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Abstract
The project seeks to further develop current Computational Fluid Dynamics (CFD) methods
for simulating industrial spray dryers by improving modeling accuracy of droplet trajectories
produced during rotary atomization.

Experiments are performed in a pilot plant spray dryer fitted with a 120 mm-diameter
vaned rotary atomizer operating at 15 200 and 19 000 rpm. Data on outlet parameters and
product deposition pattern is sampled for validation and comparison purposes. Direct imag-
ing of the droplet trajectories and spray patterns produced by rotary atomization is con-
ducted at ambient temperatures, indicating that air pumping effects of the rotary atomizer
might be of importance to the produced spray pattern of the pilot plant dryer in question.

A CFD model is set up based on common industrial approaches to simulate the overall
spray drying process. Good agreement is found when comparing with outlet parameters
of experiments, while less agreement is noted in numerical and experimental estimations of
product deposition fluxes on internal dryer walls and particle trajectories.

Extended simulations are carried out to evaluate the effect of air pumping on produced
droplet spray pattern, taking internal vane geometry and atomizer rotation into account.
Trajectories of smaller sized droplets are found to be highly influenced by the presence of
the rotating atomizer as it significantly impacts the main jet of inlet drying air. This effect
is concluded to be the result of the large magnitude of atomizer peripheral speed relative to
the tangential swirl component of the inlet air velocity and the amount of air pumped by
the atomizer, estimated at about 5% of the mass flow of air through the dryer.

Proper agreement between experimentally observed and numerically predicted spray pat-
terns is found using the rotating atomizer CFD setup, and a suggestion for improved bound-
ary conditions of the initial model is made from the findings. Compared to the CFD model
of industrial practice, implementing the suggested boundary conditions is found to improve,
at similar computational costs, the physical behavior of the droplet trajectories.

In conclusion, the study demonstrates the necessity for taking into consideration atomizer
rotation in CFD modeling of spray dryers fitted with vaned rotary atomizers in small scale
facilities in particular, when seeking to accurately predict trajectories and wall deposition
patterns.
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CHAPTER 1
Introduction

Spray drying is a processing system that utilizes atomization of liquids or slurries and sub-
sequent drying of formed droplets to obtain powders for consumer and industrial products,
ranging from baby foods and milk powder to catalysts and pharmaceuticals.

The primary atomization process of the spray dryer is of utmost importance for the effec-
tiveness and efficiency of the process as well as the produced powder. Commonly, pressure
nozzles or rotary atomizers are used for industrial atomization purposes. The rotary atom-
izer utilizes centrifugal energy for atomization of liquid feedstock. Feed is introduced onto a
spinning disc or wheel, moving towards the periphery, where it is disintegrated into a spray
of droplets in contact with the drying air. Pressure nozzles convert pressure energy into
kinetic energy by forcing the feed through a small orifice, creating an unstable film that
rapidly breaks into droplets.

Due to the size of full-scale spray dryers and their hostile environments, the designs of
both atomizers and spray drying chambers are primarily of heuristic and partly empirical
nature. Accordingly, immense effort has been dedicated to developing tools for computa-
tional fluid dynamics (CFD) modeling of spray dryers over the past decades, in order to
optimize the spray dryer designs to reduce wall depositions of product and mitigate the risk
of dust explosions. Most studies have been conducted on modeling of pressure nozzle atom-
izers, with less attention dedicated to rotary atomizers (Huang et al., 2005). The complexity
of the applied models varies depending on the purpose of the simulations. For obtaining
increased insight into the mechanisms of spray drying, only a handful of attempts to incor-
porate advanced models of primary and secondary atomization, droplet breakup, collision,
coalescence, separation, agglomeration, drying, and wall deposition have been implemented
with varying success, adopting both Euler-Euler (Kuhnhenn et al., 2017a; Lin et al., 2013),
Euler-Lagrange (Anh Ho et al., 2002; Oakley, 2004; Pawar, 2014; Verdurmen et al., 2004;
Woo et al., 2008a), and Lattice-Boltzmann methods (Dietzel et al., 2013; Hölzer et al., 2009)
to simulate spray dryers and similar systems.

In terms of industrial applications, a compromise between modeling accuracy and com-
putational resources has to be made, limiting the simulations to focus primarily on drying
of droplets using an Euler-Lagrange approach, for which non-interacting spherical point-
particles are defined as droplet or particles. For simulation of spray dryers fitted with rotary
atomizers, such modeling approaches tend to neglect transient flow effects of the rotating
atomizer as well as the complex nature of the liquid breakup process associated with the
atomizer. Recent studies by Kuhnhenn et al. (2017a) and Lin et al. (2013) have attempted to
outline the effects of the rotating atomizer wheel on the produced droplet size distribution
and trajectories, although at computational costs vastly exceeding the budget for simula-
tions carried out in the industry. Accurate predictions of not only the drying kinetics of the
droplets but also their trajectories within the spray dryer are of importance, as performance
and safety of the process is highly dependent on wall depositions and the regions of occur-
rence. In this relation, initial conditions of the atomized droplets are expected to have a
pronounced effect on their trajectories, hence also drying behavior, residence time, and wall
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interaction. Accurate predictions of such initial droplet conditions and trajectories would
present a major advantage in numerical modeling of spray dryers in both early and later
dryer design stages. This would facilitate a shift in the design process from being heuristic
to deductive in nature, ultimately enabling improved performance, safety, and reliability of
operating plants.

Only a few studies of either experimental or numerical nature have been conducted to
investigate the particle trajectories of spray dryers fitted with rotary atomizers for the pur-
pose of improving understanding and prediction accuracy of numerical models, despite its
obvious advantages. The purpose of such investigation should be to improve upon the sim-
plifications made to model the atomization process and chamber flow field, to increase the
prediction accuracy of present CFD models at the same level of computational cost.

1.1 Objectives
The project seeks to improve the current industrial CFD models of spray dryers fitted with
rotary atomizers by adding to the description of droplet trajectories produced by such pro-
cess. An investigation of the atomization process within a pilot plant spray dryer is con-
ducted using experimental techniques. The main goal of the project is to obtain a better
understanding of the complex atomization process and associated flow conditions of a rotary
atomizer used for spray drying purposes. Such experiences are to be used in Euler-Lagrange
spray dryer simulations of spherical point-mass particles for improved prediction of particle
trajectories of rotary atomization and quantitative assessment of the obtained effect.

Summarizing, the objectives of the study are:

1. To adopt experimental methods for investigation of droplet trajectories and spray
pattern in a pilot plant spray dryer fitted with a rotary atomizer.

2. To model the behavior of the pilot plant spray dryer using an Euler-Lagrange approach,
similar to ones found in literature, allowing for baselining and validation.

3. To conduct a numerical investigation on relevant effects of a rotating atomizer on fluid
flow and liquid breakup behavior, related to predicting droplet trajectories.

4. To improve upon the Euler-Lagrange modeling approach to spray dryers fitted with
rotary atomizers in terms of prediction accuracy of droplet trajectories, based on ex-
perimental and numerical findings on pilot plant scale.

1.2 Organization of thesis
The thesis is divided into four main parts. The first part includes the motivational and
theoretical background for the project. A brief outline of the relevant aspects of spray drying
is provided in Chapter 2 with underlying governing equations presented in Chapter 3.

The experimental parts of the study are combined in Part II, entailing two sets of ex-
perimental investigations, for which a separate chapter is dedicated to each; Chapter 4 and
Chapter 5. Part III describes the numerical procedures and results related to CFD simula-
tions of the overall pilot plant spray dryer behavior in Chapter 6 and a more detailed flow
and droplet behavior study in Chapter 7. Each chapter is concluded with a summary and
discussion on main results.
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A chapter discussing the obtained results across all parts of the thesis is enclosed in
Chapter 8 of Part IV along with a summary of primary conclusions and outcomes of the
study in Chapter 9. The thesis is completed with an outlook and suggestions for further
work in Section 10.

The thesis is composed so as to promote reader-friendliness. With advantage, it can be
read by starting with the preliminary experiments in Chapter 4 and the corresponding CFD
simulations presented in Chapter 6, followed by the extended experiments and simulations
in Chapters 5 and 7, respectively. Such a reading approach would follow the actual work
flow of the study, although results of both the experimental investigations are used in the
numerical simulations.
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CHAPTER 2
Spray drying process

As previously motivated, prime focus will be dedicated to spray dryers fitted with rotary
atomizers and their mode of operation, hence an introduction to such process is necessary
for appreciating the theoretical, experimental, and numerical investigations performed in
subsequent chapters. The following chapter provides a brief overview of a generic spray
drying process and the main steps involved, with special attention dedicated to the spray
dryer systems fitted with rotary atomizers. The reader is referred to the work of Masters
(1991) for an exhaustive survey of the principles of spray drying.

Spray drying is a method for transforming a slurry or feed from liquid state into dry
powder by spraying the feed into a hot drying medium. The drying process is related to
other processes such as flash drying and fluid bed drying, but offers a unique feature in
that both particle formation and drying is performed in a one-step, continuous operation
(Masters, 1991, p. 1).

Spray drying is mostly used at the end of processing lines within all major types of in-
dustries, requiring different and unique product characteristics, whether it be high quality
and sanitary powders for food and pharmaceutical uses, such as milk products, fruits, antibi-
otics, and enzymes, or high throughput of mineral ores and clays. Spray drying is a suitable
technique for handling different requirements of such industries, as the characteristics of
the final product, in terms of density, particle size, residual moisture etc. can be precisely
controlled through the stages of the process (Masters, 1991). The process of spray drying
can be broken into four stages of operation: (1) atomization of liquid feed into a spray, (2)
contact between the spray and the drying medium, (3) droplet moisture evaporation, and
(4) separation of dried powder from gas stream (Anandharamakrishnan, 2013).

The four stages will be elaborated on in the following, focusing on the first two stages of
the operation.

2.1 Atomization
The atomization of a pumpable feed to form a spray of droplets is the corner stone in the
spray drying process, distinguishing it from many other drying approaches unable to handle
liquid or slurry feedstock. The main purpose of atomization is to increase the surface area
of the feed for improved mass transfer conditions during evaporation. Hence, small droplets
are desired to increase heat, mass, and momentum transfer between the droplets and the
drying medium, preferably with uniform sizes to promote homogeneous evaporation rates
and product characteristics (Walzel, 1993). Lapple et al. (1957) defines a sequence of steps
involved in the atomization process, listed below.

1. Formation of liquid sheets, jets, or films by acceleration of the fluid.
2. Introduction of small disturbances to the liquid surface in terms of ripples, waves, or

perturbations.
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3. Formation of ligaments of the liquid under effects of fluid pressure and shear forces.

4. Collapse of ligaments into droplets under action of surface tension.

5. Further breakup of the formed droplets by action of the pressure and shear forces of
the gaseous medium.

It is usually possible to categorize the atomization process into a primary stage, involving
the first four steps mentioned above, and a secondary stage, involving the last step. The
primary atomization process, also referred to as the primary breakup, is categorized as the
disintegration of the jet into droplets or globules, depending on the kinetic energy of the
liquid upon release. Various characterizations of primary breakup in terms of size and shape
of the liquid droplets depends on the ratio of pressure forces to surface forces. Depending on
the mutual magnitude of the two opposing forces, steps of the primary atomization process,
as outlined above, can be reduced or complete skipped by e.g. increasing the release speed
of the liquid (Lapple et al., 1957; Malatkar, 2010).

The secondary atomization process involves breakup of coarsely shape globules or droplets
produced by primary breakup of the jet. The ratio of dynamic pressure forces of the gaseous
medium on the droplet to the surface tension force is defined by the Weber number

We = ρU2D

σ
, (2.1)

with ρ being the density of the ambient medium, U the relative velocity magnitude between
the droplet and the gas, D the initial droplet diameter, and σ the droplet surface tension.
The inertial forces of the gas will tend to deform the droplet, for which the opposing force is
the surface tension force. The critical Weber number Wecrit denotes the magnitude of the
Weber number at which the droplet will break up. As the Weber number is proportional
to the diameter of the droplet and its relative velocity to the freestream, the secondary
atomization process naturally terminates once the droplet has obtained a sufficiently small
diameter and/or velocity relative to the freestream. At this point the surface tension is
dominating, shaping the droplet into a sphere.

Common to all methods for atomization is that supplied energy acting on the liquid bulk
is the cause of breakup. Atomizers employing different methods for supplying the energy
source are adopted in the industry, categorized as pressure nozzles, pneumatic nozzles, rotary
atomizers, and sonic nozzles, with the latter seldom used. The most widely used atomizers
are the rotary atomizers and the pressure nozzles.

In rotary atomization, liquid feed is supplied to a rotary wheel with a high peripheral
speed in the range of 90 − 200 m/s. The degree of the atomization varies depending on the
peripheral speed, feed rate, liquid properties, and atomizer design. The simplest design of
a rotating atomizer is a flat smooth disc. In commercial spray dryers fitted with rotary
atomizers, radial vanes are used to guide the feed towards the edge of the disc, where
maximum centrifugal energy is imparted to fluid. This leads to a wheel or cage design as
shown in Figure 2.1 (Masters, 1991). As the vanes prevent slippage, the liquid obtains the
peripheral velocity of the wheel tip upon release, defined as (Masters, 1991, p. 203)

uf,θ = π

60Dan, (2.2)

where uf,θ is the tangential release velocity of the feed, Da is the atomizer diameter, and
n is the number of revolutions per minute (rpm). Masters (1991) also defines an empirical
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relation for determining the radial velocity of the liquid upon release:

uf,r = 0.0024
(

ρf π2n2DaV̇ 2
f

µf h2
vanesN2

vanes

)1/3

, (2.3)

where ρf is the density of the feed, V̇f is the feed volume flow rate in m3/h, µf is the dynamic
viscosity of the feed in cP, while hvanes and Nvanes are the height and number of vanes in
the atomizer wheel.

The relatively high speed of the liquid causes immediate disintegration into ligaments and
droplets upon release, associated with the primary atomization stage. Several attempts have
been made to theoretically determine the process of atomization for spinning disks, cups,
and wheels by e.g. Walzel (1993) and Friedman et al. (1952). Nevertheless, the breakup of
the liquid stream is far too complex to readily permit theoretical description of the droplet
size distributions from rotary atomizers. Instead, the droplet size distribution can widely be
represented by a statistical probability function. The most widely used statistical expression
for representing droplet size distributions of atomizers in spray drying is the Rosin-Rammler
distribution (Lefebvre et al., 2017, p. 59):

Q = exp
(

− D

D63.2%

)q

, (2.4)

where Q is the part of the total volume contained in droplets with diameters of less than
D, and D63.2% and q are spray characteristics. The exponent q is a measure of the spread
in droplet sizes of the spray. The diameter used to characterize the spray should be chosen
such that 63.2% of the total feed volume is concentrated in droplets of diameters below this
value (Lefebvre et al., 2017). From Equation 2.4 a cumulative distribution function (CDF)
and a probability distribution function (PDF) can be derived, with an example of the latter
visualized in Figure 2.1.

Masters (1991, pp. 207-209) suggests the following empirical relations for determining
mean (D50%) and largest droplet (D95%) size during atomization of 25 kg/h low-viscosity
pumpable slurry using a 120 mm-diameter vaned wheel rotating at 18 000 rpm:

D50% =
1.4 × 104ṁ0.24

f

(nDa)0.83 (hvanesNvanes)0.12

D95% =

{
2 × D50% if D50% < 60 µm
2.5 × D50% if D50% ≈ 60 − 120 µm

(2.5)

Other similar relations are provided by Lefebvre et al. (2017), Oakley et al. (1993), and
Teske et al. (2005) among others. The characteristic Rosin-Rammler diameter D63.2% can
be obtained from relations mathematically formulated by Lefebvre et al. (2017, pp. 63-65):

D63.2% = D50%

0.6931/q
,

D32% = D63.2%Γ 1
(1 − q−1) ,

(2.6)

where D32% is the Sauter mean diameter expressed through the Γ-function.
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Figure 2.1: Schematic of co-current spray dryer with attached cyclone (Handscomb, 2005).
Illustrations of Rosin-Rammler size distribution valid for q < 3.25 (Lefebvre et al., 2017, p.
63) and air pumping characteristics of sliced vaned atomizer wheel (Masters, 1991, p. 213)
are shown on the right.

2.2 Spray-air contact

Spray-air contact relates to the manner in which the spray of droplets contact with the
drying air. This is influenced by the location of the atomizer relative to the air inlet. In a
co-current flow setup, the product and drying medium passes through the drying chamber
in the same direction. Hence, droplets enter the drying chamber at the top, where inlet gas
of high temperature is also added. In a counter-current configuration, product and drying
medium enters at opposite ends of the chamber, often with the hot inlet air entering at
its base. In addition, a mixed flow approach, combining both flow design can be adopted
(Anandharamakrishnan, 2013).

For spray dryers fitted with rotary atomizers, flow configurations are almost entirely of
co-current nature, resulting in a parabolic, downward pointing spray pattern emerging from
the tip of the rotary atomizer, as the inlet jet of hot air deflects the droplet trajectories
(confer illustration in Figure 2.1). The heated inlet air is most often passed through a gas
distributor located on top of the drying chamber to create a uniform flow distribution and
to introduce a specific amount of swirl to the jet by use of swirl vanes.

The parabolic shape of the spray pattern requires the diameter of the drying chamber to
be relatively large for wall deposition of product to be avoided. Deposited material will be
prone to overheating and degrading, impacting final product quality and in some situations
resulting in dust explosions, depending on the location of the deposits.

The rotation of the atomizer wheel will also affect the flow field in the region of initial
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spray-air contact. An inherent phenomenon of the wheel design under rotation is the gen-
eration of a low pressure region at the center of the atomizer. As the vanes rotate, air is
moved radially outwards creating the low pressure region. This region establishes an inward
air flow along the clearance gap between the rotating and stationary part of the atomizer,
as illustrated in Figure 2.1. As a result, air is circulated into the wheel, while liquid feed is
transported towards the wheel tip along the vanes. Air is often drawn into the wheel from
the hot inlet drying air, introducing drying and aerating of liquid feed within the wheel. This
can lead to undesired product qualities and over-drying of particles deposited on the internal
walls of the atomizer, resulting in the risk of fire and explosions (Chegini et al., 2012). The
phenomenon of air circulation is often referred to as air pumping and can have an effect on
the primary atomization process and resulting spray pattern, although the degree is largely
uncharted, and will potentially vary depending on the specific spray dryer setup (Chegini
et al., 2012; Masters, 1991).

2.3 Product formation and separation
Evaporation of moisture from the surface of the droplets starts upon contact with the hot air.
The large surface area of the spray droplets ensures a fast evaporation, keeping the droplets
at wet-bulb temperature and cooling the hot inlet gas (Anandharamakrishnan, 2013). At
high moisture contents, drying rate is governed by mass transfer of vapor from the droplet
surface to the surroundings. As drying continues, particles with crusts are formed and the
drying rate is governed by the rate of transport of moisture through the particle. Hence,
the term droplet will refer to a subdivision of the feed created by the atomizer, for which
surface moisture is present. The term particle will refer to a component of the product, with
shape and characteristics determined by its atomization and drying behavior. The particle
trajectories within the spray dryer are governed by the air flow pattern as well as the initial
trajectories upon atomization, which in turn affects the drying behavior of the particles as
well as the wall deposition rate.

The final stage of the process involves separation of final product from the air stream.
This can be done by primary product discharge at the base of the drying chamber in combina-
tion with a secondary product discharge, where a downstream separation equipment (e.g. a
cyclone) extracts the remaining product. An alternate method is to recover all the available
dried product in the separation equipment as shown in Figure 2.1 (Handscomb, 2005). Ad-
ditional configurations involving fluidized beds and pneumatic conveyors are often adopted
in commercial spray drying plants for improved control of dried product characteristics.

2.4 Spray dryer modeling
Due to the number of process stages in the spray drying process, numerical modeling is a
formidable task, difficult to simplify without failing to represent the physical behavior.

The simplest method of modeling is to apply overall energy and mass balances for the
system, rendering overall process parameters such as outlet temperature, humidity, and
product moisture available for estimation.

At the other end of the modeling scale, CFD techniques have been adopted over the past
decades for improved modeling and comprehension of the spray drying process. This level of
modeling entails simulation of both the continuous (gas) and dispersed phase (droplets/par-
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ticles) for determination of particle trajectories, local drying rates, areas of wall deposition,
risk of dust explosions, and particle-particle interactions such as collision, agglomeration,
coalescence, and attrition (Handscomb, 2005).

Currently, empirical or semi-empirical models as well as the experience of system designers
and operators are used for both design and control purposes. Such heuristic approach is
prone to experience a significant amount of uncertainties, off-spec products, and risk of dust
explosions. Controlling and design of spray drying plants based on fundamental equations of
conservation can improve on some of these shortcomings. In this respect, CFD is an obvious
tool, although validation is difficult to achieve, as experimental investigations of large-scale
as well as pilot plant spray dryers present a formidable challenge due to their complexity,
hostile environment and large scales (Mujumdar et al., 2010).

One of the most widely cited studies by Verdurmen et al. (2004) on the numerical modeling
of agglomeration in spray dryers fitted with pressure nozzles, is considered a state-of-the-art
use of advanced CFD tools, incorporating numerous submodels to capture particle collision,
agglomeration, and drying. Less advanced and computationally inexpensive simulations
conducted by Huang et al. (2004a), Birchal et al. (2006), Woo et al. (2008a), and Handscomb
(2005) have focused on improved modeling of droplet and particle drying kinetics, defining
the unofficial industry standard for such models. Very little public literature deals with
simulation of spray dryers fitted with rotary atomizers as limited experimental data exists
on these configurations, in either full or pilot plant scale. Some attempts to model the
process have been made by e.g. Huang et al. (2004b) and Woo et al. (2008b), adopting
models similar to those used in simulating spray dryers fitted with pressure nozzles. The
aim of these investigations have been to predict overall process parameters such as outlet
temperatures, humidities, and powder characteristics as well as to assess particle deposition
rates, using simplified analytical and empirical relations for handling the atomization process.
Recent attempts by Lin et al. (2013) and Kuhnhenn et al. (2017a) to simulate the primary
atomization of rotary atomizers using extremely computationally expensive approaches, have
provided increased insight into the complex process of droplet formation. Nonetheless, no
attempts to improve the methods proposed more than a decade ago, for simulating particle
trajectories, have been made. Thus, evaluation, investigation, and development of currently
available models and methods for simulating particle trajectories of rotary atomization would
be immensely beneficial, as accurate prediction of such will allow for improvement of spray
dryer design to reduce wall product deposition, that can lead to off-spec product quality and
risk of dust explosions.

The purpose of the study is to fill this gap in the literature through experimental and
numerical investigations, allowing for improved droplet trajectory prediction of rotary atom-
ization.



CHAPTER 3
Governing equations

The process of spray drying can be categorized as a gas-droplet (particle) flow with a dis-
persed phase of particles and a multicomponent single-phase continuous phase in the form
of moist air. As the particle is subject to mass, velocity, and temperature changes during its
residence time within the spray drying chamber, equations to handle not only the continuous
phase, but also the dispersed phase are required for modeling the particle-laden flow. The
degree of these changes is highly dependent on the distance between the dispersed phase
elements. The volume fraction of the dispersed phase αd is a measure of dispersed phase
loading, generically defined as:

αd = Vd

V
, (3.1)

with Vd being the volume of the dispersed phase in the total system volume V . A similar
expression can be written for the volume fraction of the continuous phase αc, naturally
implying that

αd + αc = 1. (3.2)

The volume fraction of the dispersed phase can be used as a rule of thumb for determining
whether the flow is dilute (αd < 0.001) or dense (αd > 0.001). The dilute suspension enables
sufficient time for particles to respond to local fluid dynamic forces in between particle-
particle collisions. By increasing the concentration of particles, the average time between
collisions is reduced, resulting in more of the particle trajectories being controlled by particle-
particle collisions (Crowe et al., 2012, p. 28-29).

Hence, depending on the particle-flow regime, different modeling approaches and effects
are considered important. In the context of spray drying, the dispersed volume fraction is
low enough to constitute a dilute flow, although larger volume fractions are expected in the
vicinity of the atomizer, affecting the coupling between the continuous and the dispersed
phase. Coupling refers to the exchange of mass, momentum, and energy between the two
phases. Mass coupling is achieved through evaporation. Momentum coupling is achieved
mainly through drag force on the particles resulting from their movement in the continuous
medium. Energy coupling is achieved mostly through the transfer of heat between phases.
Two overall methods for handling the couplings can be adopted; one-way or two-way coupling.
The choice of method depends on the nature of the flow. If the flow of one phase (often
the continuous one) affects the other with no reverse effect, the flow is said to be one-way
coupled, while the flow is said to be two-way coupled if the phases affect each other mutually
(Crowe et al., 2012, pp. 28-30).

In the following sections, equations for the dispersed and continuous phase, necessary for
solving for the flow field and particle behavior within a spray dryer, are outlined. Special
emphasis is placed on the theoretical description on the coupling between the two phases.
The chapter is finalized with a section on the adopted techniques for numerically modeling of
such flows in the commercial CFD software STAR-CCM+ (Software Siemens PLM, 2018).
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3.1 Dispersed phase equations
The governing equations for a moving system seen from a Lagrangian point of view can be
written using index notation (Crowe et al., 2012, p. 57):

M = const, (3.3)

Fi = d
dt

(MUi) , (3.4)

dE

dt
= Q̇ − Ẇ , (3.5)

with M being the mass of the system, Fi being the force acting on the system, Ui the velocity
of the system with respect to an inertial frame of reference, and E being the total energy
given by the difference in heat transfer rate to the system Q̇ and the work per unit time Ẇ

done on the surroundings by the system. Conservation equation for the torque acting on
the system is not included here. A brief outline of the governing equations for droplet mass,
momentum, and energy conservation, based on the starting point of Equations 3.3-3.5, is
included in the following, entailing a description of the coupling between the dispersed and
continuous phase for each law of conservation.

3.1.1 Mass conservation
Consider a system composed of a liquid droplet undergoing evaporation during movement
with respect to an inertial reference frame as illustrated in Figure 3.1. The droplet is bounded
by a control surface.

As the droplet is evaporating, a description of the temporal change in mass, force, energy
due to the evaporation should be added to Equations 3.3-3.5, as these consider the mass
of the system to be constant. To include the effect of evaporation, the Reynolds transport
theorem (White, 2011, p. 149):

dBsys

dt
= d

dt

(∫
CV

βρ dV

)
+

∫
CS

βρwini dA (3.6)

is adopted, in which B is an extensive property of the fluid and β = dB/dm is the corre-
sponding intensive property. The velocity of the mass going in or out of the surface along
the normal ni is defined as wi. The Reynolds transport equation allows for relating the time
derivative of the system property to the rate of change of that property within a certain
region of the fluid domain. Thus, the mass conservation of the system can be rewritten
from:

dM

dt
= 0 (3.7)

to
0 = d

dt

(∫
CV

ρd dV

)
+

∫
CS

ρc,swini dA, (3.8)

using Equation 3.6 along with β = 1, as the intensive property is mass per unit mass.
ρd is the density of the dispersed (droplet/particle) phase, while ρc,s is the density of the
continuous fluid at the surface of the droplet. The continuity equation for the droplet can
be written in terms of the droplet mass md:

dmd

dt
= −

∫
CS

ρc,swini dA = −ρc,swAd, (3.9)
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Figure 3.1: Schematic of a liquid droplet undergoing evaporation during movement with
respect to inertial frame of reference. Control surface used for conservation is shown by
dotted circle. Partly adopted from Crowe et al. (2012, p. 58).

under the assumption that the magnitude of the normal velocity and the fluid density is
uniform over the control surface. Equation 3.9 states that the rate of change of droplet
mass equals the mass flux ρc,sw over the droplet surface Ad due to evaporation (w > 0)
or condensation (w < 0). For spray drying applications the coupling is caused solely by
evaporation of liquid from the atomized feedstock. The diffusive flux of vapor Jv can be
related to the difference in droplet surface vapor and drying air vapor concentration by use
of Fick’s law:

Jv = −D ∂ρv

∂n
, (3.10)

where n is the outward pointing surface normal, ρv is the density of the vapor and D is
the diffusion coefficient of vapor into dry air. Equation 3.10 can be expressed as a function
of the vapor mass fraction of the mixture Xc,v or simply Xc, when dropping the subscript
(Crowe et al., 2012, p. 61).

J = −D ∂Xc

∂n
, (3.11)

The diffusional flux J is equal to ρc,sw of Equation 3.9. As ∂Xc/∂n is proportional to
the difference in vapor concentration of continuous fluid at the surface Xc,s and in the
freestream Xc,∞, as long as a spherical droplet of diameter Dd is considered, Equation 3.11
can be rewritten into Equation 3.12 using Equation 3.9:

dmd

dt
∼ πD2

dρcD Xc,∞ − Xc,s

Dd
. (3.12)

The density ρc is taken as an average density between the surface and the freestream condi-
tions. Using the Sherwood number Sh as the proportionality constant, defining the ratio of
convective to diffusive mass transfer rate, Equation 3.12 becomes:

dmd

dt
= ShπDdρcD (Xc,∞ − Xc,s) . (3.13)

As shown by Ranz et al., 1952, the value of the Sherwood number empirically depends on the
convection of the freestream. The Ranz-Marshall equation of Ranz et al. (1952) expresses
this correlation through

Sh = 2 + 0.6Sc1/3Re1/2
d , 2 ≤ Red ≤ 200 (3.14)
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With Sc being the Schmidt number and Red being the droplet Reynolds number based on the
droplet slip velocity, or the difference in magnitude (denoted by capital letter) of continuous
phase velocity Uc and the dispersed phase velocity Ud:

Red = |Uc − Ud| Dd

νc
(3.15)

Equation 3.14 reduces to Sh = 2 if evaporation is conducted in quiescent conditions.
For modeling purposes, the D2-law is often adopted stating that the square of the droplet

diameter varies linearly with time (Crowe et al., 2012, p. 63):

dmd

dt
= 1

2πρdD2
d

dD2
d

dt
, (3.16)

which can be substituted into Equation 3.13 and integrated to isolate D2
d:

D2
d = D2

d,0 − Kt, (3.17)

with Dd,0 being the initial droplet diameter and K being the evaporation constant:

K = 4ShρcD
ρd

(Xc,s − Xc,∞) . (3.18)

The D2-law is valid after an initial transient heat-up period, where the droplet is heated to a
near boiling point. The expression for the evaporation constant K requires the evaporation
to be mass transfer limited, for which driving force of species diffusion is a difference in
vapor concentration at the surface of the droplet and in the air.

For evaporation limited by heat transfer the vapor at the droplet surface is saturated and
K can be expressed as done in Lefebvre et al., 2017 and Turns, 2012:

K = 4Nukc

ρdcp,c
ln (B + 1), (3.19)

with the transfer or Spalding number

B = cp,c∆T

hL,c
, (3.20)

where cp,c is the specific heat of the continuous phase at constant pressure, hL,c is the latent
heat of vaporization of the continuous gas phase, and kc is the thermal conductivity evaluated
based on a weighting of the droplet and freestream value. ∆T denotes the difference between
the liquid droplet temperature Td and the medium temperature Tc. The Nusselt number
Nu can be expressed using the correlation of Ranz et al. (1952):

Nu = 2 + 0.6Pr1/3Re1/2
d , Red ≤ 5 × 104, (3.21)

with the Prandtl number Pr = µccp,c

kc
.

3.1.2 Momentum conservation
Derivations of the translational dispersed momentum equation is performed in the same
manner, although slightly more tedious. Only a brief outline of the equations required for
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understanding the coupling mechanisms is provided. Detailed derivations of the equations
can be found in Crowe et al., 2012.

The momentum balance is formalized as (Crowe et al., 2012, p. 59):

Fd,i = md
dud,i

dt
+

∫
CS

ρc,s (ṙni + wi) wini dA. (3.22)

The total force Fd,i is the sum of surface forces due to drag and lift induced by the continuous
phase and body forces acting on the mass of the droplet, when neglecting particle-particle in-
teraction forces. ṙ is a measure of the regression rate of the surface due to evaporation. The
term

∫
CS

ρc,s (ṙni + wi) wini dA accounts for the thrusting phenomenon related to evapora-
tion of mass, creating a momentum flux through the control surface. Assuming a uniformly
distributed momentum flux over the droplet surface, the thrust term cancels out and the
momentum equation reduces to (Crowe et al., 2012, p. 59):

Fd,i = md
dud,i

dt
(3.23)

Momentum coupling between the dispersed and continuous phase is mostly attributed to
interphase drag and lift forces. Maxey et al. (1983) developed an equation of motion for a
small rigid particle or droplet in non-uniform flows to determine the force contributions to
Fd,i of Equation 3.23. The set of contributions have later been developed on by a series of
authors and summarized in Crowe et al. (2012, p. 100). The momentum coupling terms
between the continuous phase and a single droplet can be simplified to the following using
index notation:

Fd,i = Fp,i + Fτ,i + FD,i + Fvm,i + FBasset,i + FSaffman,i + FMagnus,i (3.24)

For the sake of convenience, subscript d has been dropped in right hand side terms of
Equation 3.24. Additional body force terms, including gravity, contact, and Coulomb forces
are used to define the equation of motion for the particle. These do not contribute to
momentum transfer between the continuous and dispersed phase, hence not included in
Equation 3.24. The first two terms of Equation 3.24 result from pressure forces and shear
stress acting on the particle, respectively. The third term accounts for the drag force acting
on the particle in steady-state flow conditions. For Reynolds numbers up to Red ≈ 800,
the Schiller-Naumann drag correlation provides reasonably accurate predictions of the drag
force coefficient of spherical rigid droplets (Schiller et al., 1933):

CD = 24
Red

(
1 + 0.150Re0.687

d

)
, Red ≤ 800 (3.25)

The droplet Reynolds number is based on the diameter of a spherical droplet. Several
attempts to simulate and determine modifications to the drag force coefficient as well as the
representation of an arbitrary shape with a single value have been proposed by e.g. Hölzer
et al. (2008), Binder et al. (2006), and Ganser (1993), that would be valuable in simulating
movement of non-spherical particles and agglomerates in spray dryers.

The fourth and fifth terms account for transient effects in the boundary layer influencing
the drag force coefficient over time. Fvm is referred to as the virtual mass force, arising
when continuous phase fluid is accelerated around an accelerating droplet. The Basset
force FBasset results from increasing shear stress on the droplet over time as it is accelerated.
Both terms are not of great importance in modeling of gas-particle flows if small particles are
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considered in low density, low viscosity fluids. The last terms are the Saffman and Magnus
lift forces due to droplet movement in shear flows and undergoing rotation, respectively
(Crowe et al., 2012, ch. 4)

3.1.3 Energy conservation
The total energy E of the droplet consists of kinetic energy, internal energy, and energy
associated with the surface tension. The heat transfer term of Equation 3.5 is the result of
both convective and radiative heat transfer, while the work term includes work due to the
flow of fluid through the control surface and work related to droplet forces. As the kinetic
energy associated with the flow of fluid mass through the control surface is negligible (Crowe
et al., 2012, p. 60), the energy equation of Equation 3.5 can be rewritten as:

mdcd
dTd

dt
= Q̇ + ṁdhL,d, (3.26)

where Td is the temperature of the dispersed (droplet) phase, ṁd is the rate of change
of droplet mass with time, and hL,d is the latent heat of vaporization of the liquid droplet.
Additionally, the right hand side of Equation 3.26 can be expanded to account for convective
heat transfer, radiative heat transfer, and transient effects. For the case of spray gas-particle
flows, the rate of convective heat transfer from air to particle is most important, and generally
described by (Crowe et al., 2012, p. 104):

Q̇conv = NuπDdkc (Tc − Td) . (3.27)

As forced convection increases the rate of heat transfer to the drop, the Nusselt number
Nu is used to account for this effect. Hence, assuming that convective heat transfer is the
primary source of heat transfer at quasi-steady conditions, the energy equation for a droplet
reduces to:

mdcd
dTd

dt
= NuπDdkc (Tc − Td) (3.28)

From the outlined governing equations for mass and momentum conservation, drying be-
havior and movement of a single-component droplet can be estimated using the D2-law. A
liquid water droplet is injected into a quiescent domain at Ud = 100 m/s at Td = 300 K. The
temperature of the dry air in the continuous phase is Tc = 470 K. Properties of the con-
tinuous phase are assumed constant. A heat-up period required to raise the initial droplet
temperature to its boiling point prior to evaporation is taken into account. The liquid
droplet is assumed internally homogeneous with a temperature equal to that of its boiling
temperature. Thermophysical properties of both phases are assumed constant for the sake
of simplicity. The Nusselt number of Equation 3.21 is used to account for convective ef-
fects in the quasi-steady, heat-transfer limited, two-dimensional modeling approach, where
gravitational effects are included. The drying curves and trajectories of droplets at varying
initial diameters Dd,0 are shown in Figure 3.2. Increasing the droplet diameter upon injec-
tion increases its residence time as well as its covered distance. Gravitational effects are
only relevant once the droplet has lost most of its initial momentum due to drag. Due to
high initial velocities, droplets are able to cover approximately half the length of their total
trajectory within a few percentages their residence time, loosing only a minor part of their
size due to evaporation.
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Figure 3.2: Effect of evaporation on liquid droplet sizes and trajectories, colored by time t
normalized by droplet residence time τd, when moving through a hot quiescent medium.

3.2 Continuous phase equations
The ideal approach in handling multiphase flows is to solve the complete Navier-Stokes (NS)
equations, or the corresponding Reynolds averaged (RANS) ones, for the continuous phase,
taking into consideration boundary conditions for every single particle or droplet in the fluid
domain. This would require resolving each and every particle in both time and space, making
it extremely time consuming to solve for the complete behavior of a spray pattern. Instead,
methods for treating the continuous phase as a single Eulerian component and the dispersed
phase as a Lagrangian phase, with a mutual coupling with respect to mass, momentum, and
energy, allows for solving particle-laden flows at significantly lower computational cost.

The commonly known RANS equations (confer e.g. (Versteeg et al., 1995)) apply to
single-phase flows, where point velocities are decomposed into a mean and a fluctuating
component, and averaged with time. The approach yields a Reynolds stress term, requiring
closure of the equations using turbulence models for approximating this term. Modifications
to the RANS equations are needed to encompass the presence of multiple phases, for which
a volume averaging approach to the Navier-Stokes equations should be adopted as suggested
by Crowe et al. (2012). For multiphase flows, the addition of droplets or particles requires
a volume averaged representation of the continuous equations, as larger point volumes are
needed due to the presence of the dispersed phase.

For a multiphase phase flow consisting of a continuous and a dispersed phase, the volume
average of a property B is defined as:

B̂ = 1
V

∫
V c

B dV (3.29)

where V is the averaging volume and Vc is the volume of the continuous phase within V .
Similarly, a phase average based on the occupied volume of the continuous phase is defined
as:

⟨B⟩ = 1
Vc

∫
V c

B dV, (3.30)

The two averaging techniques are related through the volume fraction, B̂ = αc ⟨B⟩.
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A common approach in describing multiphase flows is simply to add a source term ac-
counting for the added mass of the dispersed phase, as done here for the continuity equation
in index notation (Crowe et al., 2012, p. 166):

∂ρc

∂t
+ ∂

∂xi
(ρcuc,i) = smass. (3.31)

A more suitable approach is to account for the volume fraction of the continuous phase αc,
such that the volume fraction of the species in question is multiplied by the flux terms of the
continuous phase. By phase averaging of Equation 3.31, the following expression is obtained
after some additional derivations:

∂

∂t
(αc ⟨ρc⟩) + ∂

∂xi
(αc ⟨ρc⟩ ũc,i) = smass. (3.32)

The velocity ũi is defined as the mass averaged velocity to provide a more general estimation
of the volume averaged velocity of the control volume:

ũi = 1
⟨ρc⟩

1
Vc

∫
V c

ρcui dV. (3.33)

ũi equals ⟨ui⟩ when the fluid density is constant within V .
The source term smass of Equation 3.32 is defined as:

smass = − 1
V

∑
k

ṁd,k, (3.34)

with the mass rate of change ṁd,k of a single droplet k estimated previously in Equation 3.13.
In similar manner, volume averaged equations for momentum and energy of the continu-

ous phase can be derived as done by (Crowe et al., 2012, pp. 424), a derivation which is not
conducted in the present work. A general expression for the volume averaged equations can
be written as:

∂

∂t
(αc ⟨ρc⟩ ϕ) + ∂

∂xj
(αc ⟨ρc⟩ ũc,iϕ) = Γϕ + Sϕ, (3.35)

with Γϕ representing the contribution to change due to the flow and Sϕ being the source
terms of the dispersed phase. ϕ represents a volume averaged property of the continuous
phase. Equations for Γϕ and Sϕ for varying ϕ are shown in Table 3.1 for conservation
equations of mass, momentum, and energy. The first term of the momentum coupling

− 1
V

∑
k

ud,k,iṁd,k

arises from mass transfer between the dispersed and continuous phase, a contribution that
can be neglected if smass is small. The second term

− 1
V

∑
k

Fd,k,i

represents the sum of hydrodynamic forces acting on the droplets within the averaging
volume, as determined by Equation 3.24.

Only the thermal energy equation is shown in Table 3.1. An additional equation describ-
ing mechanical energy exists for describing the total energy equation, confer Crowe et al.
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Table 3.1: Continuous fluid phase and source terms for conservation equation (confer Equa-
tion 3.35).

ϕ Γϕ Sϕ

1 0 − 1
V

∑
k

ṁd,k

ũi
− ∂

∂xj
(αc ⟨ρc⟩ Rij) − ∂

∂xi
⟨pc⟩ − 1

V

∑
k

(ud,k,iṁd,k − Fd,k,i)
+ ∂

∂xj
⟨τij⟩ + αc ⟨ρc⟩ gi

T̃c
αc

cc
Φ̃ + ∂

∂xi

(
km

cc

∂T̃c

∂xi

)
− 1

V

∑
k

(
˙md,kTd,k + m

cd

cc

Nuk

2τT,k
[⟨Tc⟩ − Td,k]

)

(2012, pp. 419-424). The source terms of the thermal energy coupling are deduced from the
basis form of the dispersed energy equation (confer Equation 3.26), including terms related
to latent heat of vaporization and convective heat transfer associated with each dispersed
phase element within the averaging volume.

Additional equations for volume averaged versions of turbulence kinetic energy, dissipa-
tion, and Reynolds stresses are provided in Crowe et al. (2012, pp. 215-226). The volume
averaged Reynolds stress Rij , equivalent to that of the time averaged NS equations, arises
due to velocity deviations δuc from the mass averaged velocity ũi in the averaging volume,
and can be expressed using Boussinesq approximation for constant density:

Rij = ⟨δuc,iδuc,j⟩ = νT

(
∂ ⟨uc,i⟩

∂xj
+ ∂ ⟨uc,j⟩

∂xi

)
− 3

2kδij , (3.36)

for which a closure model such as the k − ϵ or the k − ω is required for determination of
the turbulence kinetic energy k and the eddy viscosity νT . The phase average of the viscous
stress tensor term ⟨τij⟩ is defined as:

⟨τij⟩ = µ

(
∂ ⟨uc,i⟩

∂xj
+ ∂ ⟨uc,j⟩

∂xi

)
. (3.37)

3.3 Numerical modeling
Two approaches to modeling of multiphase flows are available in the current version of the
commercial CFD software STAR-CCM+ (Software Siemens PLM, 2018): the Euler-Euler
and the Euler-Lagrange approach. The Euler-Euler approach, also referred to as the two-fluid
model or the volume-of-fluid (VOF) model, considers both the dispersed and the continuous
phase to be governed by continuum fluid mechanics, solving a set of governing equations
for each phase. The method is extremely useful when simulating flows of high particle
loadings, as the computational time does not depend on the number of particles, but rather
on the number of distinctive phases. On the other hand, particle-particle and wall-particle
interactions are not modeled in detail and the phases must be internally homogeneous,
preventing variations in material properties of phases to be defined. The minimum particle
or droplet size is directly related to the minimum size of the volume mesh. Hence, volume
cells with sizes below that of the smallest possible droplets are required to obtain a proper
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representation of the phase, making the approach costly for large fluid domains (Blais et al.,
2015).

For lower particle loadings, the Euler-Lagrange approach provides a faster solution
method, as particles are not resolved on the Eulerian field, but rather defined on a sub-
grid level with modeling rather than solving of phase interactions (Software Siemens PLM,
2018, p. 7359). STAR-CCM+ distinguishes between discrete element method (DEM) and
discrete parcel method (DPM). DEM considers individual solid particles, for which the gov-
erning equations are solved. As each particle is coupled to the continuous phase through
mass, momentum, and energy source terms, the DEM framework enables tracking of every
particle including forces of rotation and contact to be modeled. Solving the equation of mo-
tion for all the particles within the fluid domain provides the properties of the particle cloud.
This puts a limit on the amount of particles to be simulated, as the computational time is
proportional to the number of particles (Software Siemens PLM, 2018, pp. 7359-7360).

For large numbers of particles, a statistical approach is more appropriate to adopt, repre-
senting the total number of particles by a smaller number of parcels. Particles are grouped
in such a way that their properties are the same, allowing for the parcel to be represented
by a single computational particle in the dispersed phase equations (Crowe et al., 2012, p.
236). Illustration of the discrete parcel method is provided in Figure 3.3.

Contrary to DEM, DPM enables use of material particles for defining single and mul-
tiple liquid components to constitute the computational particles, useful for modeling of
evaporating slurry droplets in spray drying applications.

The DPM approach of STAR-CCM+ reduces the droplets to point particles. Hence,
these do not occupy any physical volume within the computational cells, thus reducing
the two-way coupling to point sources within the governing equations. When the two-way
coupling approach is activated in STAR-CCM+, the dispersed phase is accounted for in the
continuous phase using the volume fraction:

αc = 1 −
∑

p
NpVp

V
,

where Np is the number of computational particles with volumes Vp within the computational
cell of volume V . The value of αc is assigned to the computational cell, changing every time
the Lagrangian phase is updated. For one-way coupling, only the continuous phase influences
the dispersed phase, hence αc = 1 in the continuous phase equations.

The governing equations are solved using the finite volume method (FVM), requiring
transformation of the differential governing equations to integral form. Hence, the continuity
equation of Equation 3.32 is defined in STAR-CCM+ as (Software Siemens PLM, 2018, p.
7147):

∂

∂t

∫
CV

αc ⟨ρc⟩ dV +
∫

CS

αc ⟨ρc⟩ ⟨uc,i⟩ dA =
∫

CV

ṁd dV, (3.38)

with the volume fraction incorporated in the terms of the left hand side to account for
the presence of the dispersed phase. Phase averaging of field values is based on the local
computational cell volume. Similar equations exist in Software Siemens PLM (2018) for
the momentum and energy equation, along with an added species conservation equation.
Equations required for closing of the volume averaged Navier-Stokes equations using either
k − ϵ, k − ω, or a Reynolds stress model (RSM) approach, should also be rewritten to
account for the dispersed phase, as suggested by Crowe et al. (2012). Modified versions
of the turbulence models by use of the volume averaging approach are implemented in the
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Steady-state

Unsteady-state

Figure 3.3: Illustration of steady- and unsteady-state approach for tracking discrete parcels
through a computational domain. Computational particle is marked in red. Partly adopted
from Software Siemens PLM (2018, p. 4085).

present version of STAR-CCM+ for the mentioned turbulence models (Software Siemens
PLM, 2018, pp. 4930-4937). Specifically, Eulerian multiphase equations are derived in
terms of phase averaged turbulence stresses, kinetic energy, and dissipation, as the volume
averaging approach simplifies the procedure when dealing with multiphase flows, compared
to a similar time averaging approach.

3.3.1 Solution procedure

Simulation of the dispersed particle phase using the Lagrangian DPM approach requires
the dispersed equation of motions to be solved for each parcel. The differential momentum
equation (Equation 3.23) is integrated over a sufficiently small time-step for the forces to
remain constant (Laín et al., 2007). The new position of the computational particle is
calculated using:

xi = xi,0 + ud,i∆t, (3.39)

where xi,0 is the particle location using index notation prior to the particle tracking over the
time-step ∆t. Similarly, the change in mass and temperature of the computational particle
is obtained by integrating Equation 3.13 and Equation 3.28, respectively.

Only the Basset and the Magnus force term due to particle rotation are not available in
STAR-CCM+ (Software Siemens PLM, 2018, pp. 7361) for DPM particles. The Schiller-
Naumann drag coefficient of Equation 3.25 is the only available model for predicting the
drag force coefficient of multicomponent, spherical, liquid droplets. The rate of change in
mass of the computational particle due to evaporation is accumulated over all parcels within
a computational cell and applied through the source term in the continuity equation of the
continuous phase. STAR-CCM+ distinguishes between super-critical, heat transfer limited,
and mass transfer (or vapor diffusion) limited evaporation (Software Siemens PLM, 2018,
pp. 7371-7373). In the case of super-critical evaporation, the temperature of the continu-
ous phase is above that of critical material temperature, causing the droplet to evaporate
instantaneously. STAR-CCM+ does not employ the D2-law of Equation 3.17. The rate of
change of particle mass under quasi-steady conditions is modeled as:

ṁd = −g∗Ad ln (1 + B), (3.40)
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Figure 3.4: Generic Euler-Lagrange solution procedure for handling multiphase particle-
laden flows in CFD code under steady-state conditions.

where g∗ is the mass transfer conductance, Ad is the surface area of the particle, and B is
the Spalding number. The Spalding number and mass transfer conductance depend on the
driving force for the evaporation, whether it be heat or mass transfer.

Turbulent dispersion of particles, that is the contribution of small turbulent eddies to the
particle trajectories, are modeled using simple stochastic equations based on the length- and
time-scales of the turbulence, obtained from the adopted turbulence model.

An outline of the solution procedure coupling the dispersed and the continuous phase
is illustrated in Figure 3.4. The solution procedure can be conducted in steady-state or
unsteady-state, with the latter requiring an iterative approach of the procedure outlined in
Figure 3.4. In unsteady-state simulations, the Lagrangian multiphase solution is advanced
from time t to time t + ∆t by time-marching, once a flow field has been obtained for given
number of inner iterations. An under-relaxation factor γ is applied to all dispersed phase
source terms as well as the dispersed volume fraction, to ensure numerical stability.

In STAR-CCM+, implicit Euler temporal discretization schemes of first and second order
can be adopted, employing a backward differentiation approach that uses the solution at the
current time level and one (first order) or two (second order) from the previous time levels
(Software Siemens PLM, 2018, pp. 6951-6952). The implicit scheme is used in favor of
explicit schemes, as it is unconditionally stable for any chosen size of time-step (Versteeg
et al., 1995, p. 173).

As mentioned above, ∆t should be small enough to ensure fluid dynamic forces on the
computational particles to remain constant. Ferziger et al. (2002) suggest that the time-step
be chosen so that Lagrangian particles do not cross more than one cell during each time
marching. In STAR-CCM+, a local time-step is adopted for each parcel. The local time-
step is adjusted dynamically to control the accuracy of the Lagrangian solution. Adjustment
is conducted within substeps of the time-step, for which the number of substeps and their
individual sizes are controlled by a maximum and minimum Courant number. For a steady-
state simulation, for which the temporal derivative of the continuous governing equations
are disregarded, the particle trajectories must still be computed based on the same dispersed
equations used in transient simulations. This dilemma is circumvented using a parcel-time
that only accounts for the individual parcel movement through the steady flow field. Each
parcel is time marched using the parcel time-step controlled by the Courant number, until
all parcels have left the computational domain, or in other ways been depleted. The steady-
and unsteady-state parcel tracking methods are schematically outlined in Figure 3.3.
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CHAPTER 4
Preliminary experiment

Experiments to gather empirical data on the behavior of the Niro A/S Production Minor
(PM) pilot plant spray dryer, located at the Department of Chemical and Biochemical
Engineering of the Technical University of Denmark, are conducted to capture overall process
parameters and the specific fluid flow effects related to aerodynamic behavior of atomized
droplets. Such experiments are necessary, as very little or no empirical data on spray dryers
fitted with rotary atomizers is available in public literature, for which both geometries,
boundary conditions, and operating conditions are thoroughly described.

Two sets of experiments are performed. The first set, referred to as the preliminary ex-
periments, will allow for overall process parameters, such as inlet and outlet temperatures,
pressures, flow rates, humidities etc. to be determined for the experimental rig. Such exper-
imental data will enable one-to-one comparison with predictions of numerical approaches.
The second set of experiments, referred to as the primary experiments, is to provide in-
creased insight into the behavior of the rotary atomizer with respect to the atomization
process and produced spray pattern, for improved modeling of such phenomena.

A chapter is dedicated to each experimental approach, outlining the experimental setup,
instrumentation, facility, and procedure. Within each chapter, results of the experiments
are provided and followed by a discussion.

4.1 Equipment
The Niro A/S PM pilot plant co-current spray dryer is made from stainless steel, consisting
of a cylindrical part with a height of 0.78 m and an inner diameter of 1.195 m. A conically
shaped lower part is fitted to the cylindrical part with a relative angle of 60◦ and a vertical
height of 0.90 m, yielding a total inner chamber volume of 1.21 m3. The PM is fitted with a
rotary atomizer wheel composed of 24 rectangular vanes. A frequency converter allows for
easy adjustment of the atomizer speed within an operating range of 15 000 to 24 000 rpm.

Air is heated by a built-in heater located outside of the chamber. The heater supplies
an adjustable power ranging from 1.5 kW to 36.3 kW. The hot air is passed through a gas
disperser on top of the drying chamber, upon entering through its ceiling to heat up the
atomized feed. The feed, composed of liquid and solid content, is evaporated within the
chamber, increasing the absolute humidity of the air while decreasing the liquid content of
the droplets. As water is evaporated from the droplets, solid particles are formed and led
into a cyclone through a connecting piping at the bottom of the cone. Larger particles are
separated from the main air flow within the cyclone, from which particles are collected at
the bottom, and hot air is led out of the building through an exhaust piping system. Smaller
particles, not separated from the air flow in the cyclone, are collected by a bag filter.

The main fan, driving the flow through the system, is located downstream of the drying
chamber, above the cyclone. A secondary fan is positioned further downstream of the system
to help drive the flow through the bag filter.
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A complete overview of the piping and instrumentation of the experimental setup is
schematically shown in Figure 4.1. Photographs of the spray dryer and installed rotary
atomizer can be found in Figure A.1.

Feed is supplied from either T1 or T2 depending on whether a slurry or pure liquid is used
as feed. To determine the weight ratio of the slurry, a balance is used in connection with
T1. The feed is supplied to the rotary atomizer using a pulsing variable speed membrane
pump, for which the flow rate is described as a function of the opening area. The amount
of supplied feed is measured by a variable area flow meter located at FI1. The temperature
of the inlet feed is monitored by TI1, while the temperature of the inlet gas, heated by the
built-in heater (HE1), is measured upstream of the rotary atomizer by TI2.

No field readings are done within the drying chamber. Downstream of the spray drying
chamber, the pressure and temperature is monitored upstream as well as downstream of
the cyclone (PI3-PI4, TI3-TI4). Temperature measurements TI1-TI4 are obtained by use
of Pt100 sensors with an nominal resistance of 100 ohms at 0 ◦C. Temperature and pressure
sensors are located on either side of the bag filter, with TI5 and TI6 being dry and wet
bulb thermometer readings, feeding information to an EE31 humidity analyzer (HI6). A
hot-film sensor with adjustable wire position inside the exhaust piping is located close to
HI6, to allow for estimation of the moist and dry air mass flow rate. Measurements to
determine the volume flow rate are conducted at discrete locations along a line in the cross-
section of the pipe using the hot-film probe. Associated gas temperature and humidity is
used to determine the dry air mass flow rate, assumed constant for the system. A thorough
description of the method for air mass flow rate estimation is enclosed in Appendix B.
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Figure 4.1: Piping and instrumentation diagram of experimental pilot plant facility at the
Technical University of Denmark, displaying the air and feed flow through the system with
relevant measuring stations (marked in red). Abbreviations are as follows; indicator (I),
valve (V), flow (F), humidity (H), pressure (P), temperature/tank (T), balance (B), heater
(HE).

4.2 Procedure

The experiment is performed with a solution of maltodextrin (DE19), a sugar polysaccharide,
mixed with demineralized water in a 25wt% slurry, constituting the liquid feedstock for
atomization. Sampling of pressures, temperatures, humidities, flows, and dried powder is
conducted at two operating conditions of atomizer speeds; 15 200 rpm and 19 000 rpm.

Prior to experiments at each operating condition, atmospheric air conditions are read
from a locally installed Davis Perception II weather monitor for use in later data processing.
The bag filter is weighed and installed in the exhaust piping. At the commencement of
the experiment, the fan is started and the power to the heater HE1 is adjusted to 18.3 kW,
creating a flow through the system of increasing temperature.

As the chamber temperature (TI3) is approaching 373 K, the rotating atomizer is turned
on and adjusted to the specific operating condition. Demineralized water is fed into the
atomizer from TI2 to obtain a steady-state condition before feeding the maltodextrin solu-
tion. The pump flow is adjusted to reach a chamber temperature of approximately 383 K,
measured at TI3. The feed rate can be read from flow meter FI1 by noting the maximum
and minimum value during a pumping cycle and taking the mean value, or by noting the
change in weight of T1 over a known time interval.
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Once steady state conditions are achieved with respect to temperatures (TI1-TI4) and
flow rate (FI1) for the water feed, valve V2 is closed and V1 is fully opened, allowing for a
switch to product feed. At this point, proper acquisition of experimental data is conducted
according to the steps summarized below.

1. Values of all system monitors are read and noted.

2. The weight of tank T1 is noted.

3. Product tank T3 is changed to a fresh one.

4. After approximately five minutes, all measurement points are read and noted once
again.

5. The weight of tank T1 and time since 2. is noted.

6. Valve V3 is closed, tank T3 is removed, and the product is collected in a closed
container for further analysis.

The procedure entailed in points 1.−6. is conducted for both atomizer speeds, after which the
final weight of the bag filter is determined to allow for estimation of product mass balances.

In addition to the collected data from reading of the monitors, estimation of the particle
size distribution of product collected in vessel T3 is conducted for each operating condition.
A sieving analysis with a nested column of seven sieves in the range of 25 µm to 90 µm
openings of the wire mesh screens is used for particle size estimation. Further, loose ρp,lb

and tapped ρp,tb bulk density measurements of the product are conducted. The tapped
density is obtained manually by using a measuring vessel containing 25 mL of the product,
tapping until no change in powder volume is observed with additional taps, requiring roughly
250 taps.

Post-processed data, results, and outcomes of the described experiments are collected
and outlined in Section 4.3. A discussion on the accuracy of the conducted measurements
and readings is carried out in Section 4.4.

4.3 Results
Results of the preliminary experiments for each operating condition are presented in the
following. The overall process parameters of the system are included in Table 4.1. Feed,
drying air (inlet), and chamber temperatures are read directly from the temperature moni-
tors installed in the pilot plant. The feed mass flow rate ṁf is estimated from an average of
the two methods; difference in weight of tank T1 over time and reading from the flow meter
(FI1) during operations. The recorded feed flow values using both techniques are enclosed
in Table B.1.

The mass flow rates of the inlet moist air ṁi and dry air ṁa,i are provided in Table 4.1.
Almost similar dry air mass flow rates are found for both operating conditions, as no adjust-
ments were made to the fan or heater during experiments. The moist air inlet mass flow
rate is slightly higher than that of the dry air, due to the additional water vapor contained
in the air.

Based on the air mass flow rate and the flow rate of liquid and solid product, a total
mass and energy balance can be established for the system. For each case, loss of mass
and energy within the system is observed, as shown in Tables B.2-B.3. On the basis of the
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mass flow balance, the deposition of product on the chamber walls is estimated at 0.87 kg/h.
The mass flow rate of solid product ṁs,o existing the chamber and collected in T3 over the
sampling period, assuming negligible residual moisture, is estimated at 2.18 kg/h in both
cases. ±-values of standard uncertainties related to experimental data of Table 4.1 have
been multiplied with a coverage factor of two, corresponding to a 95.4% confidence interval.

In addition to the overall process parameter values, results of the product sieving analysis
are included in Figure 4.2 to allow for prediction of the injected droplet size distributions.
Figure 4.2 displays the distribution density, based on mass and amount of particles, as a
function of the product particle diameters for each operating condition. From Figure 4.2a
the majority of the particles are found to have diameters from 30 µm to 75 µm, with only a
few percentages of the particles having diameters above approximately 80 µm. The particle
size distributions for the two cases are to a large extent similar, with the one of 15 200 rpm
particles having a slightly higher peak size of its distribution.

The final product loose bulk density is measured for the first operating condition to be
ρp,lb = 466 kg/m3, while a slightly higher tapped bulk density of ρp,tb = 639 kg/m3 is found.
Comparing the loose and tapped bulk density of the final maltodextrin powder to those
of Maltrin M510 maltodextrin with a DE-number of ∼12 in Mollan et al. (1996), similar
values are found. As the true density of the produced particles is more difficult to estimate,
the value of ρp,true = 1425 kg/m3 is adopted from Mollan et al. (1996). ρp,true is used to
convert the particle size distribution from being mass based to being particle count based,
by normalizing the product mass contained in the sieves by the mass of a representative
particle. The particle count contained in each sieve is normalized by the estimated total
amount of particles, yielding Figure 4.2b. Comparing Figure 4.2a to Figure 4.2b, the local
maximum of the particle size distribution is shifted towards higher particle diameters in the
particle count domain. To account for the mass of the smaller sized sieves, an increasing
amount of particles are observed when particle diameters approach 40 µm and below.

Based on the peak size of the mass determined particle size distribution in Figure 4.2a,
equal to 53 µm, the injected droplet size can be estimated from back-calculation under the
assumption that the final particles are non-porous and composed of pure solid mass. Using
the produced outlined in Woo et al. (2008b) with the peak size of the particle distribution
and the pure particle density of Mollan et al. (1996), a mean droplet size of 94.6 µm upon
injection is estimated.

Wall deposition of product is observed at the end of the experiments. Examples of wall
depositions of maltodextrin powder are enclosed in Appendix B, Figure B.3. The deposition
is quite extensive for the Production Minor spray dryer, with depositions primarily on the
cylindrical part of the chamber and on a confined area of the ceiling near the drying air inlet.
Hence, the largest fraction of the estimated deposition rate of 0.87 kg/h is associated with
the cylindrical part of the chamber.
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Table 4.1: Main results from preliminary experiments conducted the two operating condi-
tions. Uncertainties related to sources of error and uncertainties from measurements are
provided, indicated by ±-sign.

15200 rpm 19000 rpm

Feed temperature Tf (TI1) [K] 296.4 ± 0.15 296.1 ± 0.15
Inlet air temperature Ti (TI2) [K] 459.1 ± 0.15 460.2 ± 0.15
Outlet temperature To (TI3) [K] 384.4 ± 0.15 383.0 ± 0.15
Feed flow rate ṁf [kg/h] 12.2 ± 0.5 13.2 ± 0.6
Dry air inlet flow rate ṁa,i [kg/h] 350 ± 10.4 349 ± 10.3
Moist air inlet flow rate ṁi [kg/h] 352 ± 11.1 350 ± 10.9

Inlet air humidity Xi

[
g vapor

kg dry air

]
4.8 ± 0.1 5.3 ± 0.1

Outlet air humidity Xo

[
g vapor

kg dry air

]
30.0 ± 0.3 31.2 ± 0.3

Outlet solid mass flow rate ṁs,o [kg/h] 2.18 ± 0.01 2.18 ± 0.01

(a) (b)

Figure 4.2: Particle size distributions of obtained dried product for each operating condition
using (a) a mass based approach and (b) particle count based approach. A spline is fitted
to the discrete data points to accentuate the distributions.
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4.4 Discussion
A series of uncertainties are associated with the presented data of the preliminary experiment.
These uncertainties are related to the accuracy of the experimental equipment, as well as to
display digitization, noise, and signal fluctuations of monitors, complicating the readings.

Due to the method of determining the dry air mass flow rate, a significant level of error
on the obtained values is expected. The hot-film sensor requires proper alignment with the
flow direction and knowledge of the specific location of the sensor, to determine the volume
flow rate via integration. The measurements are further complicated by an upstream 90◦

pipe bend, causing increased velocity fluctuations and effects of recirculation zones near
the inner pipe wall. For improved estimations, the velocity would have to be measured at
locations across the entire cross-sectional area of the exhaust pipe, rather than just along a
single horizontal line. An uncertainty level of ±0.174 m/s is estimated based on variation in
velocity readings for each measured velocity, which corresponds to approximately ±11 kg/h
in terms of moist mass flow rate. The level of uncertainty is estimated using an error prop-
agation method on the basis of the equations for calculating the mass flow rate, listed in
Appendix B. Additional uncertainties with respect to the numerical methods for estimating
the flow rate from the sampled velocity magnitudes as well as uncertainties related to ap-
proximating the flow over the entire pipe cross-section by a single profile, are not accounted
for. Despite the estimates of the dry air mass flow rates in the two operating conditions
being slightly different, the values are within the uncertainties of the measurements and
method of determination, hence found to be acceptable.

Additional uncertainties are related to the methods for determining the feed flow rate of
the slurry, reducing the values of the feed flow rates in Table 4.1 to estimations of actual
values.

The particle size distributions, displayed in Figure 4.2a, have shapes that would be ex-
pected from a Rosin-Rammler distribution, depending on the choice of exponents. The
resolution of the particle size distribution is directly dependent on the amount of sieves and
the difference in their mesh sizes, as the technique only provides a discrete representation of
the actual particle size distribution. Hence, additional sieves to resolve high curve gradients
would smoothen the obtained particle size distribution curves.

As previously noted, and found from Table B.2, product is lost throughout the pilot plant,
most likely due to powder deposition on the internal walls of the spray dray chamber and
connecting pipes. Product deposition was found on the chamber cylinder and around the
inlet. No deposited particles were observed on the conical part of the chamber. This is most
likely attributed to high accumulation rates of product on the surface, eventually causing
lumps of dried and semi-dried product to slide down, depending on its residual moisture
and stickiness. The estimated deposition of product on the chamber walls is related to a
degree of uncertainty, as the experimental data is collected throughout the duration of both
operating conditions, hence accumulated. Additionally, the wall deposition rate is estimated
from the mass balance, based on on the feed and air flow rate estimates, hence also subject
to the level of accuracy of these values.
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CHAPTER 5
Primary experiment

Having conducted the preliminary experiments, and thus provided the necessary background
for understanding the drying process and for comparing with corresponding numerical sim-
ulations, additional insight to the behavior of the atomized feed is sought.

The purpose of the primary experiment is to determine the spray pattern produced from
rotary atomization within the spray dryer both in the vicinity of the rotary atomizer and
further away, enabling qualitative data for comparison with CFD predicted droplet trajecto-
ries. Further, information on the process of atomization, primary stage especially, and the
size and shapes of the produced droplets would be valuable, as only a very limited amount
of such in-situ measurements have been reported in the literature.

Several methods for spray size and pattern determination have been proposed over the
years, collected in works of Lefebvre et al. (2017), Mayinger (1994), and Tropea (2011),
and adopted by several authors, including Kuhnhenn et al. (2017b), Teske et al. (2001),
Langrish et al. (1992), and Southwell et al. (2000). Depending on the aim of the study,
various measurement techniques for non-intrusive particle characterization and spray patter-
nation exist, among which direct imaging and interferometry principles are the most widely
used. For estimation of the size distribution of a spray, measurement techniques such as
Phase Doppler Anemometry (PDA), laser diffraction, and holography can be used, yielding
information on droplet velocities, sizes, and refractive indices. A key assumption for such
methods is that droplets are spherical, which is not necessarily true for the process industry
of spray drying, as it concerns itself with liquid fragmentation in the shape of non-spherical
droplets and ligaments (Tropea, 2011). To fulfill this requirement, sampling locations are
positioned downstream of the primary and secondary atomization region, at which a cloud of
spherical droplets is expected. Even so, this can provide valuable quantitative information
on the produced particle or droplet size distribution as shown by Kuhnhenn et al. (2017b)
and Teske et al. (2001).

The use of direct imaging to investigate the velocity, size, and shape of droplets and
particles has proven useful in measurements of pilot plant flow fields conducted by Langrish
et al. (1992) and Southwell et al. (2000), as less sensitive equipment and calibrations are
needed for obtaining quantitative and qualitative data. Such measurement techniques span
from simple shadowgraphy to particle image/tracking velocimetry (PIV/PTV) and glare-
point separation with increased requirements for light sources and detector devices (Tropea,
2011). The imaging-type patternators allow for estimation of droplet locations independent
of shape or size, by directing a beam of light into the spray. Scattered light from droplets
in the spray is collected by a digital camera, allowing for evaluation of the produced spray
pattern as well as size and velocity estimation, if the speed and resolution of the camera is
sufficient.

In line with the purpose of the primary experiments, and due to the limited space within
the drying chamber of the PM pilot plant spray dryer, spray pattern investigations are
conducted using direct imaging, during operation of cold flow cases, without droplet evapo-
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ration.
The following sections contain an outline of the experimental setup and procedure for

obtaining the empirical data. Results and outcomes of the primary experiment are presented
in Section 5.3 and discussed in Section 5.4.

5.1 Setup, instrumentation, and procedure
To perform direct imaging of the spray pattern, sufficient optical access to the spray drying
chamber is required. Only a limited number of access points are available in the origi-
nal design of the pilot plant, leaving only a few options for optical access if non-quiescent
(convective) conditions with cold drying inlet air flow are to be investigated.

Thus, a new hatch was designed and constructed with a 300 mm × 320 mm rectangular
glass window for improved optical access. The hatch was drawn up based on the overall
dimensions and outer shape of the original hatch, to ensure an air tight sealing required for
a correct inlet air flow rate. Work drawing with overall dimensions of the designed hatch is
enclosed in Appendix A.

The improved optical access provided by the rectangular glass window allows for the
directing of a laser beam into the chamber from behind the window, while simultaneously
recording droplet movements with a camera, also placed outside of the drying chamber
behind the window. Such a setup was not possible with the Ø110 mm porthole installed in
the original hatch. By placing both camera and light emitter outside of the chamber instead
of mounting them inside, arduous challenges of vibrations transmitting from fan and rotary
atomizer to the camera and wet spray contacting with sensitive electronic equipment are
circumvented.

To detect the droplet trajectories, a sheet normal to the viewing direction of the camera is
necessary, requiring a mirror to be mounted on the cylindrical surface of the inner dryer wall.
The setup is illustrated in Figure 5.1. The position of the laser sheet is mainly controlled
by a tripod allowing for manual rotation about all three axes, on which the laser and optics
are mounted. The vertical laser is sheet centered in middle of the rotary atomizer.

A stand constructed of Bosch Rexroth aluminium profiles is used for mounting and po-
sitioning the camera. Back-scattering of the light source from the stainless steel walls of
the internal drying chamber is reduced by mounting sheets of black felt on the parts of the
cylinder exposed to light scattering. Photographs of the experimental setup in practice are
enclosed in Appendix A.

The image acquisition system consists of an aCA 1300-200µm Basler ace USB 3.0 camera
with a monochrome CMOS sensor, an Edmund Optics lens with a 12 mm fixed focal length
and an F-number of 1.8, and a MGL-FN-532 continuous-wave operated 532 nm green laser of
up to 1.5 W fitted with an optical assembly for creating a vertical beam of light. The small
Basler camera has a resolution of 1024 px × 1280 px and a pixel size of 4.8 µm × 4.8 µm. The
camera is operated in global shutter mode to capture changes in the field of view (FOV) at
every distinctive frame. Using the 12 mm fixed focal length, the FOV for the given setup is
approximately 264 mm×330 mm, resulting in a resolution of approximately 258 µm/px. This
resolution is not nearly high enough to resolve the droplets created during the atomization
process. In addition, since the maximum frame rate of the camera is 203 frames per second
(fps) at fast sensor readout mode, the image acquisition setup is not able to detect stepwise
droplet motion at high image frequency and resolution. Instead the system allows for a
global determination of particle locations and spray pattern at instants. The temporal
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spacing between instants of image acquisition is largely determined by the exposure time of
the camera, adjusted in the Basler Pylon Camera Software Suite v.5.1. Triggering is also
controlled internally through the software.

To identify pathlines of the droplets, a relatively high exposure time of 10 000 µs is
adopted. This yields a sufficient absorption of light scattered by the droplets in order
to detect these, at an adequate image acquisition frame rate (up to 99.5 fps) to capture the
dominating time scales of the atomization process.

The selected settings described above were found from a series of trial runs, optimizing
for detectability of the droplet spray patterns.

Experiments with and without inlet air flow are performed for different feed flow rates
and atomizer speeds, in accordance with the test-matrix of Table 5.1, in which acquisition
frame rate is also indicated for each experimental condition. Feed flow rates are determined
using the change in mass of T1 over time (confer Figure 4.1), and listed in Table 5.1. Using
the method outlined in Chapter 4, velocity at probing points within the exhaust pipe are
determined along with temperature and absolute humidity, ultimately yielding an estimated
of the mass flow rate of the inlet air. Experimental conditions at which air flow measurements
are conducted are marked by a ∗ symbol in Table 5.1.

Acquisition of a sequence of snapshots for each experimental operating condition is com-
menced by bringing the rotary atomizer up to operating speed and turning on the fan (if
required by the experimental condition), allowing the flow within the chamber to develop
for a few minutes before valve V1 of Figure 4.1 is opened and the feed pump turned on.
Sampling of still images is initiated just prior to adding of the feed in order to increase the
sampling time until droplets adhere to the inner surface of the window, drastically reducing
the sharpness and quality of images. Generally, such condition is reached after approxi-
mately 10 seconds of sampling, depending on the experimental conditions. At this point
most of the window is covered by droplets, and the sampling is ceased. To prepare for an-
other sampling sequence, the window of the hatch is dismounted, wiped, and cleansed. The
mirror, mounted on the inner cylindrical wall of the drying chamber, is wiped before the
window is put back in place and fastened to the frame of the hatch.

As the extent and time consumption of the cleansing process is significantly increased
when using a suspension of water and maltodextrin as feedstock, all experiments are carried
out using only demineralized water. Hence, effects of viscosity on the atomization process
are not investigated in the present set of experiments, although possible with the current
setup.

Although the hatch is constructed of aluminium, with a glass window capable of with-
standing temperatures above the expected drying air temperature (∼ 460 K), window gas-
kets, along with the felt and plastic mount for the mirror located on the inside chamber
walls, are not capable of tolerating such temperatures. Not to mention the heat conducted
through the solid hatch, increasing the temperature on its outer face to several times the
ambient temperature, raising serious safety issues when handling during cleaning between
image samplings. Hence, experiments are conducted without heated air, neglecting effects
of evaporation on droplet atomization and trajectory.

In addition to the experimental procedure of direct imaging of the spray patterns, esti-
mation of the inlet air conditions is conducted experimentally. Specifically, tufts of magneti-
cally coated, polyester-type plastic film from cassette tapes are attached to the fixed skirt or
mount of the atomizer, allowing for estimation of the degree of swirl through direct imaging.
Rotary atomizer is held stationary during the investigation and no feed of water is supplied.
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Figure 5.1: Illustration of primary experimental setup with laser sheet (green) and field
of view (red) placed relative to the chamber and hatch. Location of camera, light source
emitter, mirror, laser, and field of view is illustrated from (a) topview and (b) sideview in
the upper part of the drying chamber. All measures are in mm unless otherwise stated. Not
to scale.

Lighting is supplied by an LED bulb placed behind the camera.
Data processing, results, and discussion of the image acquisitions and air flow measure-

ments are outlined in the following sections.
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Table 5.1: Test-matrix for primary experiments. * marks conditions at which inlet air mass
flow rates are conducted.

n
[rpm]

ṁf

[kg/h]
ṁi

[kg/h]
fs

[fps]
n

[rpm]
ṁf

[kg/h]
ṁ

[kg/h]
fs

[fps]
15 200 8.3 0 25 19 000 8.3 0 25
15 200 8.3 438* 25 19 000 8.3 438* 25
15 200 12.2 0 99.5 19 000 12.2 0 99.5
15 200 12.2 438* 99.5 19 000 12.2 438* 99.5
15 200 13.7 0 25 19 000 13.7 0 25
15 200 13.7 438 25 19 000 13.7 438 25
15 200 19.2 0 25 19 000 19.2 0 25
15 200 19.2 438* 25 19 000 19.2 438* 25

5.2 Data processing
A raw snapshot of the atomization process during rotation of the vaned wheel is shown in
Figure 5.2a. Flow of droplets is from right to left, and the interrogation plane is located
to the left of the rotary atomizer, leaving the right hand side of the chamber along with
the rotary atomizer spindle screw out of the FOV (confer Figure 5.1). Atomizer rotates
counter-clockwise when observed from the top of the chamber. Figure 5.2a is cropped from
the bottom to fit the area of droplet concentration, hence only displaying approximately
1024 px × 286 px. Due to the restricted location of the camera by the frame of the window,
droplets closer to the ceiling are not captured within the FOV.

A significant amount of light reflection is observed from the rotation part of the vaned
wheel, both from scatter in the laser sheet, and from the laser sheet itself. The rotary
atomizer mount is successfully blacked out using cloth. Most light scattering is observed
from the area of high droplet concentration in the vicinity of the wheel tip. Moving further
away from the tip, light intensity quickly drops, with only a few larger droplets scattering
enough light to be distinguished from the background.

To improve detectability and visibility of the droplets, digital processing of the raw im-
ages is performed based on available functionalities of the MATLAB 2018b Image Processing
Toolbox (Mathworks, 2018). One of the challenges of direct imaging is that the dynamic
range of an image sensor is significantly narrower than that of the naked eye. This challenge
is commonly dealt with by using a global histogram equalization or a local contrast en-
hancement (LCE) approach to broaden shadow and highlight areas of the image, otherwise
compressed by the reduced dynamic range. The LCE approach is simply a variant of the
unsharp masking technique with a Gaussian blur, reverted from optimizing for sharpness to
optimizing for local contrast (Kao et al., 2010). Using the LCE post-processing methods on
the raw image of Figure 5.2a, a clear spray pattern emerges as shown in Figure 5.2b. A jet
breakup region with high pixel intensity is observed, in which some individual droplets can
be distinguished. Alternate tested methods for image enhancement do not allow for obtain-
ment of the clearly detectable and distinguishable spray pattern of Figure 5.2b. Hence, the
LCE processing technique of direct imaging data is used as basis for further analysis of the
spray patterns.
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2Ra3Ra4Ra Ra

(a)

(b)

Figure 5.2: Spray pattern in quiescent ambient air conditions with n = 15 200 rpm and
ṁf = 12.2 kg/h. (a) raw image, (b) local contrast enhanced. Approximate distances from
the atomizer edge are provided in terms of atomizer radius Ra.

5.3 Results

Post-processed snapshots obtained at 15 200 rpm without and with inlet air flow at an acqui-
sition frame rate of fs = 99.5 rpm are included in Figures 5.3-5.4. Similar image sequences
obtained at an atomizer speed of 19 000 rpm are enclosed in Appendix B. Due to the pulsat-
ing nature of the variable speed pump, a similar temporal oscillation in the jet of injected
droplets is observed across the image sequences of Figures 5.3-5.4. The frequency of the
pulsating flow is approximately 1.8 Hz, corresponding to a period of 0.56 s. The snapshots of
Figures 5.3-5.4 cover a period of ∼ 0.45 s from the beginning of an injection. The sequence
of images in Figures 5.3-5.4 are commenced 4.38 s and 3.24 s, respectively, after the first
visual sign of droplets being injected. At least four feed pulsation periods are required to
achieve a regular pulsating jet of water droplets upon start of injection.

The feed flow rate is measured to 12.2 kg/h for the conditions in Figures 5.3-5.4. The
mass flow rate of the inlet air is estimated at 438 kg/h for the convective conditions of e.g.
Figure 5.4.

Through Figure 5.3a-e the intensity of the light scattering is increased, as the feed flow
rate is augmented reaching a peak at Figure 5.3e, followed by a decrease in feed injection
observed in Figure 5.3f-i. Same tendency is observed for the spray patterns of the convective
air conditions in Figure 5.4.

Based on the development of the droplet jet depicted in Figure 5.3, a small concentration
of feed clustered near the bottom of the vane is ejected within the first milliseconds of the
injection period (a). The string of droplets exiting the bottom of the vanes is observed to
breakup approximately one atomizer radius Ra from the tip. Light scattering from droplets
located further away from the atomizer wheel is the result of preceding pulsating periods,
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swirling around in the chamber closer to the cylindrical wall. Droplets detected in the
interrogation plane are expected to undergo a high degree of out-of-plane motion due to
their tangential velocity upon contact with the air.

As more feed is led through the vanes (b) increased light scattering is observed as a
result of the increased feed flow rate, enhancing the droplet positions. The increased flow
of feed increases the height over the vane at which the feed is injected. Specifically, injected
droplets are observed over the entire height of the vanes, with the highest concentration of
light scattering near the bottom of the vanes. Throughout the entire sequence of images in
Figure 5.3, a slightly upward directed jet of droplets is observed increasing in angle relative
to horizontal as the jet breaks up. This leads to droplets of the present injection period
being located solely above their point of injection during the frames of Figure 5.3a-g. The
point of breakup is observed to be furthest away from the atomizer upon the first injection
of feed, moving slightly closer during the remainder of the injection period. As the feed flow
rate is decreased, less light is scattered from the shrinking jet, allowing for more light to
be detected in the outer regions, where the swirling motion of the chamber air results in
droplets being more spatially distributed.

The effect of upward flowing droplets is canceled out when inlet air at a flow rate of
438 kg/h is supplied at a temperature of 296 K, as visible from the snapshot sequence of
Figure 5.4. Droplets are entrained in the inlet air and forced downwards, creating a down-
ward angled jet of droplets in interrogation plane. Spray patterns are more diffusive and
less pronounced, especially in the start and beginning of the pulsation period, compared
to the ones of quiescent air conditions in Figure 5.3. Highly chaotic behavior in the flow
field is observed further away from the atomizer, especially in the middle of the period in
Figure 5.3d-f, at which suddenly appearing circular formed voids of low particle volume
fraction are observed, presumably due to large eddies moving normally to laser sheet. No
light scattering from droplets located vertically below the atomizer tip are detected in any
of the snapshots presented in Figure 5.3.

Due to the observed pulsating behavior of the droplet jet, comparison between different
experimental conditions, outlined in Table 5.1, by use of snapshot images is difficult, as
the incident times are defined manually for each set of images relative to the time of first
visual feed injection. Hence, time averaged droplet locations are determined by averaging
over a sequence of exposures. Depending on the frame rate of acquisition, 175 and 720
images for fs = 25 fps and fs = 99.5 fps, respectively, are used for the averaging, covering
approximately 13 pulsating periods. Results of the averaging are shown in Figures 5.5-5.7
for different experimental conditions. A colormap based on grayscale intensity is added to
highlight the time averaged spray pattern.

The time averaged spray pattern produced by the rotary atomizer at 15 200 rpm without
and with inlet air is shown in Figure 5.5. In the case of no inlet air, the spray is deflected
upwards at an increasing extent further away from the edge of the rotary atomizer, with a
point of breakup approximately one atomizer radius from the wheel tip.

When the convective inlet air is added, the time averaged version of Figure 5.3 presented
in Figure 5.5b enables a better visualization of the spray pattern, as outlier droplets are
smoothed with the background. High intensity is observed within one atomizer radius and
above approximately two radii from the tip. Adding a straight line through the midpoints of
the high light intensity areas of Figure 5.5b, a deflection angle in the spray of ∼ 5◦ relative
to horizontal is found. In both cases, the highest light scattering intensities are found near
the lower and upper part of the vanes, with the jet penetration being the highest near the
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floor of the vanes.
Some artifacts are magnified in the averaging process, specifically oblique lines in the

dispersed spray pattern resulting from droplets adhering to the mirror and pixelated halos
arising from the local contrast enhancement technique. Still, images of acceptable quality
are produced.

Only minor differences in the 15 200 rpm (Figure 5.5) and 19 000 rpm (Figure 5.6), can
be detected with regard to the spray pattern using the present setup. Light scatter from
particles located to the far left of Figure 5.6a is increased, showing the combined effect of
gravity and swirling conditions of the chamber flow field on the droplets.

The time averaged images are especially useful when attempting to evaluate the effect of
increasing the average feed mass flow rate. Results of such a study conducted at 15 200 rpm
in still air conditions for three different feed flow rates are presented in Figure 5.7. These
images are based on 175 aligned snapshots obtained at an acquisition frame rate of 25 fps.
The mean grayscale intensity of the images is lower than that of the previously shown ones,
resulting from an inexpedient decrease in laser intensity. Even so, increasing the feed flow
rate from ṁf = 8.3 kg/h (Figure 5.7a) to ṁf = 19.2 kg/h (Figure 5.7c) increases the main
spray penetration. No change in droplet sizes can be detected from either averaged or
instantaneous images.

Behavior of a set of plastic film tufts attached to the mount of the atomizer is visualized
at an instant in time in Figure B.4. An inclined angle of the tuft placed closest to the camera
is observed, with the set of tufts twisting around each other beneath the rotary atomizer.
Digitally measuring the inclined angle of the anterior tuft of 100 snapshots temporally spaced
by 0.04 s and taking the mean of the angles yields a swirl angle of 21◦ relative to vertical.
Hence, a significant swirling component of the inlet air flow, opposite to the rotation direction
of the atomizer, is induced by the gas disperser.
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(a)

(b)

Figure 5.5: Time averaged spray patterns based on 720 averaged image pairs in ambient
air conditions at 15 200 rpm and a feed flow rate of 12.2 kg/h for (a) ṁ = 0 kg/h and (b)
ṁi = 438 kg/h.
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(a)

(b)

Figure 5.6: Spray pattern from 720 averaged image pairs in ambient air conditions at
19 000 rpm and a feed flow rate of 12.2 kg/h for (a) ṁi = 0 kg/h and (b) ṁi = 438 kg/h .
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(a)

(b)

(c)

Figure 5.7: Spray pattern from 175 averaged image pairs in quiescent ambient air conditions
with n = 15 200 rpm at increasing feed flow rates. (a) ṁf = 8.3 kg/h, (b) ṁf = 13.7 kg/h,
(c) ṁf = 19.2 kg/h.
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5.4 Discussion
Estimation of the uncertainty level related to the direct imaging is difficult to quantify due
to its qualitative nature. Most of the uncertainties of the primary experiment are associated
with the inlet conditions of both feed and air. Due to the method of estimating the inlet air
mass flow rate using the hot-film probe, the average moist air flow rate of ṁi = 438 kg/h
at Ti = 296 K is only accurate down to approximately 25.3 kg/h, using the same error
propagation methods as adopted in the preliminary experiment. In addition, the method
of feed flow determination using change of feed in the tank over time makes it somewhat
difficult to determine the actual conditions under which the direct imaging is conducted.
Results presented in the previous section should be interpreted with this in mind. This
being said, the image sequences as well as the time averaged ones allow for clear evaluation
of the effect of inlet air on the spray pattern. This is especially the case in the far field at
which the jet of droplets starts to breakup, but to some extent also in the vicinity of the
atomizer, where the high intensity jet is observed to deflect downwards under the influence
of the inlet air. Contrary, the jet is deflected slightly upwards in the quiescent conditions.
The upward motion of droplets is most likely due to the flow induced by the rotation of the
atomizer, causing fluid flow along the underside of the atomizer from its center, accelerating
towards the edge. This secondary flow is of minor strength compared to the inlet air, thus
highly diminished during use of inlet air. No droplets were detected in the region below
the point of injection, although droplet are expected to be subjected to a pressure force
in downward direction exerted by the inlet air jet. This can be attributed to the droplet
detectability of the acquisition system being too low to capture smaller sized droplets in
this region. Even so, it is likely that the initial momentum of droplets upon shearing from
the wheel tip is large enough to prevent entrainment in the central air jet or that the jet is
affected by the air pumping effect of the rotating atomizer, to produced the observed spray
pattern.

Throughout all acquired images, more intense light scattering is observed close to the
rotary atomizer, and especially near the bottom of the vanes. The pixel intensity is found
to be the lowest in the center of the vanes, slightly increasing towards the upper face of
the vanes, at which a narrow jet of droplets is observed, confer Figure 5.5. Due to high
ratio of Coriolis relative to gravitational acceleration, the feed is presumed to flow in a thin
sheet along the rear vertical wall of the vanes, in line with observations of Kuhnhenn et al.
(2017a). Even so, the distribution of feed in the inner part of the atomizer is expected to
have a significant effect on the feed distribution within the vanes. Towards the upper and
lower corners of the rear vane walls, the straight angles of the rectangular vane, enables
feed to adhere to both walls, yielding more feed to be sheared. Such effect would lead to
increased feed concentrations and light scattering in these regions, as observed in the direct
imaging. The ejection of high concentration and high velocity feed clustered at the bottom
of the vanes could also be attributed to the air pumping effect producing an uneven air flow
distribution within the vanes, affecting the feed and atomized droplets.

Since light is scattered on all droplets on its way, regions of high droplet concentration
of the spray may deflect large portions of the laser beam, creating a difference in pixel
intensity not related to the concentration of droplets. Despite this effect being limited in
sparse regions of the spray, the high intensity jet in the lower part of the vane may result in
a shadowing effect, reducing the light scattering from droplets injected above.

Experiments were carried out at ambient temperature conditions, at which spray dryers do
not operate. Langrish et al. (1992) reported slightly different atomizer air pumping effects at
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varying temperatures. Hence, such possible effect is not taking into consideration, and more
importantly, droplet evaporation is neglected when the inlet air is not heated. Neglecting
evaporation is prone to affect droplet trajectories and hence the spray pattern, although
the extent of this effect is not known. Nonetheless, referring to the evaporation of single
droplets in quiescent hot air conditions of Section 3.1, although the droplet evaporation rate
is the highest immediately upon injection, the seeding velocity is of such large magnitude
that the water droplets loose only a small percentage of their mass within the primary and
secondary stage of atomization due to evaporation. Naturally, the convective evaporation
effects are increased when adding inlet air, increasing the evaporation rate. Even so, it
can be argued that evaporation effects can be neglected with respect to droplet trajectories
in primary and secondary stage of rotary atomization, suggesting that the observed spray
patterns in ambient conditions can be applied to elevated temperatures to a some extent,
although density, viscosity, etc., are prone to change depending on the temperature of the
inlet air. Further, as only feedstock of demineralized water is used, direct conclusions on
spray patterns for operating conditions can not be made. However, the atomization process
is assumed to be of the same nature, providing valuable insights from the ambient in-situ
measurements.
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Part III

Numerical modeling





CHAPTER 6
Baseline model

The purpose of the following chapter is to set up a numerical CFD model for simulating
the behavior and performance of the PM pilot plant spray dryer for which experiments have
been conducted and overall process parameters determined. The numerical model should
be in line with most of the requirements listed by e.g. Sommerfeld (2015), Fletcher et al.
(2006), and Mujumdar et al. (2010) on modeling of spray dryers. Hence, the purpose of
the baseline model is to provide a reference of current industrial approach in simulating
of spray dryers at moderate computational costs, while laying the foundation for further
development and assessment of relevant aspects in modeling of spray dryers fitted with
rotary atomizers. The following sections provide an overview of the basic elements involved
in CFD modeling of spray dryers including geometry, boundary conditions, physics, and
discretization approaches. All numerical simulations are carried out in STAR-CCM+ 13.02
(Software Siemens PLM, 2018).

6.1 Geometry
The geometry used as input file in the CFD model is based on the overall dimensions
of the PM spray dryer. The scope of the project is limited to simulation of the spray
drying chamber. Consequently, no attempts to model separation systems downstream of the
chamber or processes upstream are made. An excerpt of the Ø98 mm piping to the cyclone,
attached to the bottom of the cone, is included to improve numerical stability. The space
between the inner region of the chamber and its outer walls, occupied by stagnant air and
wall thickness, is not included as part of the solving domain.

As the ambient air is heated by HE1 (confer Figure 4.1), it is fed to a gas disperser
located on top of the dryer ceiling. The purpose of the gas disperser is to distribute the
flow to create as close to uniform flow conditions as possible, using guide vanes to induce a
swirling motion. As the exact gas disperser geometry is not known for the PM spray dryer,
a simple flat inlet surface is added on top of the chamber geometry, allowing for the drying
air to enter the chamber parallel to the wall of the atomizer mount.

As done also by e.g. Huang et al. (2008) and Woo et al. (2008b), the internal geometry of
the rotary atomizer is not included in the fluid domain to reduce computational costs. Main
dimensions of the fluid domain are presented in Figure 6.1a, with the diameter, radius, and
length (or height) of the drying chamber defined as:

Dc = 1.195 m, Rc = Dc

2 , Lc = 1.68 m.

Cylindrical coordinate system used as reference for the fluid domain is depicted in Figure 6.1.
Distinctive patches of the domain are marked in Figure 6.1b.
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Figure 6.1: Visualization of CFD geometry. Sideview of outer walls are shown in (a) while
(b) shows an isometric view of distinguished boundaries and faces with respective labels.

6.2 Physics modeling

A number of models are included in the CFD setup to capture the physics of the Eulerian
and Lagrangian phase. The main models for each phase are summarized in Table 6.1. Most
of the models included in Table 6.1 are used throughout all simulations of the project, only
varying in terms of whether temporal scales are resolved and in terms of the feed properties.

For the baseline model, a steady-state approach is adopted based on the governing RANS
equations, as proposed by Anandharamakrishnan (2013) for spray dryer simulations. The
governing equations are phase averaged and modified to account for the dispersed Lagrangian
phase, as described in Chapter 3. Turbulence is accounted for through the Reynolds stress
term of the RANS equation, for which closure is provided by the two-equation k-ω shear
stress transport (SST) model by Menter (1994) with a curvature correction as suggested
for such applications by Woo (2017). A 2nd order segregated convection scheme is adopted
with the SIMPLE (Semi-Implicit Method for Pressure Linked Equations) pressure-velocity
coupling implemented in Software Siemens PLM (2018). As recommended by Software
Siemens PLM (2018, pp. 3998-4004), a fluid enthalpy model is adopted, solving the total
energy equation and computing the temperature from the enthalpy according to the equation
of state. The drying medium is modeled as an incompressible ideal gas composed of mixed
water vapor and dry air. Sutherland’s law of Software Siemens PLM (2018, p. 2975) is used
to determine the dynamic viscosity of both components, while the specific heat is defined as
a polynomial function varying with temperature at atmospheric pressure.

The Lagrangian phase is governed by the two-way interaction between the computational
particles and the continuous Eulerian phase, as recommended by Mujumdar et al. (2010).
Turbulent dispersion is included to simulate the effects of turbulent eddies on the particle



6.3 Boundary conditions 55

Table 6.1: List of models adopted in STAR-CCM+ for capturing physics of Eulerian and
Lagrangian spray dryer phases.

Eulerian phase Lagrangian phase
STARCCM+ 13.02, double precision
Steady-state RANS
Three dimensional
Segregated fluid enthalpy
All Y+ wall treatment
k-ω SST with curvature correction
Incompressible ideal gas
Multicomponent gas: vapor/dry air
Dynamic viscosity: Sutherland’s law
Specific heat: polynomial in T

Two-way coupled
Turbulent dispersion
Energy model (Ranz-Marshall heat transfer)
Multicomponent droplet evaporation
Ranz-Marshall mass transfer
Homogenous spherical droplets
Latent heat of vaporization: Clausius-Clapeyron
Saturation pressure: Wagner
Density: polynomial in T
Specific heat: polynomial in T

behavior, as suggested by Oakley et al. (1993). The multicomponent droplet evaporation
model of Software Siemens PLM (2018) allows for definition of two perfectly mixed liquid
phases. Applied to the case of evaporating slurries, one liquid phase, referred to as the
liquid droplet content, is allowed to evaporate, while the other liquid phase, referred to
as the solid droplet content, is not permitted to evaporate. Same material properties are
used for the solid and liquid components of the droplets. Huang et al. (2004b) suggest
using the material properties of water for both constituents, hence done here. The latent
heat of vaporization of the droplet is defined by the Clausius-Clapeyron equation, relating
the property to the temperature and saturation pressure, as described in Software Siemens
PLM (2018, p. 3024). The saturation pressure is given by the Wagner equation of Software
Siemens PLM (2018, p. 3022). Density and specific heat of the injected droplets are defined
from polynomial descriptions as function of temperature at atmospheric pressure, found
from the Engineering Equation Solver (EES) software.

Mass and heat transfer coupling between the continuous and the dispersed phase is deter-
mined from the Ranz-Mashall correlations of Equation 3.14 and Equation 3.21. Momentum
coupling through force exerted on the dispersed phase is accounted for, mainly by used of
the Schiller-Naumann drag force (confer e.g. Equation 3.25). Virtual mass and Saffman lift
forces on spherical droplets/particles are additionally taken into account. The Basset and
Magnus forces are not available for modeling of DPM particles in STAR-CCM+, hence not
included in the equations of motion for the computational particles.

6.3 Boundary conditions

In order to compare with the findings of the preliminary experimental work, similar boundary
conditions are imposed on the faces of the CFD geometry. The inlet face is imposed with
a plug flow conditions by defining specific velocity components. Hence, the moist air inlet
flow rate ṁi of Table 4.1 is converted to an axial inlet velocity and the inlet flow angle
is adjusted by a radial velocity component. A tangential velocity component, equivalent
to that of a swirl degree of θ = 21◦ found from the tuft experiment, is defined on the
inlet face. The absolute humidity is specified as a mass fraction on the inlet face. The
inlet air is given a temperature corresponding to that of the drying air obtained from the
preliminary experiment at either 15 200 or 19 000 rpm (confer Ti in Table 4.1). The outlet
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face of Figure 6.1b (g) is imposed with a gauge pressure of 0 Pa.
Chamber walls and outlet piping are imposed with a no-slip condition and an adiabatic

thermal specification, assuming no heat flux across the inner walls of the dryer. For particle-
wall interactions, the escape condition of Software Siemens PLM (2018) is adopted. The
particle escape condition ensures that a particle is removed from the computational domain
upon first contact with a wall of the chamber.

Lagrangian suspension droplets are defined in parcels and injected at a radial distance
of 1 mm from the tip of the atomizer using a hollow cone injector with an inner and outer
cone angle of 180◦. A rotational speed of either 15 200 or 19 000 rpm is defined, yielding the
tangential droplet velocity. The radial droplet velocity at the injection point is estimated
from Equation 2.3. Simplified modeling of atomization process is illustrated in Figure 6.2.

The injected feed suspension is composed of 25wt% solid content and 75wt% liquid con-
tent. Material properties equal to those of water are used for both components of the feed.
The mass flow rate is set equal to the values obtained and listed in Table 4.1 for each
operating condition.

To reduce accumulation of uncertainties linked to the preliminary experiments, charac-
teristic droplet sizes of the rotary atomization process are predicted based on the empirical
relations of Equation 2.5, rather than on the back-calculated mean droplet sizes from the
previously found particle size distributions. Droplet size distributions of each operating con-
dition are defined using the Rosin-Rammler probability density function (confer Figure 6.3)
with the largest particle diameter of D95%, and a minimum of 5 µm to cover most of the
ranges reported by Huang et al. (2008). A Rosin-Rammler exponent of q = 3.32 is adopted
based on tabular values of Lefebvre et al. (2017).

In addition to the above mentioned boundary conditions, summarized in Table 6.2 for each
operating condition, standard STAR-CCM+ initial and boundary conditions for turbulence
intensity (I = 0.01) and turbulent viscosity ratio (µt/µ = 10) are adopted at the inlet face.
These values are not expected to influence the results (Huang et al., 2005). Flow field is
initialized with quiescent air conditions at a temperature and humidity corresponding to
that of the inlet face.
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Figure 6.2: Illustration of three parcel (droplet) injection points with the initial tangential
and radial velocity components. Direction of atomizer rotation is indicated by the curved
arrow. Not to scale.

(a) (b)
Figure 6.3: Rosin-Rammler (a) Probability Density Function (PDF) and (b) Cumulative
Distribution Function (CDF) for each operating condition based on characteristic droplet
sizes obtained from combination of empirical formulas, findings of the preliminary experi-
ments, and rotary atomizer geometry.
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Table 6.2: Boundary conditions for baseline CFD simulation.

15 200 rpm 19 000 rpm

Feed temperature Tf [K] 296.4 296.1
Drying air temperature Ti [K] 459.1 460.2
Feed flow rate ṁf [kg/h] 12.2 13.2
Moist air inlet flow rate ṁi [kg/h] 352 350

Inlet air humidity Xi

[
g vapor

kg dry air

]
4.8 5.3

Axial drying air velocity ui,z [m/s] 7.62 7.60
Radial drying air velocity ui,r [m/s] 2.46 2.45
Tangential drying air velocity ui,θ [m/s] 2.98 2.98
Radial droplet velocity ud,r [m/s] 2.54 3.10
Tangential droplet velocity ud,θ [m/s] 95.5 119.4
Rosin-Rammler droplet size D63.2% [µm] 56.2 47.7
Rosin-Rammler exponent q [−] 3.32 3.32
Smallest droplet size Dmin [µm] 5 5
Largest droplet size D95% [µm] 100.7 85.5

6.4 Spatial discretization

The fluid domain is discretized into several subdomains on which the discretized versions of
the governing equations are solved. The mesh size, as determined by the number of volume
cells used to discretize the fluid domain, should be chosen to satisfy both resolution of the
flow field and computational time.

Meshing is performed using the polyhedral meshing tool of STAR-CCM+ with prism
layers added to all no-slip walls. The application of prism layers allows for proper resolution
of the boundary layer, which is of importance near the inlet and rotary atomizer. Local
mesh refinement is performed in the regions of high velocities downstream of the inlet face
using volumetric mesh control.

To ensure a mesh independent solution, a mesh convergence study is conducted using
the boundary conditions of Table 6.2 with 800 parcels injected every 75th iteration at an
atomizer speed of 15200 rpm. Six meshes of different sizes are constructed by adjusting the
base size and the fineness of the volumetric control downstream of the inlet face, leading to
a span in mesh cells from 1.1 × 105 to 2.2 × 106.

A cursory analysis on the effect of increased mesh refinement is presented in Table 6.3,
outlining averaged temperature and absolute humidity on the outlet face of the fluid domain,
along with a maximum Y + value for each mesh size. The maximum Y + value within
the domain decreases with increasing mesh resolution. No such tendency can explicitly
be observed with regard to the temperature and the absolute humidity, as the standard
deviations are too large to distinguish the data from each other, due to numerical fluctuations
in the solution.

For comparison purposes, averaged flow field properties at each node of the mesh are
obtained based on the last 17 500 steady-state iterations of the total 25 000 performed ones.
This averaging process is required, as the studied flow field is inherently transient, thus
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Table 6.3: Averaged temperatures and absolute humidities on outlet face, with respective
standard deviations on the average value, along with maximum Y + values provided for each
mesh size.

Cell count
[
106]

0.11 0.26 0.76 1.2 1.8 2.2

T o [K] 391.3 392.4 392.4 392.7 392.9 392.9
Xo [g/kg] 28.5 28.3 28.8 28.3 28.3 28.3
σTo [K] 4.22 2.69 3.08 3.10 3.36 3.95
σXo [g/kg] 1.10 0.79 1.06 1.23 1.23 1.47
Maximum Y + [-] 57.3 22.5 20.6 10.9 7.4 6.5

causing fluctuations within the flow field of the steady-state solution. Further investigations
of the nature of the flow field are conducted later in the study.

Figures 6.4-6.5 compare the average velocity magnitude U , temperature T , and absolute
humidity X along lines of sampling in the fluid domain. Specifically, a vertical line along
the centerline of the chamber and a horizontal line 0.2 m below the coordinate system (z =
−0.2 m = −0.12Lc) are used for comparison. A pronounced dependency on the mesh size,
especially when comparing the lowest cell counts with higher ones, is observed. In case of
the vertical profiles (Figures 6.4-6.5a), a mesh independent solution is found when reaching
∼ 1.8×106 cells. With respect to averaged vertical temperature and humidity temperatures,
mesh sizes down to approximately 1.2 × 106 appear to yield acceptable solutions.

For the humidity profile along a horizontal line at z = −0.12Lc, the inlet air jet with
a low moisture content is found to shift off-center at higher mesh cell counts, indicating
that a completely mesh independent solution is not obtained. Same tendency is observed
in the results for the temperature and the velocity magnitude. Based on the results of
Figure 6.4b, Figure 6.5a and partly Figure 6.4a, a mesh of 1.8 × 106 cells is used in the
following simulations, as it performs almost equivalently to the larger mesh size, at reduced
computational cost. The volume mesh is visualized in Figure 6.6 in a vertical plane through
the center of the spray dryer. The mesh is constructed from a base size of 0.02 m and a
minimum surface size of 8% of the base size. Surface controls on the ceiling, inlet wall, and
blunt rotary atomizer geometry are used to refine the surface mesh for proper representation
of curves and more complex shapes of the geometry. Six prism layers on all no-slip walls are
adopted with a thickness of 20% relative to the base size and a stretching ratio of 1.5.
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(a) (b)

Figure 6.4: Averaged (a) velocity magnitude and (b) temperature profiles along a line
collinear to the vertical centerline of the spray dryer. Profiles are obtained from simulation
with six different mesh cell counts.

(a) (b)

Figure 6.5: Averaged air humidity profiles (a) along a line collinear to the vertical centerline
of the spray dryer and (b) along a horizontal centerline located at z = −0.12Lc. Profiles are
obtained from simulation with six different mesh cell counts.
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(a)

(b)

(c)

Figure 6.6: Visualization of polyhedral 1.8 × 106 cell volume mesh with prism layers on
vertical plane through the center of the spray dryer. (a) full view, (b) enlarged view focusing
on rotary atomizer and drying air inlet, (c) enlarged top view of the mesh in a horizontal
plane located at the center of the rotary atomizer.

6.5 Parcel study

By increasing the parcel count, the statistical accuracy of the solution is improved, ensuring
a better resolution of the droplet diameter distribution. Hence, is it important to ensure
that the solution is statistically independent of the parcel count, which would otherwise lead
to analyses of potentially isolated events and not the general trends.

A parcel convergence study is conducted based on the obtained mesh cell count from the
mesh convergence study at an atomizer speed of 15 200 rpm. Effects of varying parcel counts
are investigated by using the same CFD setup with six different parcel counts, ranging from
100 to 3200 parcels.

Results of the parcel study are presented in Figures 6.7-6.8. The effect of increasing the
parcel count is rather insignificant, as found from the averaged temperature and velocity
magnitude profiles plotted in Figure 6.7. Even so, it is clear that the discretization of the
probability density distribution of the injected droplets is refined by increasing the number of
parcels as viewed from Figure 6.8. Figure 6.8 is obtained by evaluating the size distribution
of all Lagrangian particles (droplets and dried particles) within the fluid domain during
tracking of a single batch of parcels from the point of injection to the end of the fluid
domain. Based on the findings of Figure 6.8, at least 800 − 1600 parcels should be used
for proper representation of the droplet size distribution. This will lead to a more well
behaving model, as the interaction between the Lagrangian and Eulerian phase is smoothed
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by decreasing the size of the Lagrangian source terms from single particles with decreasing
particle counts per parcel (Software Siemens PLM, 2018, p. 4001). A parcel count of 800 is
used for further simulations, as the computational cost increases significantly with increasing
parcel count.

(a) (b)

Figure 6.7: Vertical (a) velocity magnitude and (b) temperature profiles plotted for different
amounts of parcel counts using a mesh of 1.8 × 106 cells at 15 200 rpm.

Figure 6.8: Particle PDF’s based on 35 bins of the collected particle tracks for each number
of parcel counts at atomizer speed of 15 200 rpm. The PDF’s are normalized by the number
parcels injected and vertically shifted by a constant factor to enhance differences.
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6.6 Results

Based on the proposed simulation setup, including the obtained knowledge from the parcel
and mesh study, a CFD simulation including parcel tracking through the domain of the PM
pilot plant spray dryer is conducted.

To reduce computational time, a single-phase solution is obtained by solving for the flow
and temperature field over the first 1 500 steady-state iterations. The Lagrangian solver is
switched on after 1 500 iterations, tracking injected droplets during evaporation and move-
ment within the spray drying chamber until they reach the outlet face or a wall with escape
condition imposed on it. To prevent the time consuming process of solving for particles
retained for long residence times due to e.g. recirculating zones, a maximum of 25 000 and
35 000 substeps, for the 15 200 rpm and 19 000 rpm case, respectively, is defined for solving
each particle track. A maximum residence time of 100 seconds is defined. At the end of
each particle tracking sequence, data on residence time, position, temperature, size, velocity,
mass fractions etc. is stored and extracted from STAR-CCM+ for data analysis. Simulations
are carried out for 25 000 steady-state iterations to reach a convergence in both Eulerian
and Lagrangian phases. Using this approach, simulation times on four nodes containing two
sets of Xeon E5-2670 8-core CPU’s (Central Processing Unit), each running at 2.60 GHz,
amount to approximately 24 hours.

Results of the baseline CFD simulation are compared to the data obtained from the
preliminary experiment in Table 6.4. Mean outlet values of temperature and humidity are
obtained by sampling across a series of steady-state iterations and averaging. Percentile
discrepancies ϵ between numerical and experimental data are also provided in Table 6.4
using:

ϵ =
∣∣∣∣ϕexperimental − ϕnumerical

ϕnumerical

∣∣∣∣ × 100%, (6.1)

with ϕ being a value of interest.
A higher outlet temperature T o, as monitored on the outlet face of the fluid domain, is

found for both atomizer speeds upon comparison with experimental values. The absolute
humidity on the outlet face Xo found from numerical methods is slightly lower compared
to the experimental value. 95% confidence intervals with respect to the average outlet
temperatures and humidities are provided in Table 6.4. Similar size standard deviations are
found for both operating conditions.

The monitored mass flow rate of solid product (solid content of dried particles) on the
outlet face ṁs,o is significantly lower than the value found in the preliminary experiments,
as seen from Table 6.4. Additionally, the mass flow rate of solid product ṁs,cyl escaping
the cylindrical chamber wall is listed in Table 6.4 for both operating conditions. A higher
mass flow rate is observed for the second operating condition. The values are compared
to the estimated wall deposition rate of the preliminary experiments, indicating that wall
deposition is underpredicted for both cases.

Averaged velocity magnitude and temperature fields of the Eulerian phase are depicted
on a vertical plane through the geometric center of the spray dryer in Figures 6.9-6.10.
High inlet velocities of the drying air penetrate through the stagnant air, creating a jet of
high axial velocities and temperatures in the center of the drying chamber. The effect of
the two-way coupling is pronounced near the tip of rotary atomizer in Figure 6.9, where
velocity magnitudes of up to 3 m/s are observed in the Eulerian field, induced by the initial
droplet velocities. This is especially the case for the second operating condition, where the
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tangential droplet velocity is the highest. A more or less symmetric flow field is observed
around a vertical line through the center of the rotary atomizer, when disregarding the outlet
piping and the lower part of the cone. Even so, fluctuations in the solution in the wake of
the stationary atomizer are observed, yielding a slightly skewed field in both simulations.
Collapse of the inlet jet is observed downstream of the atomizer wake in both operating
conditions.

The main concentration of hot air follows the penetration of the inlet jet into the cham-
ber, while a region of low temperature is found close to the drying air jet at the point
of Lagrangian phase injection, due to the seeding of evaporating droplets at ambient feed
temperatures. The concentration of low temperatures is observed to be the highest in Fig-
ure 6.10b in the region of droplet injections at an operating speed of 19 000 rpm. This is
primarily due to the increased feed flow, compared to the first operating condition, required
in the preliminary experiment to keep the outlet temperature at ∼ 383 K.

Instantaneous particle tracks for the first operating condition are display in Figure 6.11.
Only the first 0.03 and 0.1 seconds of particle residence time are depicted. Due to the axial
velocity magnitude of the drying air, seeded droplets of smaller diameters, thus less mass
and momentum, have almost perfect advection due to their lower stokes numbers, resulting
in near vertical paths with slight swirling motion around the centerline. Larger droplets of
higher Stokes numbers are able to maintain their momentum, following an almost horizontal
trajectory until the gravitational forces become significant at decelerated particle speed.
Almost identical particle trajectories are observed for the second operating condition, and
not included here.

The behavior of the particles causes a high degree of particle escape on the lower parts
of the spray drying chamber, as visualized in Figure 6.12. Figure 6.12a-b shows averaged
particle mass flow through the boundaries of the spray dryer at each operating condition. A
high concentration of particle outflow is observed on the conical part and at the bend of the
outlet piping. As a result of the increased rotational speed, slightly more particles escape on
the cylindrical part at 19 000 rpm compared to 15 200 rpm. A small percentage of the particle
mass flow is associated with the ceiling, which would be of high concern in a commercial
facility due to the combination of deposited powder and high drying air temperatures near
the wall inlet, resulting in risk of off-spec products and dust explosions. The ratio of solid
and liquid particle content escaping the boundaries is quantified in Figure 6.12c, indicating
that particles are effectively dried before reaching the walls. Mass flow of residual moisture
(remaining liquid mass fraction upon escape) is found to be the highest on the cone and
cylinder in both operating conditions, while higher particle mass averaged residual moistures
are found in the upper part of the chamber near the atomizer mount and ceiling.

Particle diameters as function residual moisture on boundaries are plotted in Figure 6.13a
for the first operating condition. Boundary sampled data from all trackings of the simulation
are plotted. A decreasing tendency in the liquid mass fraction with decreasing particle
diameters is observed, as the surface area of smaller particles is lower, hence increasing
the rate of evaporation. By plotting the particle diameters as function of the residence
time, Figure 6.13b is obtained when coloring distinctive particles by a truncated liquid mass
fraction range. The residence time of the particles varies from less than a second to more
than 50 seconds. A series of large particles Dp > 65 µm are recorded with residence time
less than three seconds. These particles have a high degree of residual moisture, most likely
due to their high initial momentum causing them to hit the cylinder before drying.

A minimum amount of samples (independent parcel trackings) is required to obtain aver-
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aged values and generally valid results, as well as ensure that the Eulerian phase has adopted
to the disperse phase, and vice versa. The mass flow of particle solid mass through each
boundary is plotted in Figure 6.14a as a function of the amount of collected samples or
trackings. The individual mass flows are normalized by their final value of mass flow rate
from the latest sample. A converged trend is observed, suggesting that a sufficient number of
trackings have been conducted. Figure 6.14b displays the overall continuity of the product.
The escaped product mass flow rate is normalized by the injected amount of solid feed in
the first operating condition. The ratio should be independent of the number of trackings.
Nonetheless, the maximum number of substeps for the particle tracking will result in some
particles being removed from the fluid domain before reaching a boundary. The value of the
ratio plotted in Figure 6.14b corresponds, on average, to less than one particle exceeding
the maximum number of substeps.

Table 6.4: Comparison of data from the preliminary experiment with that of the baseline
CFD model. The ±-symbol indicates double standard deviations related to the values.
Percentile differences in experimental and numerical results as indicated in parentheses.

15200 rpm 19000 rpm
Experimental Numerical Experimental Numerical

T o [K] 384.4 ± 0.15 392.9 ± 8.9 (2.6%) 383.0 ± 0.15 389.3 ± 8.9 (1.8%)
Xo [g/kg] 30.0 ± 0.3 28.2 ± 3.3 (6.2%) 31.2 ± 0.3 30.5 ± 3.1 (2.3%)

ṁs,o [kg/h] 2.18 ± 0.01 0.052 ± 0.001 (−) 2.18 ± 0.01 0.092 ± 0.001 (−)
ṁs,cyl [kg/h] 0.87 0.41 ± 0.01 (111%) 0.87 0.50 ± 0.01 (75%)

(a) (b)

Figure 6.9: Averaged velocity magnitude fields for (a) 15 200 rpm and (b) 19 000 rpm plotted
on vertical plane located at the geometric center of the spray dryer. Obtained using a mesh
of 1.8 × 106 cells and 800 parcels.
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(a) (b)

Figure 6.10: Averaged temperature fields for (a) 15 200 rpm and (b) 19 000 rpm plotted on
vertical plane located at the geometric center of the spray dryer. Obtained using a mesh of
1.8 × 106 cells and 800 parcels.

(a) (b)

Figure 6.11: Instantaneous particle tracks colored by the diameter (Dp [µm]) of the particles
along their track with residence time up to (a) 0.03 s and (b) 0.1 s at 15 200 rpm.
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(a) (b)

(c)

Figure 6.12: Evaluation of particle mass flow through escape boundaries of the spray dryer.
(a)-(b) show averages of the mass flow on chamber walls, while the averaged escaped particle
mass flow of liquid and solid content on each boundary normalized by the inlet feed flow
rates is quantified in (c) for 15 200 rpm (left stacks) and 19 000 rpm (right stacks).
.
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Figure 6.13: Particle characteristics when escaping on dryer walls at 15 200 rpm. (a) shows
the recorded diameters plotted as function of the liquid mass fraction of the particle for each
distinguished face, while (b) depicts the particle diameters as function of residence time
colored by a truncated liquid mass fraction value, when hitting the wall.

(a) (b)

Figure 6.14: (a) plots solid particle mass flow through dryer walls and (b) plots total
solid particle mass flow as function of number of samples at 15 200 rpm. Values of (a) are
normalized by the final mass flow value on each boundary, while values of (b) are normalized
by the mass flow rate of the solid content in the injected feed droplets.
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6.6.1 Wall thermal specification
As noted in the preliminary experiment, energy is lost in the system, most of which is
presumably due to heat losses. As the inner walls of the spray dryer are modeled as adiabatic,
no energy is extracted from the system to the surroundings, resulting in higher numerical
chamber temperatures compared to the experimental ones. Using the surface area of the
chamber and the average chamber temperature, as found from the simulation, a wall-to-
ambient heat transfer coefficient is estimated at 4.76 W

m2K from the lost power of Table B.3.
The obtained value is higher than the one recommended for a well-insulated spray drying
chamber (Huang et al., 2004b), but similar to the heat transfer coefficient adopted by Woo
et al., 2008b of 4.5 W

m2K .
Including the estimated heat transfer coefficient in the CFD model, a prediction of the

effect of incorporating ambient heat losses is made for both operating cases. The effect on
the outlet face temperature is depicted in Figure 6.15. In both cases, a decrease in the outlet
temperature is observed, specifically to 382.6 K and 381.0 K for the first and second operating
condition, respectively. This corresponds to a reduction in the outlet temperature of 10.1 K
and 8.3 K for the two operating conditions, respectively. Hence, using the estimated wall heat
transfer coefficient, average outlet temperatures approximately 2 K below the corresponding
experimental ones are observed for both operating conditions.

(a) (b)
Figure 6.15: Monitored temperature signal on output surface, comparing adiabatic with
convective thermal wall specification for operating conditions of (a) 15 200 rpm and (b)
19 000 rpm. Calculated mean values are indicated by green dotted lines, while bound of
standard deviation is indicated by blue dotted lines.
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6.7 Discussion
A steady-state Euler-Lagrange simulation setup has been set up for modeling the behavior
of a pilot plant spray dryer, for the purpose of obtaining swift and adequate results. Based
on the experimental results presented in Chapter 4, percentile discrepancies below 5% of
the Eulerian phase are observed when comparing to the obtained numerical results with
similar boundary conditions. A complete validation of the numerical setup is difficult to
establish, based solely on the overall process parameters such as outlet temperature and
humidity. Further, the uncertainties and level of error related to the experimental data
and fluctuations in numerical simulations render it difficult to asses whether the found
discrepancies are the results of the experimental uncertainty level or the modeling approach,
or perhaps a combination of the two.

In addition to the uncertainties related to the estimation of the drying air inlet mass flow
and the inlet feed flow rate, as discussed and quantified in Chapter 4, the air disperser geom-
etry of the PM pilot plant spray dryer is unknown. As the functionality of the gas disperser
is not expected to be ideal, non-uniform flow distribution at the annular face of the drying
air inlet is to be expected. As these conditions are difficult to capture numerically without
the full disperser geometry, the swirling plug flow condition adopted for the baseline simula-
tions is bound to inflict a mismatch between the experimental and numerical findings. The
degree of this mismatch is difficult to estimate, but incorporating the tangential component
of the drying air is expected to have the largest impact on the Eulerian flow field as well as
on droplet evaporation and trajectory.

The use of escape boundary condition on all walls has an effect on the mass flow of product
through the outlet face as well as the residual moisture of recorded particles. As particles
are removed from the domain at first interaction with domain walls, their residual moisture
content is extracted as well. The liquid water in the domain entails a potential for reducing
chamber temperature, as energy from the drying air is needed to evaporate the moisture. By
evaluating the mass weighted average residual moisture content and temperature of escaped
particles on each boundary, a potential reduction in outlet air temperature ∆To can be
estimated, assuming that all water is evaporated from the particles. For the first operating
condition ∆To = 0.93 K. For the second operating condition, larger particle mass flow rates
through the upper part of the drying chamber, i.e. ceiling and upper part of cylinder, are
observed at lower field temperatures (confer Figure 6.10 and Figure 6.12b). Hence, a higher
potential for extracting energy from the Eulerian phase is found, resulting in ∆To = 1.4 K.
Nevertheless, as is it not possible to evaporate all residual moisture in particles sticking to
the walls, especially at lower temperatures, only a fraction of the temperature reduction
potential can be exploited by changing of the wall boundary conditions. Thus, difference
in outlet temperatures observed in Table 6.4 can not be explained solely by the escape
condition.

The escape condition results in a limited product mass flow through the outlet face com-
pared to the experimental case, where particles are forced through the outlet or deposited
on the chamber walls. The deposition of product on the chamber walls was found to be
0.87 kg/h in the preliminary experiment, of which most particles deposited on the cylindri-
cal chamber part. Comparing to numerical values of the solid particle mass flow rate through
the cylindrical part of the chamber, found to be 0.41 kg/h at 15 200 rpm and 0.50 kg/h at
19 000 rpm, neither coincides with the experimental values. As this comparison does not
take into account the residual moisture of the particles and their stickiness, it is not directly
applicable, since only a fraction of the particles hitting the chamber wall will deposit (Som-
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merfeld, 2017). Hence, the baseline model tends to underestimate the maximum amount of
particle deposition per unit time on the cylinder, indicating that the particle trajectories are
not correctly modeled in either operating condition.

This inconsistency is further underlined by comparing the predicted droplet trajectories
of Figure 6.11 to those observed in the primary experiment shown in Figure 5.4 for n =
15 200 rpm. The downwash of droplets of sizes up to ∼ 20 µm predicted by the baseline
model is not observed in the preliminary experiments. The primary experiment showed
no entraiment of droplets in the vertical inlet air jet, as predicted by the baseline model.
Consequently, judging from the initial trajectories of the droplets, the current CFD model
will tend to overpredict the amount of small droplets being extracted in the lower part of
the domain, potentially explaining the underprediction of ’wall deposition’. It should be
stressed that simulations are conducted in a heated medium, while primary experiments
are performed at ambient room temperatures with different feed compositions, hence not
directly comparable.

The use of an overall wall heat transfer coefficient for the external walls of the simulated
geometry resulted in a lowering of the outlet face temperature for both operating conditions.
As some degree of uncertainty is related to the estimation of the heat loss, the applied
heat transfer coefficient is connected to the same, or higher, level of error. Nonetheless, as
the value of the coefficient is in line with ones adopted for similar simulations, the reduced
outlet temperature is estimated to be of higher physical relevance than the one obtained for
adiabatic conditions.

As the main purpose of the baseline model is to establish a base for further development
and ensure that this base is physically founded, estimation of e.g. powder quality is not
of main concern, as this would required outlet temperature estimations to be more accu-
rate. The numerical model has shown itself capable of predicting main trends in the spray
dryer with respect to outlet parameters, especially when taking wall thermal convection ef-
fects into consideration. Some inconsistencies are found with respect to observations of the
experiments, especially with regard to wall deposition and particle trajectories.

In the attempt to establish a method for simulating the flow field and droplet behavior
within a spray dryer fitted with a rotary atomizer, a series of assumptions and shortcuts
have been made to reduce complexity and computational time of the model. The following
list entails some of the most prominent assumptions made. The list is arranged in order
of relevance for the aim of the project with respect to modeling of droplet and particle
trajectories.

• Steady-state.

• Stationary atomizer wheel.

• Empirical droplet size distribution.

• Empirical droplet release velocity.

• Spherical droplet approximation.

• Uniform feed properties.

• No particle-particle interaction.

• Escape boundary condition.

• Uniform particle shrinkage due to evaporation.



72 6 Baseline model

The first point concerns itself with the steady-state assumption made when adopting a
steady-state flow solver in STAR-CCM+. Due to the inherently transient nature of the flow
within the spray drying chamber, as reported by e.g. Woo (2017) and Woo et al. (2012),
steady-state conditions are not achievable, especially not when solving for the particle-laden
flow. To properly resolve the time scales of the flow, efforts should be made to model the
flow behavior using an unsteady-state RANS solver for increased confidence in the model
predictions.

One main aspect of the present method for simulating the behavior of the spray dryer is
to reduce computational cost in terms of mesh size by neglecting the air pumping effect of
the rotary atomizer, as air is allowed to circulate through the internal geometry of the vaned
atomizer wheel in the PM spray dryer. Neglecting this effect influences the flow field along
with the initial conditions of the Lagrangian phase, resulting in different particle paths and
drying patterns.

As the atomizer is held stationary, the primary and secondary breakup process associated
with the shearing of droplets at high velocities at the periphery of the atomizer wheel is
reduced to a mathematically formulated droplet size distribution. This distribution is based
on an empirical relation for the characteristic droplet sizes produced by the specific atomizer
during specific operating conditions. As droplet sizes are crucial for their corresponding
trajectories, improved prediction of the actual droplet size distribution would most likely
improve the prediction of the overall spray dryer performance. Although easily pointed
out, the method for obtaining information about the initial droplet size distribution requires
detailed knowledge about the atomization process and its outcomes from either experimental
or numerical approaches, proving tedious and expensive in previous studies by e.g. Teske
et al. (2001) and Kuhnhenn et al. (2017b).

Droplet velocities upon release are empirically estimated, especially the radial component,
hence associated with a large degree of uncertainty. Increasing the initial radial droplet
velocity is expected to have a significant effect on the particle trajectories, forcing them
to escape closer to the top of the domain. Hence, uncertainties related to estimation and
prediction of the radial droplet release velocity should be of concern when attempting to
accurately model particle trajectories.

Using the DPM approach, droplets are injected and tracked through the domain as spher-
ical particles undergoing air residence and evaporation. Several investigations have been con-
ducted by e.g. Sinha et al. (2017), Domnick (2008), and Ghaemi et al. (2008) to determine
the sphericity and behavior of droplets created by different types of atomizers, suggesting
that the assumption of spherical droplets might not be valid, hence crumbling the foundation
of the adopted Schiller-Naumann drag model.

Additional effects of feed properties, particle interactions, particle porosity and drying
behavior, as well as the neglected effects of particle-wall collisions are expected to influence
the performance of the baseline model. Nonetheless, particle trajectories within the primary
and secondary atomization regions are assumed less affected by these modeling issues.

In order to obtain a better understanding of the behavior of the flow within the spray
dryer, particle trajectories, air pumping effect, and their mutual impact, transient simula-
tions including rotation of the vaned atomizer wheel will be conducted in the following. In
addition, such simulations will allow for improved tracking of the particles during drying as
well as provide foundation for evaluation of several of the assumptions at the top of the list
within the time frame of the study.



CHAPTER 7
Extended modeling

The purpose of the following chapter is to obtain a better understanding of the single-phase
flow field within the drying chamber, and to evaluate the effect of flow field behavior on
particle trajectories, specifically with respect to the air pumping phenomenon of the rotating
atomizer.

Investigations of the chamber flow field in single-phase transient conditions using the
same setup as in the baseline model are conducted in the first section of the chapter. Such
simulations are considered necessary for subsequent investigation of air pumping effects on
the single-phase flow field to be conducted. For simulating the air pumping effect, a hot flow
case at operating conditions of the dryer is set up in Section 7.2, while a cold flow case for
direct comparison with primary experimental results is set up in Section 7.3. In Section 7.4
particles are added to the obtained flow fields for trajectory evaluation. The chapter is
concluded with a section elaborating on suggestions for improvements to the baseline model
and a discussion based on the findings.

7.1 Transient flow field effects
As previously suggested, the flow field within the drying chamber is inherently transient in
terms of large- and small-scale temporal fluctuations. These effects can be included in the
CFD simulation by adopting an unsteady approach for solving the time-dependent terms of
the RANS equations. In order to simulate the flow field in unsteady state, discretization in
temporal space is performed using a 2nd order accurate implicit Euler scheme, as suggested
by Woo (2017). Using boundary conditions equal to those of Table 6.2 at the first operating
condition, the single-phase (Eulerian) flow field is solved for, not the dispersed phase. Mod-
eling of the Eulerian phase is set up in accordance with Section 6.2. The geometry of the
PM unit is used without resolving the internal atomizer geometry. Hence, the volume mesh
of Section 6.4 with a cell count of 1.8 × 106 is adopted.

To reduce computational time, a steady-state flow field is simulated until a convergence
in pressure drop over the system and the flow field has been achieved. The transient
solver is turned on, and the simulation is run for 25 s. Time averaged flow fields are
based on the last 10.5 s of physical solving time. The predicted time averaged flow field
within the PM spray dryer is shown in Figure 7.1a, evaluated along horizontal lines at
z = −0.24Lc, −0.48Lc, and, −0.72Lc, confer Figure 7.1b, with Lc being the height of the
chamber. High velocities are observed on either side of the centerline at r = 0, decreasing in
strength and moving towards larger r-values, as the sampling points are moved downstream
of the inlet. The peak velocity magnitudes, especially observed at z = −0.24Lc, are at-
tributed to the tangential velocity component of the swirling inlet jet. The swirling motion
is susceptible to vortex breakdown, significantly reducing peak velocities further downstream.
The core of the swirling motion is located in the center of the domain with a low velocity
magnitude, when averaging over time.
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Figure 7.1: (a) Single-phase velocity magnitude profiles along horizontal lines located at
z = −0.24, −0.48, −0.72Lc in accordance with (b), in which the location of an additional
vertical line and four probe points used for flow field evaluation are visualized. (a) is obtained
using a time-step of ∆t = 5.0 × 10−4 s.

Despite attempts to reduce computational costs, the required time for obtaining proper
representation of the average flow field is significantly increased, compared to the steady-
state baseline model, as sampling has to be conducted over a long time frame to capture the
large scale transient motions of the flow field. Snapshots of the flow field at three distinctive
points in time are visualized in Figure 7.2 using Line Integral Convolutions (LIC), indicating
the large span in temporal and spatial scales of the flow. The swirling motion and vortex
breakdown of the jet creates two legs of the jet, rotating and twisting around each other.
Concurrently, the entire jet is subjected to a precession motion in the drying chamber in the
direction of the swirling component. The precession of the jet is of low frequency, taking
several seconds to complete a period. The smallest, dominating scales of the flow are found
within the vortex core, where a series of vertically aligned vortices are located, rotating at a
high frequency, confer Figure 7.2.

Since the obtained flow field for the transient solution is sensitive to the chosen time-step
∆t, a time-step convergence study is performed to ensure proper time-scale resolution of the
flow. Five inner iterations between each step in time are used to obtain convergence in the
flow field.

Comparing the average single-phase flow field solution obtained for different time-steps
in Figure 7.3, a clear difference is observed in the wake of the rotary atomizer. Oscillations
in the time averaged solution are found along the centerline, close to the rotary atomizer
screw (z ≈ −0.05Lz) and in the region of the vortex breakdown (z ≈ −0.35Lc). Outside
of these regions, good agreement is found between the solutions along the centerline and
the horizontal line at z = −0.24Lc. The large time-step of ∆t = 5.0 × 10−3 is found to
truncate the solution, cutting off frequencies above 200 Hz. Decreasing the time-step allows
for capturing of the high frequent flow structures, related to high velocity fluctuations at
the centerline of the drying chamber. The peak in the velocity magnitude near the wake of
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the rotary atomizer is captured when decreasing the time-step to below ∆t = 5.0 × 10−4 s,
for which a time-step independent solution is found.

Using the transient solution obtained at ∆t = 5.0×10−4 s, the performance of the steady-
state solver relative to the unsteady one can readily by evaluated. The time averaged velocity
magnitude profiles of the transient simulation are compared to the iteration averaged steady-
state flow field in Figure 7.4. Acceptable agreement is found along the horizontal line at
z = −0.24Lc, differing at radial distances from the centerline above ∼ |0.25Rc|. Along
the centerline the iteration averaged steady-state solution elides some of the flow behavior
captured by the transient solver in the wake of the rotary atomizer and downstream of
the vortex breakdown, where a cluster of recirculation zones appear. Despite a detectable
difference in the two flow fields and the inherently transient behavior of the swirling central
jet, the steady-state solution performs rather well, on average.
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Figure 7.2: Snapshots of the LIC flow field on vertical centerline and horizontal z = −0.24Lc

plane at t = 18, 22.3, and 25 s, respectively, obtained with a time-step of ∆t = 5.0 × 10−4s.
Velocity magnitude signals at the four probe point locations of Figure 7.1b are plotted as
function of time.
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(a) (b)
Figure 7.3: Velocity magnitude profiles plotted along (a) horizontal line located at z =
−0.24Lc and (b) vertical centerline at r = 0 for varying time-step sizes of the implicit
transient solver.

(a) (b)
Figure 7.4: Velocity magnitude profiles plotted along (a) horizontal line located at z =
−0.24Lc and (b) vertical centerline at r = 0 obtained from steady- and unsteady-state
solver.
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7.2 Single-phase air pumping in hot flow

The air pumping effect of the rotating vaned atomizer installed in the PM pilot plant spray
dryer can be accounted for in the CFD model using several approaches offered in STAR-
CCM+ (Software Siemens PLM, 2018). Modeling of rotating objects is mostly done using
moving reference frames (MRF), sliding interfaces, or rigid body motions (RBM). The MRF
approach can be adopted in both steady- and unsteady-state simulations by translating
and/or rotating a local coordinate system with respect to the inertial one, while keeping
the mesh stationary. In terms of the Lagrangian phase, the MRF introduces a body force
acting on the computational particle. The force is dependent on the local speed of the MRF,
altering the two-way coupling source terms and particle trajectories in the entire domain
(Software Siemens PLM, 2018, p. 7368). Hence, the MRF approach can not readily be
adopted for Euler-Lagrange simulations in STAR-CCM+.

The use of sliding interfaces requires an interface to be defined in the vicinity of the rotary
atomizer, often in the shape of a cylinder, inside which the fluid is rotating. In turn, this
can introduce non-physical flow behavior in the vicinity of the sliding interface. Depending
on the application, such behavior is often negligible. For the present case, non-physical
flow behavior near the injection of droplets could potentially alter their trajectories and
counteract the attempt to improve upon the modeling accuracy.

By resorting to the RBM approach, non-physical behavior of the flow field and droplet
trajectories are avoided by rotating the entire volume mesh in temporally discretized steps.

The following sections elaborate on the incorporation of RBM in the unsteady-state spray
dryer setup of Section 7.1, including appertaining convergence studies and results.

7.2.1 Geometry and boundary conditions

The RBM approach requires an axi-symmetric domain to ensure that fluid is not accelerated
unevenly by centrifugal forces. The axi-symmetric chamber geometry of Figure 7.5 is adopted
for the transient RBM simulations in order to account for the effect of the rotating atomizer
on the flow field. Different axi-symmetric chamber geometries were tested to ensure that
the flow field resembles that of the original geometry with a bent outlet piping to as large
extent as possible. The results of the study are included in Appendix D.

Based on the results, an axi-symmetric geometry with a straight Ø98 mm outlet piping is
chosen. To reduce potentially increasing swirl conditions within the straight outlet piping,
a vortex stabilizer is introduced into the straight pipe. The vortex stabilizer is simply an
Ø49 mm flat disc with a thickness of 5 mm, placed in the geometric center of the outlet pipe.
The vortex stabilizer is similar to that of Derksen (2003), used in the vortex finder of a
cyclone.

The internal geometry of the rotary atomizer is included in the fluid domain, with the 24
vanes and the clearance gap between the moving and stationary parts enabling air pumping
during rotation. The height and width of the vanes are 8 mm and 5.5 mm, respectively.
Isometric exploded representation of the 120 mm-diameter atomizer wheel of the PM spray
dryer is shown in Figure 7.5. A rotating spindle constitutes the mechanical link between
the stationary part, marked in gray, and the rotating part, enclosed by the yellow colored
surface. As the flow of liquid feed into the atomizer is not modeled, the feed piping is not
included in the geometry. Additional information on the exact atomizer design and measures
is enclosed in Appendix C.



7.2 Single-phase air pumping in hot flow 79

Figure 7.5: Illustration of axi-symmetric geometry used for CFD simulation of rotating
atomizer. An enlarged, exploded view of the rotating (yellow) part of the atomizer offset
from the its stationary (gray) mount is depicted on the right. Vortex stabilizer inserted in
outlet piping is depicted in black on the left.

A few modifications are made to the boundary conditions of Section 7.1 in order to
accommodate the RBM. All gray walls of Figure 7.5 are imposed with a no-slip condition
in the inertial reference frame, while the rotating part of the atomizer is imposed with a
no-slip condition in the rotating reference frame following the movement of the grid.

At a rotating speed of 15 200 rpm the wheel tip velocity approaches 96 m/s corresponding
to a Mach number of Ma ≈ 0.22 at an elevated temperature equal to that of the hot drying
air, and Ma ≈ 0.28 at ambient temperatures. As these Mach numbers approach the limit of
the incompressible flow assumption at Ma ≈ 0.3 (Kundu et al., 2015, p. 821), the segregated
compressible flow solver of STAR-CCM+ is adopted. Thus, density is treated as a function
of both pressure and temperature, rather than just an equation of state in temperature.

7.2.2 Convergence studies

The internal geometry of the atomizer requires additional mesh cells for resolving the inter-
nal flow, while the RBM requires smaller time-steps than the ones adopted in Section 7.1
to properly resolve the flow field and ensure numerical stability. The effect of adopting
varying mesh and time-step sizes on the flow field in the unsteady-state RBM simulation
with rotating atomizer is investigated to ensure reliable results for further analysis.

Using a mesh of 4.0 × 106 volume cells to resolve the flow in the drying chamber, of
which 2.1 × 106 are concentrated within and in the vicinity of the rotary atomizer, the
time-step convergence analysis is carried out at steps ranging from ∆t = 1.0 × 10−5 s to
∆t = 3.5 × 10−5 s using the 2nd order implicit Euler scheme. At 15 200 rpm, the selected
range of time-steps corresponds to an angle of atomizer rotation ∆θ = 0.9◦ − 3.2◦ during
each time-step.

As the time-step is an order of magnitude lower than that of the unsteady-state simula-
tions conducted under stationary atomizer conditions, computational times are prolonged
correspondingly. To reduce computational time, a steady-state solution with a MRF is
obtained prior to transient solving. Once this condition is reached, the transient solver
is switched on with a 1st order accurate temporal discretization scheme at a time-step of
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∆t = 5.0 × 10−5 s to achieve a transient flow field. Once a rough convergence in the velocity
field is achieved, the temporal scheme is switched to 2nd order and the time-step is reduced
to the desired one. Time averaging of field properties is based on the last 0.25 s, correspond-
ing to 63 atomizer rotations, of the converged 2nd order flow field. A total of 2.0 seconds
are simulated.

Results of this method are presented in Figures 7.6-7.7. Figure 7.6 compares time av-
eraged radial velocities in a horizontal plane coinciding with the origin (Figure 7.6a) and
25 mm below that level (Figure 7.6b), confer Figure 7.8a. Velocity profiles from the tip of
the wheel and outwards are shown for varying time-steps. The peak in the radial velocity
is located on the outside of the atomizer, increasing in magnitude when moving from the
center of the vanes to 25 mm below it. Consistency in the velocity profiles are seen at both
locations at ∆t < 1.5 × 10−5s, while larger time-steps appear to yield deviating solutions
with increasing distance from the wheel tip.

Figure 7.7a plots isocontours of radial velocity magnitude of ur = 7, 5, and 4 m/s as
function of axial and radial location on a vertical centerline plane through the geometric
center of the fluid domain at θ = 0, confer Figure 7.8b. Axial and radial coordinates are
normalized by the chamber lenght Lc and the chamber radius Rc, respectively. The isocon-
tours are plotted for each value of the contour for varying time-step sizes. As the value of
the isocontour is decreased, a larger contour surface is observed. Significant differences in
the air pumping induced jets are observed, with large time-steps yielding less pronounced
jets. With increasing time-step, the Courant number increases, causing instabilities in the
numerical solution. Hence, when using time-steps larger than ∆t = 1.5×10−5 s non-physical
flow fields are experienced with respect to e.g. the mass flow rate through the vanes, oscil-
lating a high amplitudes, as seen from Table 7.1. Convergence in the flow fields are observed
for ∆t < 1.5 × 10−5 for the 2nd order implicit Euler discretization scheme.

Using the 1st order temporal discretization scheme, higher time-steps can be adopted
while maintaining a numerically stable solution. As it is only 1st order accurate, additional
discretization steps are required to obtain the same solution accuracy as the 2nd order
scheme. This is demonstrated in Figure 7.7b, where the radial velocity planar isocontour
of ur = 4 m/s is plotted for the solution obtained using the 2nd order scheme at ∆t =
1.0 × 10−5 s and compared to 1st order solutions for varying time-steps. A converging
tendency towards the 2nd order solution is observed for decreasing time-steps of the 1st
order scheme. Even so, it is apparent that significantly lower time-steps than the ones
tested here are required to achieve a time-step independent solution using the 1st order
implicit Euler scheme. Hence, the 2nd order accurate discretization with a time step of
∆t = 1.0 × 10−5 s is adopted for subsequent simulations with the RBM approach.

A similar convergence analysis was conducted for three different mesh sizes of 3.4, 4.0,

and 4.9 × 106 mesh cells, using a time-step of ∆t = 1.5 × 10−5s. Profiles equivalent to
those of Figures 7.6-7.7 are included in Appendix E. Only the mesh containing fewest
cells provided slightly different velocity profiles compared to the larger meshes. The mesh
containing 4.0 × 106 cells, adopted in the time-step convergence study, ensured sufficiently
accurate results. The mesh is visualized in Figure 7.8.
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(a) (b)

Figure 7.6: Time averaged radial velocity components plotted on horizontal lines located
at (a) z = 0 and (b) z = −0.015Lc = −0.025 m for various 2nd order time-steps.

(a) (b)

Figure 7.7: Isocontours based on radial velocity components of jet induced by air pumping.
Sampling is conducted from time averaged flow fields at a vertical plane through the origin
at θ = 0. (a) shows the time step dependence for 2nd order Euler scheme and (b) compares
1st to 2nd order approach for ur = 4 m/s.

Table 7.1: Solver and solution characteristics for time-step convergence study of RBM
atomizer CFD setup. ±-sign indicates the double standard deviation.

2nd order
∆t

(
×10−5)

[s] 3.5 2.5 1.5 1.0
∆θ [◦] 3.2 2.3 1.4 0.9
max. Co [−] 353.9 253.7 151.3 101.8
ṁvanes [kg/h] 17.82 ± 0.53 17.81 ± 0.082 17.79 ± 0.031 17.79 ± 0.034
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Figure 7.8: Volume mesh of internal and near atomizer fluid domain, visualized on a (a)
vertical plane (θ = 0) and a (b) horizontal plane through the geometric center of the atomizer.
Locations of probe points and excerpt of planes for evaluation of flow fields are indicated.

7.2.3 Results

The following section entails in-depth results on effects of atomizer rotation on the single-
phase flow field at an operating speed of n = 15 200 rpm. Based on the convergence studies,
presented results are obtained for a time-step of ∆t = 1.0×10−5 s and a mesh size of 4.0×106

cells, by using the RBM simulation approach.
Time averaged velocity magnitude field is plotted in Figure 7.9a on a vertical centerline

plane. Similarly, a LIC flow field for the instantaneous solution after 2.0 s of simulation
time is shown in Figure 7.9b. The obtained flow field is significantly different from the
previously observed ones, in comparison with both the steady-state particle-laden flows and
the unsteady-state single-phase flows. As opposed to the previously observed central jet
stretching vertically downward into the domain, the air pumping effect deflects the fluid
momentum of the central jet radially outwards, forming a downward angled jet in the shape
of a dome extending from the periphery of the wheel. The central jet is completely disrupted
by the air ejected from the rotary atomizer. Hence, fluctuations downstream of the rotary
atomizer are diminished and replaced by two larger counter-rotating vortices, provoking
upward fluid motion beneath the atomizer, as seen from Figure 7.9b. On the upper side of
the air pumping induced jet, two larger counter-rotating vortices are observed on the vertical
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plane. In reality, the two sets of counter-rotating vortices are two separate vortex toruses
in three-dimensional space. The difference in the mean and instantaneous velocity fields
of Figure 7.9a-b, respectively, is almost non-existent, indicating that introducing rotating
motion of the atomizer drastically increases the stability of the flow field with time. This is
substantiated in Figure 7.10a where velocity magnitude signals at different probing locations
are plotted as function of simulation time. The velocity magnitude signals reach steady
plateaus after ∼ 1.5 s, depending on the probe point locations. The previously outlined
simulation procedure is illustrated in Figure 7.10a, changing from a 1st order solution at
a large time-step ∆t1 to a 2nd order solution with a smaller time-step of ∆t2, followed by
∆t3 prior to time averaging of field properties ϕ. For ∆t3 = 1.0 × 10−5 s, simulation time
amounts to ∼ 20 days on four nodes containing two sets of Xeon E5-2670 8-core CPU’s, each
running at 2.60 GHz.

The behavior of the air pumping induced jet is quantified in Figure 7.10b at horizontal
planes vertically offset from the origin. Time averaged radial velocity profiles are plotted
from the wheel tip to 60% of the chamber radius. As the jet is forced downwards by the
entering hot drying air, peak in the radial velocity is observed at a horizontal line located at
z = −0.0024Lc, aligned with the bottom of the vanes. Spreading of the jet with increasing
downstream and radial location is observed, reducing the peak velocities.

Figure 7.11a shows the time averaged tangential velocity field. As the air pumping in-
duced jet is rotating opposite to the swirling component of the inlet air jet, the tangential
velocity field in the vertical centerline plane enables clear distinction between the two sepa-
rate jets. Tangential fluid velocities up to 111 m/s are found within the vanes, close to the
periphery of the atomizer. Consequently, large tangential velocity magnitudes relative to
the swirling component of the inlet drying air are observed within the air pumping induced
jet. Smoothing of the velocity field across computational mesh cells has been performed to
enhance the flow field characteristics.

Flow field colored by in-plane velocity magnitude (no tangential flow component) is shown
in Figure 7.11b using the LIC visualization technique. Radial jet velocities up to 12.8 m/s
are observed near the edge of the atomizer in the θ = 0 plane (confer Figure 7.8b) through
the center of a vane. Due to the rotation of the atomizer and the created recirculation
zones in the wake of the atomizer, the upward flow of air is led along the underside of the
atomizer and accelerated radially outward, as the tangential velocity increases with radial
position. Peak radial velocities approaching 12 m/s are observed near the tip of the atomizer
underside.

Swirling flow behavior is observed within the cavities of the rotary atomizer, as air is
drawn from the inlet drying air, circulated through the clearance gap and the vanes, and
ejected at increased velocity due to the rotation of the atomizer. The mass flow rate through
the vanes ṁvanes is monitored using a surface concentric with the vertical edge of the
atomizer, located just within the vanes. The mass flow rate through the vanes reported
in Table 7.1 for ∆t = 1.0 × 10−5 s, corresponds to 5.1% of the mass flow rate through the
inlet face. The radial velocity component parallel to the vanes is the only contributing
component to the mass flow rate.

The distribution of radial velocity in horizontal planes through the origin (middle of the
vane) and 0.5 mm from the upper and lower vane walls is shown in Figure 7.12. A topview
is adopted, hence wheel rotation is counter-clock wise. Only a fraction of the domain from
r/Rc = 0 − 0.125 is considered. Flow behavior within vanes at the same horizontal level
is highly similar, producing a symmetrical flow field in the horizontal plane. Although
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(a) (b)

Figure 7.9: Visualization of spray dryer flow field during RBM of atomizer at ∆t = 1.0 ×
10−5 s for a mesh of 4.0 × 106 cells. (a) shows time averaged field colored by velocity
magnitude and (b) shows the instantaneous velocity field using an in-plane LIC colored by
velocity magnitude.

truncated at ur = 25 m/s, radial velocities up to 40.1 m/s are observed near the bottom
of the vanes. Lowest radial velocities are observed in the center of the vanes. Changes in
radial flow direction and magnitude within the inner annuluses are due to the recirculating
flow behavior observed in Figure 7.11b. Large separation zones are observed within the
vanes with air flowing in opposite directions along the vertical walls making up the sides of
a single vane. Due to the Coriolis force, fluid is forced towards the trailing wall of each vane
during rotation, while the centrifugal force drives the fluid towards the tip of the atomizer.
Consequently, high radial velocities are observed along the trailing wall of each vane, as air
of low tangential velocity in the inner part of the atomizer is sheared into the vanes by the
rotating part of the atomizer. At the wheel tip, the air is imparted with the peripheral
velocity of the atomizer, producing the jet of radial and tangential velocity components.
Figure 7.12 reveals separation zones on the outside of the atomizer wheel, most pronounced
close to the upper and lower part of the vanes. Despite significant variations in the radial
flow field of Figure 7.12, penetration of radial jets is confined to the region in the vicinity
of the wheel tip. Hence, a uniform flow field is observed outside of the wheel tip separation
zones, resulting in an air pumping induced jet similar to that of Figure 7.11b around the
entire atomizer.
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(a) (b)

Figure 7.10: (a) shows velocity magnitude signals recorded in time during simulation at
probes points of Figure 7.1a and Figure 7.8a. (b) shows time averaged radial velocity hori-
zontal profiles at various locations, Figure 7.8b.

(a) (b)

Figure 7.11: Enlarged view of (a) time averaged tangential velocity field and (b) instanta-
neous in-plane LIC velocity field plotted on vertical centerline plane at θ = 0.
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(a) (b)

(c)

Figure 7.12: Visualization of time averaged radial velocity within and in the vicinity of the
rotary atomizer. Plotted on horizontal planes through (a) upper, (b) middle (z = 0), and
(c) lower part of the vanes.
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7.3 Single-phase air pumping in cold flow

Simulation of single- and multiphase flows field within the spray dryer in ambient condi-
tions allows for comparison of spray patterns obtained in the primary experiments with the
transient CFD model predictions. A setup similar to that of the previous section is used to
simulate the single-phase flow in cold case, using the boundary conditions of the primary
experiment.

To reduce the immense computational requirements and time for conducting simulations
of the full chamber domain using the RBM method, a segmented domain is adopted to
capture only the flow in the near-field of the atomizer. The segmented domain, covering a
45◦ angle of the full domain and entailing 3 vanes, is shown in Figure 7.13. The height of
the segmented domain corresponds to 18.6% of the full chamber length Lc, while the wedge
stretches to 66.6% of the chamber radius Rc. The segmented domain is discretized by using
0.9 × 106 polyhedral and prism layer cells, four times fewer than those used for the full case.
Additional cells are used to refine the area close to the sharp edge of the wedge for numerical
stability, and in the jet vicinity.

Boundary conditions as defined in Figure 7.13 are imposed on the wedge domain. The
lower side of the domain is imposed with a zero gauge pressure. Ceiling, atomizer, and the
restricted cylinder wall are imposed with a no-slip condition in the stationary reference frame.
The two vertical faces of the wedge are imposed with a periodic boundary condition, linking
the two using an interphase rotating at the speed of the RBM. The interphase allows for cyclic
repetition of information across the two spatially separated faces, such that fluxes of field
properties crossing one of the boundaries are applied to the other (Software Siemens PLM,
2018, p. 1582). The inlet face is applied with a temperature of 296 K at an axial velocity
yielding a mass flow rate of 438 kg/h, corresponding to that of the primary experiments.
To compare with the spray patterns of the primary experiments at both convective and
quiescent air flow conditions, an additional simulation is carried out without air flow applied
to the inlet face. In this case, a zero gauge pressure is applied to the inlet face.

Flow fields of the two cases are compared in Figure 7.14 after 0.9 s of simulation time.
For the quiescent condition visualized in Figure 7.14a, an upward pointing air pumping jet
is observed, forcing the air towards the ceiling and down along the restricted cylinder wall.
Air is entrained into the jet from both the lower face of the wedge and the inlet face of the
chamber. A recirculation zone is produced between the ceiling and the atomizer due to the
upward flow of air. The recirculation zone is shifted away from the atomizer as flow of cold
inlet air is imposed on the inlet face.

Maximum radial and tangential velocities in the vicinity of the atomizer are found to be
approximately the same as for the hot flow case, with the ambient temperature resulting
in a lower speed of sound compared to the one of elevated temperatures. Consequently, a
maximum Mach number of 0.33 is reported.

The restricted cylinder wall affects the location and extent of the upper recirculation zone,
altering the air pumping induced jet. This is underlined in Figure 7.15, where the radial
velocity contours of the jet produced by air pumping are compared for the hot and cold flow
case, with the latter resulting from the segmented fluid domain. The air pumping effect is
found to be slightly higher in the cold flow case, constituting 6.2% of the inlet air mass flow
rate compared to 5.1% for the hot flow case. This produces a more horizontally aligned air
pumping induced jet, contributing to the result of Figure 7.15, although the main cause is
suspected to be the domain size restriction.
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The following section introduces particles to the developed flow fields of both hot and
cold, quiescent and convective conditions.

No-slip
wall

Velocity inlet

Pressure
outlet

Periodic 
boundaries

Figure 7.13: Illustration of geometry and corresponding boundary conditions in simulating
air pumping effects in convective cold flow conditions.

(a) (b)

Figure 7.14: Instantaneous in-plane LIC flow field of air pumping induced jet in (a) quiescent
and (b) convective cold flow conditions.
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Figure 7.15: Isocontours based on radial velocity components of jet induced by air pumping,
showing effects of domain size and temperature of inlet air flow. Sampling is conducted from
time averaged flow field at a vertical plane through the origin at θ = 0.

7.4 Multiphase air pumping

For evaluating the effect of the rotating atomizer on produced spray patterns and particle
trajectories, droplets of 25wt% solid content are seeded to the transient flow field obtained
for a stationary (Figure 7.2) and rotating (Figure 7.9) atomizer using the unsteady-state
Euler-Lagrange approach. For the rotating atomizer case, a time-step of ∆t = 1.0 × 10−5 s
is used, seeding droplets every 50th time-step. For the stationary atomizer case, where the
internal geometry is not modeled, a time-step of ∆t = 2.5 × 10−4 s is adopted. In this case
droplets are injected every 10th time-step. Injection is made using a hollow cone injector of
180◦ inner and outer angle with 200 and 150 equally distributed points of injection (parcel
streams) for the stationary and rotating atomizer case, respectively. Consequently, a flow
rate of 8.0×104 parcels/s and 30.0×104 parcels/s is produced for the stationary and moving
mesh case, respectively, to account for the difference in time-step. Fewer parcel streams
are needed in transient simulations, as injected droplet sizes are resampled during each
Lagrangian update, contrary to the steady-state approach for which sampling of sizes is done
only during the first injection. Boundary and initial conditions are equal to those adopted
in the baseline model at the first operating condition using adiabatic wall specifications.

Particle trajectories during atomizer rotation are solved for during a simulation time
of 0.29 s, while the stationary case is simulated for a significantly longer period of 10.8 s.
The latter case, being the most time developed of the two, produces 37.6 × 104 parcels
residing within the domain after 10.8 s of particle solving. Consequently, neither of the
two simulations have reached steady-state conditions with respect to mass flow of particles
through the domain boundaries. The lack of such convergence is due to the increased
computational costs, as particles require tracking each time-step. Hence, results of the two
transient simulation cases presented in Figures 7.16-7.17 at elevated temperatures should be
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(a) (b)

Figure 7.16: Results of transient CFD simulations in hot flow case, (a) neglecting and (b)
accounting for atomizer rotation. Time averaged flow fields colored by velocity magnitude
and average droplet trajectories for Dd = 20, 40, 60, and 80 µm are plotted for
each case.

interpreted with this in mind.
Figure 7.16a-b shows time averaged particle-laden flow field plotted alongside averaged

particle trajectories for characteristic particle diameters of the stationary and RBM atomizer
cases. Average particle trajectories are obtained by exporting information on each computa-
tional particle in the domain at each time point of injection, allowing for a complete mapping
of the parcel locations in the dryer as function of time. Injected droplets fulfilling specific size
ranges are grouped and tracked through the domain using information on parcel locations,
sizes, velocities, temperatures etc., stored in data files of each time step. At each update, an
averaged set of particle properties for the selected group of particles is determined, yielding
spatially averaged particle trajectories. Tracking groups of particles fulfilling the same size
criterion, injected at different times, allows for particle tracks to also be averaged in time,
providing the spatially and temporally averaged trajectories of Figure 7.16. Plotted trajecto-
ries are based only on residence time up to 0.15 s, for comparison of the two cases. A close-up
view of the temporally averaged trajectories of droplet groups fulfilling the initial size criteria
are showed in Figure 7.17. For the sake of convenience, only four distinctive initial droplet
sizes Dd of 20, 40, 60, and 80 µm with bounds of ±0.25 µm are presented. Figure 7.16a and
Figure 7.17a display the previously found effect of smaller sized particles, here represented
by a 20 µm droplet, being entrained in the hot central air jet and convected towards the
conical chamber part. Larger particles of higher momentum are able to maintain a more
horizontal trajectory through the inlet jet. By adding the rotating effect of the atomizer to
the flow field, the vertical air jet is disrupted and the smaller and more easily entrained par-
ticles are convected along the angled air pumping induced jet. The effect on larger droplets
is rather insignificant. Breakup in droplet trajectories, as observed from Figure 7.17, is due
to entrainment in the swirling chamber flow normal to the viewing plane, hence projected
as a dispersion of the droplets once they have lost most of their initial momentum.
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(a) (b)

Figure 7.17: Enlarged version of (a) Figure 7.16a and (b) Figure 7.16b showing the av-
erage particle trajectories for Dd = 20, 40, 60, and 80 µm based on tracks of
individual droplets fulfilling the initial size criteria.

Based on the developed flow field for the cold flow in the segmented domain, direct
comparison with the spray patterns observed from the primary experiments can be made.
Simulations are carried out for both quiescent and convective inlet air conditions at n =
15 200 rpm and ṁf = 1.52 kg/h of liquid water droplets, corresponding to an eighth of the
feed flow rate used in the experiments. Every 25th time-step 30 parcels are seeded at 10
injection points located at a radial distance of 1 mm from the atomizer edge. Hence, a flow
rate of 6.0×104 parcels/s is obtained, corresponding to 48.0×104 parcels/s for a full domain.

Predicted cold flow spray patterns are visualized in Figure 7.18. To allow for direct
comparison with the time averaged spray patterns of the primary experiments, flow direction
of the droplets is flipped relative to the flow fields depicted in Figure 7.14. A 4 mm thin
vertical section is inserted through the centerline of the segmented domain for displaying
of droplets. Droplets are colored by their velocity magnitude using a color range truncated
at 30 m/s to indicate the large decelerative effects in the vicinity of the atomizer. Droplets
quickly obtain a low velocity making it a tedious task to track them to the escape boundaries.
Even the use of the segmented domain and a tracking time of 1.46 s does not yield convergence
in mass flow rate of droplets through the domain boundaries.

The overall behavior the spray patterns found from primary experiments in quiescent and
convective inlet air flow conditions are captured well with the transient RBM CFD model,
despite the previously mentioned undesired effects of the segmented domain. In the quiescent
flow condition, the upward deflection of particles is slightly underpredicted using the CFD
model, while the main bulk of droplets neatly follow the experimental spray pattern.

For the convective flow case, the downward angle of the spray is captured with the
numerical setup, although less concentration of droplets is observed in the lower part of the
experimental spray pattern.
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(a) (b)

Figure 7.18: Time averaged spray patterns of primary experiments for (a) quiescent and
(b) convective air conditions during rotation at 15 200 rpm compared with numerically de-
termined spray pattern.

7.5 Improvements to baseline model

Results of particle-laden transient simulations presented in the previous section are confined
to a more qualitative evaluation, as parcel tracking over long sampling periods are required to
obtain results of statistical independence. Thus, tracking of DPM particles in unsteady-state
conditions is not a viable solution in the industry, generally dealing with short term projects.
Instead, suggestions for incorporating the effects observed from the primary experiments
and the extended transient simulations are made to improve the accuracy of the baseline
model with respect to particle trajectories and wall deposition predictions.

Woo et al. (2012) and Woo (2017) have proposed to account for atomizer rotation by
applying a local slip velocity tangential to the surface of the atomizer without modeling the
inner geometry. Very limited changes to the flow field are observed using this approach, as
the influence on the near-field by the atomizer is obtained only through viscous fluid effects.
As indicated by previous simulations, the main effect on the flow follows from translation of
air radially outwards along the vanes, and imparting it with a high tangential velocity upon
shearing at the wheel tip. Neglecting rotation and internal geometry of the atomizer, such
effect can be resembled by defining a surface on which air is added to the fluid domain with
a radial and tangential velocity component. The latter should correspond to that of the
peripheral wheel speed and the former can be defined to yield the mass flow rate of the air
pumping effect. Figure 7.19 illustrates the location of such velocity inlet face in the shape
of a rim (marked in orange). The height of the inlet rim face is set equal to that of the vane
height.

To satisfy the overall mass balance of the spray dryer, the flow of air into the domain by the
radial surface velocity should be extracted elsewhere in the domain. This can conveniently
be done by defining an outlet rim face placed at the location of the inlet to the clearance
gap, illustrated in Figure 7.19 (marked in light blue). The underside of the atomizer, not
including the the spindle screw, is imposed with a rotating no-slip wall condition.

Simulations are conducted with the setup and procedure of the baseline modeling for
the first operating condition using the non-adiabatic wall thermal specification. Averaged
velocity magnitude and temperature particle-laden fields of the baseline and the modified
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Figure 7.19: Suggested boundary conditions on atomizer for improving flow of steady-state
simulation approach.

model are provided in Figures 7.20-7.21. Pronounced differences in the flow fields of the
two cases are observed, as the modified atomizer boundary conditions yield qualitatively the
same flow field in upper part of the chamber as predicted by the transient simulation, confer
Figure 7.9. Differences in the transient and modified steady-state solutions are observed in
terms of the air pumping jet shape and the flow field in the lower part of the chamber.

The temperature distribution within the chamber is affected by the modified inflow con-
ditions, yielding a more uniform field of high temperatures, compared to the baseline model.
A high temperature region is observed downstream of the atomizer, encapsulated by the
artificially induced air pumping jet. The chamber outlet temperature is reduced by a few
degrees when using the modified boundary conditions.

Instantaneous particle trajectories at residence time less than 0.1 s are plotted in the
Figure 7.22a-b for comparison of the two cases. As in the transient RBM simulations, the
flow of small sized particles in vertical direction with the central jet does not occur in the
modified case. Instead, particles are convected with the artificial air pumping jet towards
the cylinder and ceiling. The change in particle trajectories is reflected in average mass
flow rate of particles escaping through the boundaries, depicted in Figure 7.22c for the two
cases. Increase in escaped mass flow rate through the ceiling and cylinder is recorded for the
modified case with significantly less mass flow of solid and liquid particle content through
the conical chamber part. On the cylindrical face, the mass flow of particles is increased
by a factor of four when adopting the suggestion for improved modeling. The averaged
solid fraction of particles escaping on the cylinder corresponds to approximately 81% of
the particle mass, bringing it to ṁs,cyl = 1.67 kg/h, thus several times higher than the one
predicted by the non-adiabatic baseline model at ṁs,cyl = 0.41 kg/h with an average solid
fraction of 88%.

To further improve spray pattern prediction to resemble that of the primary experiment
and transient RBM simulations, additional attempts to improve the method of droplet seed-
ing were tested. Specifically, injection points distributed over a rim covering the entire
height of the vanes were tested, resulting in little or no detectable effect.
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(a) (b)

Figure 7.20: Averaged velocity magnitude field of (a) baseline model and (b) suggested
modeling approach. Results are obtained for the first operating condition (at 15 200 rpm)
with 1.8 × 106 cells and 800 parcels.

(a) (b)

Figure 7.21: Averaged temperature field of (a) baseline model and (b) suggested modeling
approach. Results are obtained for the first operating condition (at 15 200 rpm) with 1.8×106

cells and 800 parcels.
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(a) (b)

(c)

Figure 7.22: Instantaneous particle tracks for residence time up to 0.1 s as predicted by the
(a) baseline model and the (b) modified baseline model at 15 200 rpm. (c) depicts averaged
escaped particle mass flow of liquid and solid content on each boundary, normalized by inlet
feed flow rate for baseline (left stacks) and modified (right stacks) model.
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7.6 Discussion
Investigations of transient effects within the spray drying chamber have been conducted for
both stationary and rotating atomizer conditions.

From the stationary unsteady-state simulations of the PM spray dryer vortex break-
down of the swirling inlet air jet was found in single-phase conditions, not observed during
steady-state particle-laden simulations. Single-phase solutions of steady- and unsteady-state
simulations were compared, suggesting that the steady-state approach performs rather well
on average, considering the vast difference in simulation time.

As reported by Woo (2017), rotation of the atomizer is found to stabilize the highly
fluctuating flow field found when only simulating the central inlet jet. Simulations with
rotating atomizer was conducted for significantly less physical time than the corresponding
stationary atomizer simulations. Hence, potential large-scale temporal variations in the flow
field during atomizer rotation are not captured. Still, the stabilizing trend of Figure 7.10a
is expected to continue with increased simulation time.

Rotation of the atomizer produces circulation of air within its internal geometry resulting
in high tangential and radial air velocities at the tip of the wheel. Despite tangential fluid
velocities reaching up to 111 m/s near the atomizer tip, resulting in Mach numbers of up to
Ma = 0.33, no effects of air compressibility were encountered.

The air pumping effect of the atomizer was found to be 5.1% of the mass flow rate of hot air
through the inlet face. A higher ratio of 6.2% was found for the segmented cold flow domain.
The difference is mostly attributed to the domain size restriction, as the periodic boundary
conditions and the limited amount of resolved vanes will influence the flow field and averaged
mass flow estimation. Additionally, effects of temperature and air compressibility can have
an effect, although not directly observed from the results. The normalization of the air
pumping effect with respect to the inlet air mass flow rate is associated with the uncertainty
level related to the estimation of the mass flow rates from experiments. Langrish et al. (1992)
found higher air pumping effects (between 9 and 17%) for a similar sized atomizer operating
at higher speeds. The amount of air pumped by the atomizer per unit time is expected to
increase with increasing rotational speed, hence increasing the ratio of air pumped mass flow
rate to that of the central jet, although at a decreasing rate due to increased pressure drop.

As a result of the modified flow field, different particle trajectories and spray patterns
were observed upon modeling of the atomizer rotation. Behavior was found to be similar
for the hot and cold cases, with the cold flow cases of quiescent and convective air flow
conditions allowing for comparison of numerical spray pattern predictions with observed ones
of the primary experiments. Good agreement with quiescent and convective experimental
spray patterns was found in the cold flow setup, despite using a wedge segment of the full
chamber domain to reduce computational costs. As touched upon by (Woo, 2017, p. 24-
25) a segmentation of full chamber domain leads to restricted flow behavior in terms of
transient fluctuations and turbulent structures. Nevertheless, the flow field of the eighth
wedge segmented fluid domain is found to provide an acceptable average representation of
the actual flow field in the upper part of the domain, especially as the air pumping effect is
found to reduce vortex shedding in the wake of the atomizer.

Regardless of the attempts to reduce simulation times, particle-laden simulations were
restricted by the time frame of the project. Hence, steady-state conditions with respect to
both the Eulerian and Lagrangian phase were not achieved. The flow fields were found to
settle quickly, while thermal equilibrium in the Eulerian phase requires additional simulation
time to reach convergence. Results of the multiphase simulations in unsteady-state were
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obtained with a limited number of parcel injections to reduce computational costs. As in
the steady-state baseline model, convergence studies on the number of injected parcels and
the injection frequency should be conducted to ensure generally valid results, although such
study is of lower priority than achieving steady-state conditions in the boundary flux of
parcels.

The presented results of the transient Euler-Lagrange simulations should be viewed in
light of the uncertainties related to determining the boundary conditions, including feed flow
rates, inlet air mass flow rates, and uniformity of inlet air pattern, as previously touched
upon. This is especially the case when comparing experimental and numerical results. The
predicted flow field within the rotary atomizer was found to be highly symmetric due to the
uniform inlet plug flow of drying air and the neglected effects of supplied feed.

No attempts were made to model the pulsating flow of the feed produced by the variable
speed pump in the experiments, as lengthy simulation times would be required. Hence, some
artifacts of the pulsating behavior are prone to be incorporated in the time averaged spray
patterns of the experimental data, not accounted for in comparison with the numerically
predicted ones.

The suggested modifications to the boundary and inlet conditions of the baseline model
yield predictions in better agreement with those of the transient hot flow case. Significantly
higher particle escape rates in the upper part of the chamber are predicted by the modified
baseline model due to the altered particle trajectories. Where the baseline model underpre-
dicts the cylindrical wall deposition, the modified model greatly overpredicts it, comparing
with the estimated rate of the preliminary experiment. Generally, both models will tend to
overestimate the wall deposition on the cylindrical chamber wall due to the escape condition,
not considering stickiness of particles and their ability to deposit on the wall. Estimation
of the radial velocity component accounting for the air pumping effect of the atomizer in
steady-state conditions requires information on the size of the air pumping effect, as it will
depend on the size, geometry, and rotational speed of the atomizer. The ratio between
the inlet air and the air pumping flow rate is not expected to be constant during varying
atomizer sizes and geometries as well as chamber sizes and operating conditions. In addition,
a fixed temperature is imposed on the inlet rim face, not necessarily representative of the
true physics, presumably leading to higher drying rates on the seeded droplets compared to
actual conditions.
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Discussion and conclusions





CHAPTER 8
Discussion

A series of experimental and numerical investigations of the Production Minor pilot plant
spray dryer have been conducted in the attempt to map the overall behavior and specifically
particle trajectories caused by atomization and spray-air contact.

Quantitative data has been collected from the preliminary experiments in terms inlet and
outlet properties of flow and particles. The primary experiments allowed for a look into the
process of rotary atomization in cold flow conditions for varying operating conditions. The
purpose of the experimental part of the study was to not only provide a suitable basis for
validation and comparison of CFD simulations of the PM spray dyer, but also to provide a
better understanding of the atomization process for improved modeling.

As the operating conditions in terms of inlet mass flow rates of feed and drying air
were estimated from methods associated with a pronounced level of uncertainty, validation
and even proper comparison with numerical results proved to be a non-trivial task. As the
obtained boundary conditions were implemented in the CFD simulations, it must be stressed
that all presented results on the PM spray dryer should be considered with this in mind.

Ideally, validation of the CFD simulations should be based on quantitative flow field data
obtained within the spray dryer chamber. Such information is difficult to obtain. Some at-
tempts to perform measurements gathering flow field data, mostly in single-phase flow fields
of pilot plant spray dryers, have been reported in the literature. Nevertheless, comparison
with CFD predictions and such quantitative flow field data requires proper information on
the geometry and boundary conditions, which is rarely provided. Hence, main validation
of the numerical part of the study has been based on comparing predictions of the sim-
ulated outlet conditions to those obtained experimentally. Such foundation of validation
can be considered slightly fragile, as different flow field behaviors can lead to similar outlet
properties.

The results of the primary experiment performed in ambient conditions can not be directly
applied to elevated temperatures of operating conditions. As argued, evaporation effects
can be neglected to some extent due to the high initial droplet momentum, at least for
larger sized droplets. Regardless of the validity of this assumption, the experimental cold
flow spray patterns allowed for direct comparison with predictions of transient rotating
mesh simulations. As agreement between the two was observed, the basis of numerical
validation was extended from being limited to chamber outflow conditions to incorporating
qualitative flow field data. From this comparison, increased confidence in the flow fields
and droplet trajectories predicted by the same CFD model at elevated temperatures of pilot
plant operating conditions is obtained. Although yielding proper qualitative data, the setup
of the primary experiment was not able to provide data of sufficient quality to quantify on
droplet speeds, shapes, or sizes during atomization. Hence, all reported results of particle-
laden simulations were obtained using the same method of seeding Lagrangian, spherical
droplets based on a predefined size distribution.

Based on both numerical and experimental investigations, the atomizer rotation is found
to have a pronounced effect on the spray dryer flow field and particle trajectories. The air
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pumping effect was found to produce a horizontal jet from the atomizer vanes with a high
radial and tangential velocity. In combination with the inlet of drying air, either hot or cold,
a jet angled relative to horizontal was observed, stabilizing the otherwise highly fluctuating
central air jet. The amount of air pumped by the 120 mm-diameter vaned atomizer wheel
rotating at 15 200 rpm was found to be 5.1% and 6.2% of the drying air throughput at 459 K
and 296 K, respectively. The difference in the two values is most likely attributable to the
segmented wedge fluid domain used to obtain throughput values in the cold flow case.

The transient air pumping effect was considered crucial for the behavior and modeling
of the PM spray dryer. Several authors including Chegini et al. (2012) and Woo (2017)
have argued that the air pumping effect will be less relevant in large scale spray dryers for
which different chamber dimensions, drying air throughputs, feed flow rates and so on tend
to be different from those of the pilot plants, both absolutely and relatively speaking. Even
though the relative magnitude of the air pumping effect is likely to decrease with increasing
dryer size, the air flow pattern in the vicinity will be disturbed on all scales of equipment
size. Thus, it is important to account for the air pumping effect in CFD modeling of spray
dryers of different scales, as it is prone to impact droplet trajectories and patterns of product
wall deposition, with the prediction of the latter being crucial in estimations of final product
quality and risk of dust explosions.

Other investigations would also be highly relevant in terms of evaluating the accuracy of
some assumptions made, specifically with respect to the adopted droplet size distributions
and escape wall conditions. Such simulations would require additional and longer CFD
simulations, hence left to future studies.

As computational time is generally an issue in modeling of spray dryers including drying of
droplets and particles, the transient simulations incorporating rotation of the atomizer wheel
are not a viable approach for short term projects. The significantly less computationally
expensive steady-state approach of the baseline model was modified to artificially encompass
effects of transient air pumping. The suggested boundary condition modifications allowed
for improved modeling of the spray pattern, comparing with results from both the primary
experiments and the transient simulations. The downside to the proposed alteration is that
it requires information on the air pumping effect of the atomizer in operating condition
in order to estimate the radial velocity component to be imposed on the surface of the
atomizer. Such information can be troublesome to acquire for large scale dryers fitted with
rotary atomizers, in which case additional CFD simulations, analytical estimates, literature
reviews, or similar should be undertaken.



CHAPTER 9
Conclusion

The objective of the study was fourfold. Firstly, to experimentally determine overall process
parameters of a pilot plant spray dryer fitted with a rotary atomizer and to investigate the
produced spray pattern. Secondly, to develop a CFD setup based on operating conditions
of the experiments for baselining and validation purposes. Thirdly, to conduct a numeri-
cal investigation on relevant effects in relation to predicting droplet trajectories of rotary
atomization using CFD. Fourthly, to modify the baseline model using gathered data and
knowledge for improving prediction of particle trajectories and wall deposition pattern at
low computational costs.

The preliminary experiments were used as foundation for subsequent experiments and
CFD simulations under operating conditions of the Niro A/S Production Minor pilot plant
spray dryer. Results of the preliminary experiments were confined to data on overall process
parameters including inlet and outlet temperatures, humidities, and mass flow rates. Wall
deposition was found to be quite extensive for the selected operating conditions of the pilot
plant spray dryer, with the most of the product being deposited on the cylindrical wall of
the drying chamber.

Primary experiments were conducted to further investigate the spray drying pattern and
droplet trajectories in cold flow conditions using direct imaging. A hatch was designed
and constructed to provide sufficient optical access to the chamber. Experiments were
successfully carried out for various operating conditions to outline the effect of feed flow
rate, rotational speed, and inlet air on the produced spray pattern. Based on the qualitative
results of the experiments, only minor differences across selected operating parameters were
detected with the setup in question. An uneven distribution of feed was found along height
of the vanes clustering near the corners, presumably due to the liquid feed and air flow
distribution within the vanes and internal atomizer geometry. Inlet air was found to have
a pronounced effect on the spray pattern, although direct imaging revealed effects of either
initial droplet momentum or atomizer air pumping, preventing droplets of all sizes from
being convected in vertical downward direction by the central air jet.

Based on the geometry of the Production Minor spray dryer and boundary conditions of
the experiments, a CFD model was set up using a steady-state RANS approach with a k −ω

SST turbulence model in an Euler-Lagrange framework. The setup allowed for tracking
of spherical liquid droplets undergoing evaporation within the chamber. Simulations were
performed at atomizer speeds of 15 200 and 19 000 rpm, similar to those of the experiments.
Agreement between CFD predicted and experimental outlet temperatures and humidities
was found, especially when applying an empirically estimated heat transfer coefficient of
4.76 W/m2K to the dryer walls. Nevertheless, wall deposition fluxes on the cylindrical part
of the drying chamber were severely underpredicted by the baseline model, while particle
trajectories did not resemble those of experimental findings for smaller sized droplets. Con-
sequently, validation of spray drying models using CFD techniques should be based on a
complete set of empirical data including internal airflow patterns rather than simply com-
paring predicted and experimental values at the outlet, as different drying behaviors can be
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observed for approximately the same outlet values.
Additional numerical modeling was performed to address the inconsistency between the

experimental data and the baseline model predictions by adopting a transient simulation
approach with moving meshes simulating the atomizer rotation at 15 200 rpm. Simulations
were carried out in full three-dimensional and segmented chamber domains at both elevated
and ambient temperatures for comparison with baseline predictions and experiments. Single-
phase air pumping effect was found to be between 5.1% and 6.2% of the inlet air throughput
in hot and cold conditions, respectively. Proper agreement between primary experiments and
numerical prediction of the produced spray pattern was found when incorporating a rotating
atomizer in the CFD model. The results suggest that both the radial and tangential velocity
component, imparted to the air during circulation through the internal of the atomizer, is
of importance to the droplet trajectories. As the steady-state solution provided results in
line with those of the time averaged unsteady-state simulation under stationary atomizer
conditions, improvements to the baseline model were sought to keep computational costs
at a minimum. Hence, the baseline CFD setup was modified by imposing a radial and
tangential velocity component to the surface of the atomizer. Spray patterns resembling
those of the transient simulations were observed and an overprediction of the experimental
wall deposition rate on the cylinder was found, in line with expectations when using DPM
escape condition on the walls. Outlet temperatures were lowered by a few degrees compared
to the baseline model, thus less consistent with the experimental value. Additional efforts
should be made to improve upon the suggested modeling technique.

In conclusion, the study shows that atomizer rotation has a significant effect on the
spray and wall deposition pattern. The necessity of including the air pumping effect in
numerical modeling will vary depending on the scale of the spray dryer. Nevertheless, effect
on both particle trajectories and wall deposition patterns will be experienced in any case,
if no attempts to reduce the air pumping effect have been made. Hence, it is of utmost
importance that the air pumping effect on particle trajectories be taken into account in one
way or the other, if accurate and physically sound predictions of wall deposition, vital to
estimating final product quality, are to be obtained.



CHAPTER 10
Further work

Further work on both the experimental and numerical part of the project should be con-
ducted to increase the generality of the results, by spanning a larger range of operating
conditions and modeled physics.

Due to the limited time frame of the project, convergence in the Lagrangian and Eulerian
fields was not obtained for the multiphase transient simulations. To provide additional
insight into the difference in assuming steady-state as opposed to unsteady-state conditions,
these simulations should be carried out until adequate convergence has been obtained.

With regard to the Production Minor pilot plant spray dryer, the air pumping of the
rotating atomizer was presumed to have the most influential effect on the droplet trajectories
in the vicinity of the atomizer. Hence, additional effects of wall-particle interaction and
atomization process of feedstock have been left for later studies. The particle rebound effect
on the walls would be a valuable contribution to the CFD model in comparing predicted
wall deposition fluxes to those estimated from experimental data. The use of a Rosin-
Rammler initial droplet size distribution is a rather crude approximation to the atomization
process. Further work would naturally include a two-fluid simulation of the internal atomizer
geometry to evaluate the validity of the statistical droplet size distribution as well as to
determine the effect of the liquid feed on the flow field behavior and air pumping jet.

Scale-up of results obtained at pilot plant scale is not a straightforward task without
additional modeling. Hence, further work would entail simulations of large scale spray dryer
facilities to determine whether the presented results for the small scale pilot plant can be
applied directly to larger scales, and if not how scaling of the results might be performed.

In terms of experimental work, the described setup with the constructed hatch can be used
to conduct experiments at proper in-situ conditions during evaporation of liquid water as well
as slurries of suspended solids, for improving the validation foundation of the CFD model.
Additionally, the use of experimental equipment of higher quality would allow for increased
acquisition speeds and image resolution to obtain information on droplet sizes, velocities,
and shapes during the stages of atomization. Such data would provide a quantitative basis
for further validation and development of the present CFD modeling techniques.
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Part V

Appendices





APPENDIX A
Experimental setups

A.1 Preliminary experiment

(a) (b)

Figure A.1: (a) Outside view of Production Minor spray dryer chamber, consisting of a
cylindrical and conical part. (b) A 120 mm-diameter vaned rotary atomizer wheel is fitted
inside the chamber below the annular drying air inlet.
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A.2 Primary experiment

(a) (b)

Figure A.2: Experimental setup for investigation of droplet trajectories in spray dryer
during operation. (a) External view of setup with camera, laser, and hatch position. (b)
Internal view of setup showing mirror mounted on partly blacked out chamber wall.
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APPENDIX B
Experimental data

B.1 Preliminary experiment
Based on the measured quantities in the preliminary experiment, the feed flow rate and the
drying air mass flow rate are desired, along with temperatures at the inlet and outlet of the
drying chamber. Such quantities can be obtained from heat and mass balance data. Results
of such analysis are presented in the following along with a brief introduction to assessing
the heat and mass conservation of the system in question.

Feed flow rate

The feed is supplied to the rotary atomizer using a pulsing variable speed membrane pump,
for which the flow rate of feedstock is described as a function of opening area, confer Fig-
ure B.1. The flow rate of the feed can also be determined by measuring the weight loss of
Tank T1 over time. The flow of moisture into the chamber from the feed flow is denoted
ṁf,w, while the total mass flow of the feed is denoted ṁf and enclosed in Table B.1. The
total feed flow using the relations of Figure B.1 is found by determining the value for the
flow rate of the water content and dividing with the water content of the feed of 75wt%. For
the weight/time method, ṁf is directly found, and readily recalculated into an estimate for
ṁf,w by multiplying the the feed water content percentage.

Drying air mass flow rate

Consider the system depicted in Figure 4.1 with the location of air and feed inlet into the
drying chamber denoted as 1 and the point of exhaust flow measurements, at FI6, denoted
as 2 . In order to the determine the mass flow rate of the drying air at 1 , point velocity
measurements at 2 are conducted and plotted as function of the radial position, confer
Figure B.2a. A linear fit is performed on the data, extrapolating towards the pipe wall as

15200 rpm 19000 rpm

Pump diagram ṁf,w [kg/h] 9.48 9.48 10.05 10.05
ṁf [kg/h] 12.64 12.64 13.40 13.40

Weight/time ṁf,w [kg/h] 9.108 8.792 10.01 9.71
ṁf [kg/h] 12.144 11.72 13.34 12.95

Average ṁf,w [kg/h] 9.30 9.14 10.03 9.88
ṁf [kg/h] 12.39 12.18 13.37 13.18

Table B.1: Feed flows obtained using pump diagram (confer Figure B.1) and weight over
time methods for each atomizer speed..
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Figure B.1: Mass flow rate characteristics of pump supplying feed. The characteristic is
calibrated using water at atmospheric conditions.

done in Figure B.2b. Integrating the velocity profile over the cross-sectional area of the
exhaust pipe yields the volume flow rate at 2 , V̇2, of the moist air.

The moist air mass flow rate in the exhaust pipe is then determined from:

ṁ2 = V̇2ρ2, (B.1)

with the density ρ2 determined from the absolute humidity X2 and the temperature T2

measured from HI6. The density is determined using EES. The dry air mass flow rate ṁa,2

is calculated from the moist air flow rate as from

ṁa,2 = ṁ2

1 + X2
. (B.2)

Assuming that no losses of air mass occur in the system between 1 and 2 , the dry air
mass flow rate is considered constant. Hence,

ṁa,1 = ṁa,2.

The mass flow rate of the moist drying air is obtained using the reversed version of Equa-
tion B.2, with the absolute humidity at 1 being based on the ambient conditions.

Mass and energy balance
Based on the estimations of the inlet feed and drying air mass flow rates, an overall mass
and energy balance can be established for the system. For a continuous operation in steady-
state the mass input of the air and feed in unit time should equal the mass output of air
and product, assuming that no product or feed is accumulated in the dryer over time. The
heat supplied to the system through the inlet drying air and feed equals the heat output of
air and product in addition to the heat losses from the dryer to the surroundings.
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(a) (b)

Figure B.2: (a) measured velocities at different radial/transverse locations in exhaust piping
for operating conditions at 15 200 and 19 000 rpm. (b) depicts linear fits with bounds of
confidence based on the uncertainties of Table 4.1.

Based on data of the preliminary experiment, the mass balance of maltodextrin and water
going in and out of the system can be established. A mass balance for the moisture can be
written as:

[ṁw + ṁv]i = [ṁw + ṁv]o , (B.3)

where the subscript w refers to water in liquid state, while v denotes water in vapor state.
For the outlet flow of water, it is assumed that all water is evaporated from the droplets,
leaving only dried particles with no residual moisture. Hence, ṁw,o ≈ 0.

The moisture/vapor of the drying air at the inlet is determined from the ambient condi-
tions under the two experiments.Similarly, the outlet humidity (HI6) is used to determine
the moisture content of the outlet air. Only absolute humidifies are considered, as these, as
opposed to relative ones, are constant upstream and downstream of the feed injection.

The energy flow balance is obtained by enclosing the drying chamber in a control volume
at which the only work is flow work occurring at the inlet and outlet (Moran et al., 2012,
pp. 172-173):

[ṁh + q̇]i = [ṁh]o , (B.4)

with q̇ being added heat source, i.e. energy from the heat exchanger q̇HE1, and h the enthalpy
defined as:

h = cp (T − Tref ) , (B.5)

where cp is the heat capacity of the phases in their respective states throughout the drying
process, and the freezing point of water is used as reference temperature for the enthalpy
calculations.

As the specific heat capacity of the maltodextrin is unknown, it is set equal to that of
air at the relevant temperature. The overall energy flow balance for the system is provided
in Table B.3, with negative balance values indicating a loss of energy, in approximately the
same order for all sets of data.
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15200 rpm 19000 rpm

1st 2nd 1st 2nd

Input
ṁa (h) 398.8 398.5 399.6 397.7
ṁ (HI6) 349.3 351.9 351.5 350.4
ṁa (HI6) 347.6 350.2 349.7 348.5
ṁv 1.68 1.69 1.86 1.85
ṁw 9.30 9.14 10.03 9.88
ṁs 3.10 3.05 3.34 3.29
Output
ṁa (h) 398.8 398.5 399.6 397.7
ṁ (HI6) 358.0 360.7 360.6 359.4
ṁa (HI6) 347.6 350.2 349.7 348.5
ṁv 10.36 10.51 10.95 10.87
ṁw 0 0 0 0
ṁs 2.11 2.18 2.59 2.18

Balance -1.61 -1.19 -1.72 -1.97

Table B.2: Mass flow (ṁ) balance for the system at both experimental operating conditions.
Negative values indicate a loss in mass per time. Balance is determined based on the flow
rate obtained from HI6, and not the enthalpy (h) consideration. All values are provided in
units of kg/h.

15200 rpm 19000 rpm

1st 2nd 1st 2nd

Input
q̇HE1 65880 65880 65880 65880
q̇a 8384.3 8446.5 8785.6 8756.8
q̇v 75.3 75.8 86.8 86.5
q̇w 902.1 886.7 967.0 948.6
q̇s 72.2 71.0 77.6 76.0
Output
q̇a 38918.7 39420.4 38867.1 38739.7
q̇v 2169.4 2212.1 2275.6 2260.9
q̇w 0 0 0 0
q̇s 236.0 245.5 285.5 242.5

Balance -33990 -33482 -34371 -34505

Table B.3: Energy flow (q̇) balance for the system at both experimental operating con-
ditions. Negative values indicate a loss in power over time. Balance is determined based
on the flow rates provided in Table B.2 obtained from HI6 consideration. All values are
provided in units of kJ/h and relative to the enthalpy of liquid water at 0 ◦C at atmospheric
pressure.
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(a)

(b)

(c)

Figure B.3: Deposition of dried product on (a-b) each side of the cylindrical chamber part
and (c) the ceiling after operating the Production Minor pilot plant at 15200 and 19000
rpm.
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B.2 Primary experiment

(a)

Figure B.4: Instantaneous location of plastic film tufts affected by inlet air flow only at
23◦. Inclined angle θ relative to vertical is determined based on 100 frames to be θ ≈ 21◦,
determining the swirling degree of the inlet air flow.
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(a)
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APPENDIX C
Production Minor geometry
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Figure C.1: Work drawing of spray drying chamber of the Production Minor pilot plant
with overall measures.
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Figure C.2: Work drawing of vaned atomizer wheel fitted in Production Minor pilot plant
spray dryer.



APPENDIX D
Investigation of axi-symmetric

chamber geometries
In modifying the chamber geometry to fulfill the axi-symmetric requirement of the RBM
approach in STAR-CCM+ it is important that the flow field resembles that of the original
geometry to as large an extent as possible. An axi-symmetric geometry with a straight Ø98
mm outlet piping stretching 178 mm downwards is proposed, referred to as the Straight
case. To reduce potentially increasing swirl conditions within the straight outlet piping, a
vortex stabilizer (VS) is introduced into the straight pipe, referred to as the Straight VS
case. The vortex stabilizer is simply an Ø49 mm flat disc with a thickness of 5 mm, placed
in the geometric center of the straight outlet pipe.

The original chamber geometry with the bent outlet pipe is simply referred to as the Bent
case. Simulations of the flow field within each of the three drying chambers are conducted
at a time-step of ∆t = 5.0 × 10−4 s. A total physical time of 30 s is simulated, averaging
over the last 15 s to obtain a representative time averaged flow field.

Results of the study are presented as time averaged Line integral Convoluted (LIC) flow
fields in Figure D.1 and quantified using plots of velocity magnitudes along different profiles
in Figure D.1. Generally, similar flow fields are observed with respect to the location of the
vortex breakdown and connected recirculation zones in the cone of the chamber. A leveling in
the flow field near the bottom of the cone is observed for the flow fields of the axi-symmetric
geometries, although having little or no effect on the flow field further upstream.

Some differences are observed in the horizontal velocity magnitude profile and the vertical
centerline profile. Nevertheless, uncertainties related to the time-averaging process make it
difficult to distinguish the profiles from each other.

The pressure drop across the chamber is reduced from ∆P = 140.6±2.9 Pa to ∆P = 48.8±
1.1 Pa, when adding the straight pipe, as a result of the removed separation zone located
along the inner bend of the bent pipe. A more similar pressure drop to that of the Bent case
is found for the Straight VS case, experiencing a pressure drop of ∆P = 133.7 ± 2.4 Pa.
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(a) (b) (c)
Figure D.1: Time averaged Line Integral Convoluted (LIC) flow fields for (a) Bent, (b)
Straight, and (c) Straight VS case, obtained at a time-step of ∆t = 5.0 × 10−4 s.

(a) (b)

Figure D.2: Velocity magnitude profiles plotted along (a) horizontal line located at z =
−0.24Lc and (b) vertical centerline at r = 0 obtained from transient solution of Bent,
Straight, and Straight VS cases.



APPENDIX E
Extended CFD results

E.1 RBM mesh convergence study

(a) (b)

Figure E.1: (a) shows time average radial velocity components plotted on horizontal lines
at z = 0, −0.015Lc, and −0.06Lc, while (b) shows isocontours based on radial velocity
components of jet induced by air pumping on a vertical plane of evaluation. Results of three
different mesh sizes at ∆t = 1.5 × 10−5 s are compared.
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Nomenclature
Latin symbols
D Diffusion coefficient
Ma Mach number
Nu Nusselt number
Pr Prandtl number
Sc Schmidt number
Sh Sherwood number
We Weber number
τ Viscous shear stress, residence time
A Area
B Extensive property
C Coefficient
c Specific heat
D Diameter
d Dispersed, droplet
E Energy
F Force
g∗ Mass transfer conductance
h Height, heat of vaporization
J Diffusive flux
K Evaporation constant
k Thermal conductivity, turbulent kinetic energy
L Length
M, m Mass
N Number
n Rotational speed, surface normal
Q Quantile function, heat transfer
q Rosin-Rammler exponent, energy
R Radius, Reynolds stress
r Surface regression
r,θ,z Cylindrical coordinates
S, s Source term
T Temperature, turbulent
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t Time
U Velocity Magnitude
u Velocity component
V Volume
W Work
w Velocity normal to control surface
X Vapor mass fraction
x,y Cartesian coordinates

Greek symbols
α Volume fraction
β Intensive property
∆, δ Change in quantity
Γ Gamma-function, fluid phase term
γ Under-relaxation factor
µ Dynamic viscosity
ν Kinematic viscosity
ϕ Property
ρ Density
σ Surface tension
τ Viscous shear stress

Subscripts
0 Initial
∞ Freestream
τ Shear
a Atomizer, dry air
b Body
c Continuous, chamber
D Drag
d Droplet, dispersed
f feed, frequency
I Turbulence Intensity
i Inlet
i, j, k Indices
L Latent
lb Loose bulk
o Outlet
p Pressure, particle
r, θ, z Cylindrical coordinates
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s Surface, sampling
tb Tapped bulk
v Vapor
vm Virtual mass
w Water

Abbreviations
B Balance
CDF Cumulative Distribution Function
CFD Computational Fluid Dynamics
CPU Central Processing Unit
DEM Discrete Element Method
DPM Discrete Parcel Method
EES Engineering Equation Solver
FI Flow Indicator
FOV Field of View
fps Frames Per Second
FVM Finite Volume Method
HI Humidity Indicator
LCE Local Contrast Enhancement
LIC Line Integration Convolution
M Motor
MRF Moving Reference Frame
P Pump
PDF Probability Distribution Function
PI Pressure Indicator
PIV Particle Image Velocimetry
PM Production Minor
PTV Particle Tracking Velocimetry
RANS Reynolds Averaged Navier-Stokes
RBM Rigid Body Motion
rpm Revolutions Per Minute
RSM Reynolds Stress Model
SIMPLE Semi-Implicit Method for Pressure Linked Equations
SST Shear Stress Transport
T Tank
TI Temperature Indicator
V Valve
VOF Volume of Fluid
VS Vortex Stabilizer
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