since we are interested in estimating the surface glass-transition
temperature (Tgl,sur), the Gordon-Taylor equation is expressed as:

Tgl,sur =
wsTg,s +KGwwTg,w

ωs +KGωw
(6.3)

where KG is a constant, Tgl,s and Tgl,w are glass transition temperatures of solids and water,
and ws and ww are mass fractions of solids and water, respectively, at the surface of the
particle:

ww =
Xs

1+Xs
,ws =

1
1+Xs

(6.4)

(Williams et al., 1955) found that the viscosity of amorphous glucose above its glass transition
was similar to the viscosity of other inorganic and organic glass-forming compounds. The
viscosity was found to be related to material relaxation times, valid above Tgl,sur, and followed
an empirical relationship known as the William-Landel-Ferry (WLF) equation, which was
derived from the viscosity data for a number of compounds:

log
µsur

µg
=

C1Td−Tgl,sur)

C2 +(Td−Tgl,sur)
(6.5)

Here µg is the viscosity at Tg (estimated as 1012Pa.s), and C1 and C2 are empirical coefficients.
The values C1 = 51.6, C2 = -17.4 are valid for most polymeric materials.

Various researchers have calculated the critical viscosity for sticking during contact times of a
few seconds by applying various models. As a result the critical viscosity appears to be in the
range of 106 - 108 Pa.s (leading to the quoted range of temperatures within which particles are
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Table 6.1: Collision outcome rules used in this work for partially wetted particles, droplets
and agglomerates.

T −Tg,sur < 10K 10−30K > 30K

< 10K Bounce Stick **

10−30K Stick Stick **

> 30K ** ** **

** Oh1 < 1.0 Oh1 > 1.0

Oh2 < 1.0
Coalesce / Bounce /

Coalesce
Stretching / Reflexive

Oh2 > 1.0 Coalesce Bounce

sticky). This value has been confirmed experimentally by various investigators (Wallack and
King, 1988; Downton et al., 1982). At lower viscosities the particles exhibit more droplet-
like behaviour, while at higher viscosities the particles will not stick together. However, to
have a generally applicable model, we must realise that the empirical WLF correlation is
only valid for relatively dry (lower moisture content) droplets. Therefore, for higher average
moisture content, the agglomerate viscosity was calculated using an empirical correlation for
the viscosity of a dispersion of solid particles in liquids (Mooney, 1951):

µagglo = µl exp
[

2.5εs

1−Kεs

]
(6.6)

Here µl is the pure liquid (i.e. water) viscosity and εs is the average solids volume fraction.
The constant K is chosen such that the viscosity diverges near a maximum solids volume
fraction of 65%. In the transition region, the minimum of Eqs. (6.5) and (6.6) is assumed to
be the true viscosity.

6.2.4 Binary collision outcome
The outcome of a binary collision is summarized in Table 6.1. If the temperature of either
particles is between 10 - 30 K above the glass transition temperature, the particles are sticky
and will agglomerate. If the temperature of both particles is less than 380 K above the glass
transition temperature, the particles are assumed to be solid and bounce. Droplets (and parti-
cles) with a temperature more than 303 K above the surface glass transition temperature are
treated separately.

For low viscosity droplets, which are dominated by surface tension (both droplets have an
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Ohnesorge number < 1), the outcome of a collision depends on the values of the Weber num-
ber and impact angle. Four different types of collision outcomes can be distinguished. When
two droplets strike each other, the gas between them is trapped and the pressure increases in-
side this gap. If the relative velocity of droplets is not enough to overcome the pressure force,
two droplets do not intermix and simply bounce. For higher relative velocities, depending
on the impact angle, one droplet may merge with another droplet directly and coalescence
takes place. At very high relative velocities, again depending on the impact angle, the ki-
netic energy of impact is so high that the droplet breaks up again, leading to stretching or
reflexive separation, including the formation of new satellite droplets. The model by Ko
and Ryou (2005) improves the widely used model for droplet-droplet collisions developed
by O’Rourke (1981) by considering the collision-induced break up process in more detail.
The post-collisional diameters and velocities of the droplets, including possible formation of
satellite droplets, are determined based on momentum and energy conservation equations.
The formation of satellites costs surface energy. Therefore, for stretching or reflexive sep-
aration at higher Weber numbers (and depending on the impact parameter) the additional
kinetic energy can be used to generate an increasing amount of satellite droplets. We have
implemented this model in our simulations. For details the reader is referred to Ko and Ryou
(2005).

Finally, when one of the droplets has a very high viscosity (but not high enough to be sticky),
i.e. when the Ohnesorge number is larger than 1, the outcome of a collision is assumed to
be coalescence (one droplet is highly viscous but the other is not) or bouncing (when both
droplets are highly viscous). We note that this part of the model is least certain, and can be
improved in future work using correlations from detailed experiments and direct numerical
simulations. For example, experimental data of a hollow-cone pressure swirl nozzle spray,
obtained by Phase Doppler Anemometry (PDA) at different inlet pressure and liquids, can be
used to validate the resulting evolution of the droplet/particle size distribution. More details
are given in Pawar et al. (2012).

6.3 Drying
One of the key components of the simulation tool is the modelling of the drying characteristics
of droplets containing solids. A drying model of a droplet containing solids using a Reaction
Engineering Approach (REA) was introduced. The model was validated with experimental
literature data for the drying of a single droplet of whole milk and skim milk containing 20%
solids at different conditions and different correlations for the determination of the external
heat and mass transfer coefficients. The effect of drying on the droplets in the top section of
a large scale spray dryer was studied by coupling this drying model to the developed Euler-
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DSMC approach. For technical details the reader is referred to Pawar et al. (2014c).

6.4 Simulation parameters
We model two droplets sprays and one dry particle (returned fines) spray. We choose droplets
from a Rosin-Rammler distribution and introduce them in the domain at 0.2m from the top
boundary, using 0.2 m distance between the two nozzles. In between the two droplets sprays,
we introduce the dry particle spray. For the simulation, we used a domain of 0.6×0.6 square
meters and a height of 0.7 meters, using a cartesian grid with 60 cells in x, y direction and 70
cells in the z-direction. Additional simulation parameters are given in Table 6.2.

Table 6.2: Simulation case parameters.

Parameters Values Unit

Density of dry particles (ρp) 1300 kg/m3

Injected dry particle diameter (dp) 6.0×10−5 kg/(m.s)

Dry particle nozzle diameter 0.01 m

Dry mass flow rate 1.25 kg/s

Injected dry particle velocity 80 m/s

Density of droplets 1096 kg/m3

Surface tension of the droplets (σ ) 73×10−3 kg/s2

Nozzle diameter (d) 0.00232 m

Initial sauter mean diameter 5.1×10−5 m

Initial cone angle (θ) 73/2 degree

Liquid mass flow rate (q) 0.275 kg/s

Average droplet injection velocity (vin j) 140 m/s

Parcel size (ni) 1000

Gas temperature (Tg) 373 K

Domain size (W ×D×H) 0.6×0.6×0.7 m

No. of gas cells (NX×NY ×NZ) 60×60×70

Gas time step (∆tg) 2.5×10−6 s
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Figure 6.1: Two droplets spray and one primary particle spray meeting at the center. Colour
denotes the wetness of the agglomerates. Blue colour means dry particles. Red colour means
pure liquid droplets. Green particles are partially wet.

6.5 Results and discussion
Figure 6.1 shows the wetness distribution of droplets, particles and agglomerates in the spray.
The particle-droplet interactions start from the middle of the domain where the different
streams meet.

The effect of the drying model can be seen in Figure 6.2a, where the droplet/particle temper-
ature is observed to increase with increasing axial distance. Droplet and particle velocities at
different locations are shown in Figure 6.2b. Figure 6.2c shows the glass transition tempera-
ture of the droplet/particle surfaces in the simulation domain. Different sizes of the droplets
are introduced through the nozzle and when the droplets and particles interact, their size de-
creases (due to break-up) or increases (due to coalescence and agglomeration). Figure 6.2d
is showing the radius of the droplets or particles or agglomerates.

Figure 6.3(a-d) shows the frequency of different droplet-droplet collision events (per second
per cell) occurring on the cutting plane along the axial and radial direction in the simulation
domain. As expected, most events take place in the denser regions of the sprays. Near to
the nozzle exit, where the solids volume fraction was less than O(0.1) Figure 6.4a shows the
overall particle-particle bouncing frequency (per second per cell) on the same cutting plane.
Particles are not only bouncing off each other in the dry particle stream, but also when small
droplets have coalesced with dry particles and subsequently dried. Figure 6.4b shows the
agglomeration frequency. As could be expected, most agglomeration is occurring when the
dry and wet sprays are colliding with each other. In this area, termed the collision zone, where
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(a) (b)

(c) (d)

Figure 6.2: Different parameters of the droplet / particle interaction in the simulation do-
main: a) droplet / particle temperature, b) velocity of the droplets / particles, c) surface glass
transition temperature of the droplets/particles, and d) radius of the droplets / particles / ag-
glomerates.

all three streams impact on each other. In the collision zone the flow is relatively dense but
the "solids" volume fraction remarks (well) below O(0.1). However, our simulation model is
also able to quantify this process.

Figure 6.5 shows a histogram of the number of primary particles per agglomerate at 0.48
m below the nozzle exit. We observe an exponential distribution for the number of primary
particles per agglomerate. The inset of Figure 6.5 shows a histogram of the average volume
per primary particle as a function of the number of primary particles per agglomerate. This
shows and quantifies how agglomerates with more primary particles also tend to contain
larger primary particles.
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(a) (b)

(c) (d)

Figure 6.3: Frequency of droplet-droplet events occurring in the spray: a) bouncing, b) coa-
lescence, c) stretching, d) reflexive separation.

(a) (b)

Figure 6.4: Frequency of particle-particle events occurring in the spray: a) particle bouncing,
b) particle agglomeration.
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Figure 6.5: Main figure: histogram of the number of primary particles per agglomerate (note
the logarithmic scale). Inset: average volume per primary particle as a function of the number
of primary particles in an agglomerate. Sample taken at 0.48 m below the nozzle exit.

6.6 Conclusions
In the present work, we explore the development of an Euler-Lagrange model with a stochas-
tic approach for the prediction of collision, coalescence, break-up, drying and agglomeration
of partially wet particles in a spray dryer. We present details of the modeling approach
using elementary models for collision, coalescence, break-up, drying and agglomeration.
and preliminary simulation results are described. The results of the simulation cases shows
droplet/particle wetness, temperature, surface glass transition temperature, velocity and ra-
dius. We also measured the frequencies of different collision events. Because the model
stores the primary particle history of the agglomerates, we are able to show how larger pri-
mary particles also tend to form agglomerates with a larger number of primary particles.
These results should be viewed as preliminary, especially because we have not yet validated
the agglomeration model at this stage. However, our simulation model already predicts rea-
sonable results which are in qualitative agreement with experimental observations. In our
future work we will further refine and validate the model.
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Conclusions and outlook

7.1 Conclusions
In this thesis, we presented a systematic development of a computational tool that can simu-
late the top section of a large scale spray dryer based on an Eulerian - Lagrangian approach,
consisting of different sub-models for important relevant processes, including: i) dynamic
gas flow, ii) particle and droplet collision detection, iii) collision outcome, and vi) droplet
drying modelling.

To gain a better understanding of the gas flow inside the spray dryer, we studied the dynamic
jet behavior and turbulent flow experimentally in a scaled-down model of a spray dryer using
Particle Image Velocimetry (PIV) and the Proper Orthogonal Decomposition (POD) method.
Then we modelled the turbulent flow using a sub-grid scale model and implemented it into
our existing simulation tool. The predictions from the simulation tool were validated with our
experimental data on dynamic jet behavior. For the particle and droplet collision detection
modelling, a modified Direct Simulation Monte Carlo (DSMC) model was developed. In this
DSMC model, a local spherical searching scope is introduced in which a particle or droplet
searches for a collision partner during each particle time step. We verified the predictions
from our DSMC model by an extensive comparison with the results obtained from more
detailed and deterministic DPM simulation of two colliding streams of elastic as well as
inelastic monodisperse spheres.

For the outcomes of collisions, we first focused on droplet-droplet collisions. Depending on
values of characteristic dimensionless numbers, the outcomes of such collisions are bouncing
collision, coalescence, stretching breakup, or reflexive breakup.

The effect of droplet drying in the top section of a large scale spray dryer was studied based
on a reaction engineering approach by coupling this model to the developed Euler-DSMC
model.
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Finally, we built a simulation tool combining all the different sub-models, using simple as-
sumptions for the outcome of particle-droplet collisions, to highlight the potential of the inte-
grated model to obtain detailed information on the complex multiphase transport phenomena
in spray drying processes.

7.2 Outlook
1. Stochastic DSMC model:

The method is now limited to solids volume fractions lower than 0.1 because of the
assumption of a random distribution of the particles and droplets. This limit could
be alleviated (for other applications) by integrating the radial distribution function at
contact in the expression for the collision probability.

2. Droplet-droplet collision outcomes:

We found conflicting literature results about coalescence or bouncing at Weber num-
bers lower than 10. Direct numerical simulations and refined experiments should be
performed in this region to update collision outcome models similar to the one of Ko
et al.

3. Gas-particle/droplet coupling:

We neglected subgrid-scale effects in the drag relations for particles and droplets;
the effect of additional subgrid-scale dispersion could be important for the smallest
droplets, and should therefore be investigated in more detail.

4. Drying:

In this work we approximated the gas phase relative humidity and temperature as con-
stant. In future work, the moisture content and temperature of the gas should also be
dynamic variables i.e. the associated (coupled) transport equations should be solved.

For larger droplets it may be necessary to provide a better description of the droplet
volume and surface area by means of a shape factor.

5. Droplet-particle interactions:

An extensive experimental study on single droplet-particle interactions is required to
characterize different outcomes using dimensionless numbers.

More details of agglomeration should be included in the model, e.g. variables indicat-
ing the fractal nature (porous structure) of the agglomerates and variables indicating
the (coarse) spatial location of the primary particles in the agglomerate.
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Nomenclature

A Area [m2]

aw,s Water activity [-]

b Impact parameter [-]

b1/2 Jet half width [m]

CD Discharge coefficient [-]

Cp Specific heat of evaporation [kJ/kg]

Dc Inner diameter of cylindrical chamber [m]

d Diameter [m]

d32 Sauter mean diameter [m]

E Expansion ratio [-]

e Coefficient of restitution [-]

Fg,i Gravity force [kg m/s2]

Fd,i Drag force [kg m/s2]

Fp,i Pressure force [kg m/s2]

f Collision frequency [1/s]

H Humidity of dry air [kg/kg]

H f g Specific heat of evaporation [kJ/kg]

hD Mass transfer coefficient [kg/kg]

m Mass [kg]

N Neighbouring particles [-]
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n Normal unit vector [-]

ns Spread parameter [-]

ni Number of real droplets represented by i (parcel size) [-]

p Pressure [N/m2]

Pi j Collision probability between i and j in droplet time step ∆tp,i [-]

Pv,s Water vapour pressure [N/m2]

Pv,sat Saturated vapour pressure [N/m2]

q Mass flow rate [kg/s]

Rsi Collision searching scope of droplet i [m]

T Temperature [K]

Tg,sur Glass transition temperature [K]

Tg,s Glass transition temperature of solid [K]

Tg,w Glass transition temperature of water [K]

∆tp,i Time step for particle i [s]

∆tg,i External time step (gas time step) [s]

u Velocity [m/s]

ū Time-average velocity [m/s]

ū′ RMS velocity [m/s]

V Volume of the cell [m3]

vi Velocity of droplet/particle i [m/s]

vi j Relative velocity of droplets/particles i and j [m/s]

We Weber Number [-]

wt Wetness [-]

ws Mass fraction solids [-]

ww Mass fraction of water [-]

Xs Droplet surface moisture content [kg/kg]

Y (d) Mass fraction of all droplets [-]



119

Greek symbols

δl Liquid film thickness [m]

ε Porosity [-]

θ spray cone angle [°]

λi Mean free path of droplet i [m]

µ Viscosity [kg/m.s]

ξ Uniform random number [0,1] [-]

ρ Density [kg/m3]

ρv,s Partial vapour density [kg/m3]

ρ̄ Number density [m3]

σ Surface tension [kg/s2]

φ Solid volume fraction [-]

Subscripts and superscripts

c Cylindrical

compl Complete

crit Critical

d Droplet

e Effective

f Friction

g Gas phase

in Inlet

in j Injection

l Large

lam Laminar

max Maximum

min Minimum

out Outlet
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p Particle

rel Relative

s Small

sur Surface

t Turbulent

tur Turbulence

x,y,z Coordinate directions

Abbreviations

CFD Computational Fluid Dynamics

DPM Discrete Particle Model

DSMC Direct Simulation Monte Carlo

FFT Fast Fourier Transform

PDI Phase Doppler Interferometry

PIV Particle Image Velocimetry

POD Proper Orthogonal Decomposition

REA Reaction Engineering Approach

RMS Root Mean Square

TFM Two Fluid Model

Dimensionless numbers

Nu Nusselt number Nu = hdd
k

Oh Ohnesorge number Oh = µ√
ρvdd

Pr Prandtl Pr = µCpg
kg

Re Reynolds number Red =
εgddρ|ug−vd |

µg

Sh Sherwood number Sh = Kdd
Dv

Sc Schmidt number Sc = µ

ρgDv

We Weber Number We = ρv2dd
σ
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