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Spray drying is one of the widely used processes. The obtained final powder
product has specific particle size and moisture content not regarding the dryer
capacity and product heat sensitivity. Due to these advantages, spray drying is
selected technique for many industrial operations. However, difficulties in spray dryer
operation occur as some particles with high moisture content (stickiness) have
collected in contacts with metal surface of dryer chamber known as wall deposition
problem. Particle deposition, a fluid flow pattern dependent, can be predicted based
on a fluid dynamic model. Various developed techniques measure sticky behavior;
sticky temperature, Ts, and particle moisture content. An indirect approach correlates
between T and glass transition temperature, T,. In general, T, can be taken as a
reference parameter to project the spray drying systems and characterize its
properties, including its quality, stability and safety in food systems. Additives agent
materials have been used resulting as a reduction of the stickiness and wall deposition
in spray dryer. Various studies on spray dryer relied on experiments. However, this
information sometimes cannot accurately explain the phenomena within an industrial
spray dryer. Mathematical modeling becomes an important tool for process design
and synthesis. Most developed models were based on a computational fluid dynamics
(CFD) approach in which advanced numerical methods and algorithms are used to
solve and analyze the process model equations explaining the fluid dynamics within

the process in conducive to the study on wall deposition problem within a spray dryer.
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CHAPTER

INTRODUCTION

1.1  Importance and Reasons

Drying is the process of removing liquid (usually water) from solids. It helps
reduce transport weight and increases the storage life of products; a decrease of the
water content in the product reduces a water activity, which causes the product
degradation (Hayashi et al., 1989; Chiou et al., 2006). In the past, the drying meant
spreading a product out in the open air and letting the sun provide heat for water
evaporation. At present, many different drying methods have been developed to
increase drying speed and improve product quality and uniformity. These include
freeze drying, tray drying, vacuum drying, convective drying, spout and fluidized bed
drying and spray drying. The selection of particular drying process depends on type

and properties of materials to be processed as well as desired product properties.

Spray drying is one of the widely used processes in which a liquid feed is fed
to a dryer and a solid powder product is obtained at the outlet. This method can be
seen in various production processess for food, healthcare and pharmaceutical
products. Many biological and thermal sensitive materials, such as herbal drugs,
enzymes, essential oils, milk and fruit juices and pulps, have been dried by this
process (Canovas et al., 2005; Masters, 1972) due to a short residence time of the
product inside the dryer. In addition, a final powder product has specific particle size
and moisture content without regarding the capacity of the dryer and heat sensitivity
of product. These advantages make the spray drying be the chosen technique for many

industrial drying operations.

In the spray dryer, the liquid feed is first atomized by an atomizer and the
obtained liquid droplet is then contacted with hot dried air. At this step, liquid water is
evaporated out of the droplet; more than 95% of a total moisture is removed. In
general, the type and the position of the atomizer have an effect on the evaporation
and the particle size of final powder products (Southwell and Langrish, 2001).

Regarding the spray drying process, there are two steps in the evaporation (Dobry et



al., 2009). Firstly, the liquid water at the surface of the droplet is evaporated under a
constant rate when the temperature of the droplet surface equals to the wet-bulb
temperature of hot air. Secondly, moisture in the internal wet core of the droplet is
diffused through the droplet surface and evaporated. The final powder product with

desired particle size and moisture content is obtained.

However, operation of the spray dryer may cause some difficulties because
some particles having high moisture content (stickiness) do contact the metal surface
of a dryer chamber, causing a collection of the particles in the dryer (Kieviet, 1997).
This is known as a wall deposition problem. This problem causes a product
contamination and affects a quality of the final product (Kuriakose and
Anandharakrishnan, 2010) and thus, the spray dryer needed to be clean up at the end
of the operation. The wall deposition problem is often occurred when drying
amorphous particles with sticky properties. These sticky powders are more
hygroscopic and less free flowing than none-sticky powders. Examples of the sticky
products are fruit and vegetable juice powders, honey powders and amorphous lactose

powders.

The stickiness of powder can be explained by a low glass transition
temperature (Tg) of components with low molecular weight (Ozmen and Langrish,
2003). The glass transition temperature is defined as a temperature at which an
amorphous system changes from the glassy state to the rubbery state. Molecular
mobility in the glassy state is extremely slow, according to high viscosity of the
matrix. In general, T, can be taken as a reference parameter to project the spray
drying systems and characterize the properties, quality, stability and safety of food
systems. Structural alterations, such as stickiness, agglomeration, caking and
crystallization, usually occur in amorphous food powders when stored and processed
at temperatures above T, Since the glass transition temperature increases with
molecular weight, an addition of carriers agents (drying aids) has been used in powder
production to reduce the stickiness and wall deposition in the spray drying (Bahandari

et al. 1993; Dolinsky et al. 2000; Mujumdar et al. 1987; Welti et al. 1983).



Various studies about the spray dryer have relied on experiments in either
laboratory or pilot scale levels (Woo, 2009; Kota and Langrish, 2006; Huntington,
2004). Experimental techniques, such as hot wire anemometry and laser doppler
anemometry can be employed to measure flow properties of particles in the spray
dryer. However, this valuable information sometimes cannot truly explain the
phenomena within an industrial spray dryer (Huang et al., 2006). Nowadays,
mathematical modeling becomes an important tool for process design and synthesis.
Literature survey demonstrates that during the last decades, advanced two- and three-
dimensional models of the spray dryer have been proposed by several academic and
industrial groups (Fletcher et al., 2003; Fletcher et al., 2006; Huang et al., 2006). Most
of the developed models were based on a computational fluid dynamics (CFD)
approach in which advanced numerical methods and algorithms are used to solve and
analyze the process model equations explaining the fluid dynamics within the process
itself. The CFD-based model reveals the complexity of flow fields of drying agent and
droplets/particles. Although the internal transport phenomena of spray drying
processes has been widely reported (Langrish et al., 2004), there have been few
studies that have focused on investigating the wall deposition problem in the spry
dryer. The fluid flow pattern of droplet particles within the spray dryer affects final
product quality and wall deposition of droplet particles as well; however, this
behavior is difficult to be measured from experiment. A computational modeling of
the spray dryer is applied to predict the droplet flow pattern, leading to an

understanding of the wall deposition problem.
1.2 Objective
The objective of this research is focused on the analysis of a fluid flow pattern
and key operating parameters within a spray dryer using a fluid dynamics model.
1.3 Scopes

1. The fluid dynamic model of a co-current spray dryer is developed and

solved by a finite element method.



2. The drying process of an anthocyanin solution (density = 1,240 kg/m’,
dynamic viscosity = 3.588x10™ mPa's and concentration = 50 wt.%) is
chosen as a case study.

3. Simulations of the spray dryer under the steady state condition are
performed to investigate the flow pattern of droplet particles and to
predict the position of droplet wall deposition within the spry dryer.

4. Key operating parameters to be studied are feed rate, heat transfer

coefficient, drying agent material and configuration of spray dryer.

14 Contribution

To understand the effect of a fluid flow pattern and key operating parameters

on the wall deposition problem of droplet particles in the spray dryer.
1.5 Dissertation Overview

Chapter 1I reviews the past works related to spray drying, concept of spray
drying and wall deposition problem.

Chapter III mentions the details of the theory of spray dry including basic of
spray drying method and theory of spray drying process.

Chapter IV mentions mathematical model of spray dryer are used in
computational fluid dynamic solver and validation model including comparison

between measurements and predictions result.

Chapter V explains the prediction of wall deposition problem on fluid flow
pattern and key parameter. In addition to, simulated results of the viscous stress, glass
transition temperature, sticky-point temperature and wall heat transfer coefficient are

examined and discussed.

Chapter VI gives the summary and suggestions of this dissertation.



CHAPTER 11

LITERATURE REVIEWS

The concept of spray drying is based on the high increase in the surface
area of the contact area between the material to be dried and the drying
medium promoted by the atomization. The variables generally monitored during
spray drying include the inlet and outlet drying gas temperature and humidity and the
feed flow rate of drying gas and liquid material. These data can be used to predict and
to improve the efficiency of the drying process, through performing mass and energy
balances, statistical analysis and/or process simulations (Oliveira et al., 2010).

During spray drying, water evaporates from the surface and the viscosity of
the droplet surface increases and reaches to a critical value (10’ Pa‘s) (Roos and
Karel, 1991) which the particle surface is in a rubbery state that is considered as
sticky. Surface stickiness depends on surface temperature, water content and
composition (i.e. carbohydrates and fats). When the surface reaches to the rubbery
state, collisions with other particles (sticky or dry) could lead to agglomeration,
depending on velocity, force, angle and time of contact between particles
(Huntington, 2004; Palzer, 2005). Particle stickiness is a key issue in wall deposition
for spray dryers. In general, the position of particle deposition on the wall depends on
the fluid flow pattern in the dryer and can be predicted based on a fluid dynamic
model of the spry dryer (Masters, 1996).

The experimental and numerical investigations of air flow in co-current pilot
plant spray dryer at no swirl proved that air flow can be characterized by the central
air core bounded by slow recirculation zones (Oakley et al. 1988; Le Barbier et al.
2001). Bigger particle sizes penetrated the core and stilled in the recirculation zones
for more time which lead to hitting the wall or depositing if it in the sticky case
(Kieviet, 1997). For example, Chegini and Ghobadian (2004) studied the effect of
drying parameters on the laboratory spray dryer for the fruit juice powder production.
They investigated the stickiness of powder and the natural characteristics of fruit
juice, which causes no powder production. The statistical analysis of experimental
data showed that the inlet air temperature and the feed flow rate are among the key
parameters affecting the dryer yield and the wall deposit of spray dryer (Chegini and
Ghobadian, 2004).

Various techniques have been developed to measure the sticky behavior
(Boonyai et al., 2004). All these techniques provide a stickiness curve in term of the
sticky temperature, T, and the particle moisture content. An indirect approach
correlates the sticky temperature, T, to the glass transition temperature, T,, of the
substance; in general, T is 10 to 30 degrees higher than T, (Roos and Karel, 1991).



This correlation was used to the development of adhesiveness and cohesiveness of
single droplet during drying (Werner, 2007).

Ozmen and Langrish (2003) investigated the wall deposition effect in a pilot
scale spray dryer unit and developed the deposition model based on the Glass
Transition — Sticky Point concept. Figure 2.1 show that the glass transition
temperature (and the corresponding sticky point temperature) is a strong function of
the particle moisture. At higher moisture contents, the sticky point becomes lower and
vice versa. If the particle temperature is above the sticky point, the particle is then
deemed sticky and will adhere to the walls of the processing equipment (Ozmen and
Langrish, 2003).

El
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Figure 2.1 Typical glass transition and approximated sticky point curve for lactose.
(Ozmen and Langrish, 2003)

However, it is noteworthy that the concept of using the glass transition as the
cut-off point does not account for the effect of impacting velocity and angle on the
collision outcome.

2.1 Modeling of spray dryer

In general, changes in the flows of air and particle and the droplet surface
properties during spray drying processing are difficult to explain. In recent years,
computational fluid dynamics (CFD) has been increasingly applied to modeling food
processing operations (Kuriakose and Anandharakrishnan, 2010). A number of
theoretical, numerical studies on the analysis of air flow patterns in the spray dryer
have been published. The CFD of air flow pattern has proven to be a very useful tool

to predict the flow behavior in complex geometries of spray dryers (Fletcher et al.,
2006).



Langrish (2009) has reviewed the detailed form of the governing equations to
describe the spray dryer. In modeling of the dryer, the assumption of uniformity rarely
occurs in practice and more rigorous models describing gradual changes in the field
properties are required. The result is known as the finest-scale modeling, which uses
the CFD as a tool for simulating the transport phenomena within the dryer.

Most spray dryer CFD simulations reported were performed by using
commercial softwares, such as FLUENT, CFX, STAT3D (Woo et al., 2009; Ullum,
2006; Langrish et al., 2004; Verdumen et al., 2004; Kajiyama and Park, 2010). The
turbulence model was used because the chamber Reynolds number is higher than
2000, which is usually in the turbulent regime. In addition, all the CFD simulations
used the Reynolds Averaged Navier-Stokes (RANS) approach in which the large
scale turbulent eddies are modeled. Straatsma et al. (1999) and Langrish and Zbicinski
(1994) used the CFD simulations to assess the effect of cone spray angle on the
deposition problem.

The CFD model can also be used for process optimization. Lo (2005) used the
CFD model to determine the optimal operating conditions of the spray tower in term
of air flow rate to achieve the desired quality of the dairy products. Optimization was
performed by considering the yield, moisture and temperature of particles at the
outlet.

2.2 Particle stickiness problem

Two ways for preventing of stickiness were, using of drying agent material
and using of specific equipment to facilitate the powder handling (Chegini, G.R. and
B. Ghobadian, 2004).

2.2.1 Drying agent material

Particles hygroscopic reduction required drying agent materials. Additives
agent materials have been used to produce physical changes in the product,
consequently reducing the stickiness and wall deposition in spray drying. These agent
materials include corn syrup; natural gums, sucrose, maltodextrin etc...caused powder
production and prevent cohesion of particle on spray dryer wall (Bahandari et al.
1993; Dolinsky et al. 2000; Mujumdar et al. 1987; Welti et al. 1983). Chegini and
Ghobadian added liquid glucose, the optimum conditions have been obtained with
feed flow rate of 15 ml min 1, inlet air temperature of 130°C and outlet air
temperature of 85°C. For the orange powder containing 2% moisture, the sticky point
temperature was 44°C (Chegini, G.R. and B. Ghobadian, 2004).



2.2.2 Specific equipment to facilitate the powder handling

A recent review suggested that the properties of the wall material, specifically
its surface energy, do affect wall deposition and future analysis should be considered
both the droplets and wall surface of system (Bhandari et al., 2005). Bhandari and
coworkers had shown that Teflon is generally less sticky when compared to stainless
steel by using an in situ tack method for relatively large droplets, (Adhikari et al.,
2007) the applicability of the data to the actual spray-drying process has not been
proven experimentally. Langrish, using similar methods, had shown the effect of the
wall materials is not significant, (Ozmen and Langrish, 2003) but a later work by Kota
and Langrish (2006) showed that nylon exhibited lesser deposition when compared to
stainless steel.

Particles build up due to the adhesion of particles to initially clean walls of
spray dryers. Subsequent layers of particles become attached to this initial layer
(cohesion). Woo (2012) observe the effect of wall material on the adhesion flux at
different particle surface wetness and rigidity in an actual pilot-scale spray dryer.
Surface energy and surface roughness were found to have no significant effect for dry
rigid particles at the middle and bottom elevation of the drying chamber. However,
material with lower surface energy (Teflon) exhibited less deposition for rubbery
particles at such elevations. As expected, material with lower surface energy (Teflon)
exhibited lesser deposition for rubbery particles at the middle and bottom elevations.
The effect of wall temperature on the deposition of rubbery particles was confirmed in
a pilot-scale spray dryer. Teflon exhibited another disadvantage in the deposition of
dry particles since the accumulation of charges (due to abrasion on dielectric material)
on the surface causes more particles to adhere. This is one disadvantage of using
dielectric wall material (normally lower surface energy) to solve the deposition
problem (Woo, 2012).

Other methods try to control the surrounding product or air temperatures, such
as using appropriate outlet drying air temperature (Bhandari et al., 1997b) or
introducing cold air into the bottom part of the dryer (Lazar et al., 1956) or cooling
the wall temperature (Brennan et al., 1971). The improvement of spray drying
performance while applying these methods to reduce stickiness has been reviewed
(Bhandari et al., 1997a).

The literature shows many possibility mechanisms of particle stickiness and
wall deposition problem, method of prevented stickiness were using of drying agent
material and using of specific equipment to facilitate the powder handling. In
addition, it shows several other examples of the spray drying to reduce wall
deposition problem. The objective of this study is to predict the possible position of
wall deposition problem by shear stress and glass transition temperature at the wall



and to minimize operating condition of feed and air rate and configuration of spray
dryer for reducing wall deposition problem.



CHAPTER III

THEORY OF SPRAY DRYING

3.1 A basic of spray drying method

Spray drying is widely used in powder product such as milk, coffee, drug and
washing powder etc. Its high performance drying, high heat exchanging rate, short
drying time and less contamination because of it is a closed system. That is provided
avoidance from chemical substances or biological degradation, further storage volume
reduction has lessen the cost of transportation including continuous operating system
maintenance.

Figure 3.1 Spray drying technique. (Kuriakose and Anandharamakrishnan, 2010)
3.1.1 Principle of spray drying system

Spray drying technique is a method of evaporating water out of liquid solution
rapidly by injected hot dried air. This process consists of feed atomization, introduced
feed in a droplet form which a contact with the hot dried air results in water in the
droplet evaporation and dried powder product is obtained. Schematic of spray drying
process started with feeding solution into the dryer until suitable moisture content
solution is appropriate for atomization. Then through drying process, dried powder is
separated at the bottom of the dryer. Liquid feed of drying process can be use in
emulsion solvent or suspension forms. In addition, the only equipment used in this
process is spray dryer.

3.1.2 Theory of spray drying process

Spray drying process can be classified into four steps, as follows;
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1) Atomization: Atomization is the main principle of spray drying process
Because of its increasing evaporation surface area, rapidly evaporated water and
specified droplet in its physical characteristics, configurations and density. The size of
liquid droplet is reduced, thus increased heat exchanging area has caused heat and
mass to efficiently exchanged.

2) Atomization of Feed: this process atomizes liquid feed into the droplets
by atomizer which is the most important component in spray dryer. Several type of
atomization can be employed in a spray drying system. The droplet size from a given
type of atomization device depends on the energy spent for breaking down the liquid
into fragments that is, increasing the overall surface of the liquid. For most
atomization systems, the liquid does not leave atomizing head as a droplet, but as a
fragment of a thin liquid film. The droplet formation takes place immediately after
liquid has left the atomizing head during the surface tension of a perfect droplet is
therefore very dependent on the rheological properties of the liquid and the interaction

with hot dried air just outside atomizing device. There are 3 types of Atomizers
(Thousig Moller and Fredsted, 2009).

Figure 3.2 Rotary Atomizer.

2.1 Rotary or Centrifugal Atomizer: Rotary atomization is the most
common form of atomization. This equipment’s liquid feed flows down from a rotary
dish near the center with angular velocity around 5,000-25,000 rpm. Discs or wheels
typically have a diameter of 5-50 cm. The size of droplets produced is nearly
inversely proportional to the peripheral speed of the wheel. Fallen liquid feed on the
rotary dish is then centrifuged to a side, dispersed its configuration droplets ranged
30-120 pm.

Figure 3.3 Pressure Nozzles Atomizer.
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2.2 Pressure Nozzles Atomizer: liquid feed flows through the orifice
of a nozzle at high pressure caused dispersion of liquid without air. This limits the
capacity of a nozzle to approximately 750-1,000 kg/h of liquid feed, depending also
on pressure, viscosity and the solids content of the liquid feed. The configuration
droplet is at 120-150 pum which is proportional with size of the orifice and the
pressure drop. A larger pressure drop across the orifice produces smaller droplets.
Therefore, to reduce the particle size for a given feed flow rate, a smaller orifice and a
higher pump pressure must be provided to achieve the same mass flow through the
nozzle.
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Figure 3.4 Two-fluid Nozzle Atomizer.

2.3 Two-fluid Nozzle Atomizer or Pneumatic Nozzle Atomizer:
Two-fluid nozzle atomization is primarily used in smaller drying systems.
Atomization is accomplished by the interaction of feed with a second fluid usually
compressed air. Sprayed liquid feed and air streams through a nozzle which liquid
feed is broken into droplets caused by high velocity of air in a nozzle. Air volumetric
flow rate helps disperse droplets. This preferred type is aim to use with high viscous
liquid although its operating cost is insufficient with its low output.

3) Droplet - air contact: Focusing on the single droplet, it is contacted with
the hot dried air for water/moisture evaporation in order for the heat from hot dried air
transferred to liquid feed. Determination of hot dried air direction is important to
consider whether it is suitable direction, its rapid heat transfer depends on purpose,
required quality and characteristic of product. This contact has been categorized 3

types.
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Figure 3.5 Co-current flow.
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3.1 Co-current flow: sprayed liquid feed is directed into the hot dried
air entering the dryer which both passed though chamber in the same direction. This
type is a preferred design for heat sensitive products because of the hottest drying air
contacts at droplets’ maximum moisture content. Spray evaporation is rapid, and the
temperature of dried air is quickly reduced by water vaporization. The product does
not suffer from heat degradation because the droplet temperature is low enough
during most of the evaporation time.

Figure 3.6 Counter-current flow.

3.2 Counter-current flow: sprayed liquid feed and air are introduced
at opposite ends of the dryer, with an atomizer positioned at the top and air entering at
the bottom. Starting from low temperature feed, its temperature increased steadily as
heat being transferred from hot air in contact until its temperature reached the same
point. A counter-current dryer offers more rapid evaporation and higher energy
efficiency than a co-current dryer design. Because dried product is in contact with
hottest air, this design is not suitable for heat sensitive products.
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Figure 3.7 Mixed-flow

3.3 Mixed-flow: this design combines both co-current and counter-
current flow. In a mixed-flow dryer, air entered at the top and atomizer located at the
bottom. Like counter-current design, mixed flow exposure dried product to hot dried
air, so this design is not suitable for heat sensitive products.
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4) Droplet evaporation: A saturated stream at the droplet surface is rapidly
evaporated when droplet contacts with hot dried air. Wet bulb temperature at droplet
surface in a saturated condition is diffused to surface with a constant evaporation rate
until it has low moisture which it’s not diffused cause of dried layer depend on the
time.

3.2 Critical parameters of spray drying

1) Inlet temperature of air: higher the temperature of inlet air, faster is the
moisture evaporation but the powder is subjected to higher temperature,
which may distort the chemical/physical properties of heat sensitive
product.

2) Outlet temperature of air: it govern the sizing of powder recovery
equipments, higher is the outlet air temperature larger will be the size of
powder recovery equipment and conveying ducts and plenums. Outlet air
temperatures control final moisture content of powder.

3) Viscosity: high viscosity hinders correct drop formation. As the viscosity is
lowered, less energy or pressure is required to form a particular spray
pattern.

4) Solid content: care must be taken with high solid loadings (above 30%) to
maintain proper atomization to ensure correct droplet formation.

5) Surface tension: addition of a small amount of surfactant can significantly
lower the surface tension. This can result in a wider spray pattern, smaller
droplet size, and higher drop velocity.

6) Feed temperature: as the temperature of a solution to be sprayed is
increased, the solution may easily dry as it brings more energy to the
system.

7) Volatility of solvent: a high volatility is desirable in any drying process.
Unfortunately, choices are limited today. In many cases, these restrict the
solvent choice to water.

8) Nozzle material: most pharmaceutical applications use stainless steel
inserts. However, tungsten carbide nozzles are often available and have
excellent resistance to abrasion and good corrosion resistance for most
feedstock.



CHAPTER IV
COMPUTATIONAL FLUID DYNAMICS (CFD)

4.1 Mathematical model of spray dryers

This section gives a brief overview of the CFD solver used in this study which
is the FLUENT software from FLUENT Inc.. For further detailed information, which
is not covered in the following sections, the interested reader is referred to the
software User’s Guide [FLUENT, 2004].

The FLUENT 6.1 CFD package consists basically of two components: (1)
GAMBIT 2.0, the pre-processor and (2) FLUENT 6.1, the solver. The pre-processor
“GAMBIT” was used to create the model of the actual fluid-laden geometry in two
dimensions (2D) or three dimensions (3D). Using this pre-processor, the geometry
was subdivided in a grid (or mesh) consisting of cells which form the calculation
domain for the subsequent flow analysis. The grids can either be structured where
each cell is part of a rectangular block structure and follow the Cartesian co-ordinate
system or it could be totally unstructured. The cells may be of quadrilateral or
triangular shape for 2D-meshes. Three dimensional meshes may consist of
hexahedral, tetrahedral, wedge-shape elements or pyramids or combinations of them.

Furthermore, GAMBIT allows examining the quality of the mesh by assessing
the various aspects of cell quality (e.g. the aspect ratio of a quadrilateral cell). In
general, to obtain a mesh-independent solution, the mesh resolution needs to be fine.
For the 2D-calculations, the mesh was therefore refined until the solution became
mesh-independent. This could also be done to a certain extent with 3D-meshes. The
meshes also can be refined locally by grid adaptation, where necessary. After
completing the pre-processing, the mesh is then exported to the solver FLUENT 6.1.

The solver FLUENT 6.1 is used to select the appropriate physical models
specifying the current problem. For example, (1) the flow regime: laminar/turbulent
conditions; (2) the problem type: steady state/transient conditions; (3) the fluid
properties: incompressible/compressible; (4) the detailed problem specification such
as boundary conditions, materials and injectors.

In addition to this, a solver formulation and solution parameters have to be
chosen. Finally, an initial solution for all cells must be provided. The underlying
governing equations will then be solved in an iterative process for each individual cell
of the calculation domain.

The post-processing, i.e. the graphical illustration of the results, can be done
by FLUENT 6.1.
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In this study, all geometry and meshing works were carried out with GAMBIT
2.0. All calculation works have been carried out with FLUENT 6.1 on UNIX
platform.

4.1.1 Governing equations for the continuous phase

For any fluid, its flow must obey the conservation of mass and momentum.
These conservation equations can be found in standard fluid dynamic literature (for
incompressible gas) [Bird, Stewart and Lightfoot, 1960; Ferziger & Peric, 1999]

The general form of the continuity equation for mass conservation is

a_p+M:M

ot Ox, " 4.1)
The general form of the equation for momentum conservation is
o(pu,) a(p“i”j) oP 0 Ou, Ou, S
=+ =——+—| U(—+—")—puu |+ pg, +M
o ox, o, o, ( B 1o, )= pu; |+ pg;+ M, (4.2)

This is in accordance with Newton’s law (mass times acceleration = sum of
forces) where the first term on the left-hand side of equation (3.2) is dedicated to the
rate of increase of momentum per unit volume and the second term is the momentum
increase/decrease per unit volume due to convection. The first term on the right-hand
side of equation (3.2) is the pressure force on a fluid element per unit volume, the
second term is the viscous force on a fluid element per unit volume and the third term
is the gravitational force on a fluid element per unit volume. The last term is My the
momentum source term.

For Newtonian fluids, the components of the stress tensor can be written as t;; in
equation (3.2)

ou, ou, 2 . ou
.= pu(—+—=L)-=6, —~
Y 'u(ﬁxj éxl.) 3 7 ox,

with the fluid viscosity p and the volume dilation term with the 'Kronecker' delta:

5 = lfor=j
a 0 for # j

The general form of the energy equation is
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o(pc,T) N o(pc,u,T) 0|, oT
ot ox, ox,

k——pou'T' |+ M
ox pu; } ) (4.3)

Most spray dryers have flow that is axi-symmetric. So, if the cylindrical

ordinate system is used, the above equations for air at steady operations can be
expressed as

* Continuity equation

0 10
E(U,Og)Jr;g(rVﬂg):Si (4.4)

* Momentum equation

Axial momentum:

g(pg u2)+lg(rpSW)=i{(ﬂL+ur)a—u}+l£{(ﬂL+ﬂr)ra—”}—a—P+

ot r or ox ox | ror or| ox

%{(%+%)2—ﬂ+%§{(%+%)r2—ﬂ+% (4.5a)
Radial momentum:

a%(pguv)+%§<rpguv2)=§[(m+ur)2—ﬂ+%§[(m+ur)r2—ﬂ—

Z_]r)+ %[(%+”T)g_ﬂ+%§{(%WT)V%}&TWZ+M” (4.5b)

Tangential momentum:

9 10 _9 ow) | 10 o(rw)
(P W)+ (T pvrw) ax{(uﬁur) - }Mr{(uﬁur)r ™ }

20
s r(p, + )Wl M, (4.5¢)

The energy conservation equation for gas can be written as

0 10 0 M 1O0g| 10 M| Oq
— +—— =— +=|=|[+t—= +=|r—|+M
o Pe v+ (rpvg) axMﬂL - J 6xJ rﬁrKﬂL o, ) ar no (4.6)

h

where, u,v,w are the average axial velocity, radial velocity and tangential velocity of
gas, respectively; q is the enthalpy of gas; My, is the rate of heat transfer between the
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droplets and the gas. Also, M,, M, M, are the rate of momentum between droplets
and gas in the axial, radial and tangential directions, respectively. q the laminar
viscosity of the fluid is p; and the turbulent viscosity is described by pr.

4.1.2 Governing equations for the particle

Based on the solution obtained for the flow field of the continuous phase,
using an Euler-Lagrangian approach we can obtain the particle trajectories by solving
the force balance for the particles taking into account the discrete phase inertia,
aerodynamic drag, gravity g; and further optional user-defined forces Fy;.

ou,, _c 18u Re P, =P

L+t g, +F,

Xi (47)

ox P pd 24

g

with particle velocity p,; and fluid velocity p; in direction, particle density p, , gas
density p, , particle diameter d, and relative Reynolds number

pd u —u
u
and drag coefficient
_ a9 %4
Co=a+ o e (4.7b)

where a;, a; and a3 are constants [Fluent, 2004].

Two-way coupling allows for interaction between both phases by including
the effects of the particulate phase on the fluid phase. Further, the particles are
assumed to be fully dispersed, i.e. they are not interacting with each other.

The particle trajectory is updated in fixed intervals (so-called length scales)
along the particle path. Additionally, the particle trajectory is updated each time the
particle enters a neighboring cell. FLUENT in general interpolates the gas velocity to
the particle position assuming linear interpolation.

4. 1.3 Turbulence models
4. 1.3.1 Governing equations for different turbulence Models

In turbulent flows, the instantaneous velocity component p; is the sum of a
time-averaged (mean) j1, value and a fluctuating component y; , as shown in equation
(4.9).



19

;= (4.9)

These fluctuations need to be accounted for in the above illustrated NAVIE-
STOKES equation (4.10)

2( u)+i( U )—_a_P+i %4_%_25 % +i(_p;j
I T e R | M W

(4.10)

Compared with equation (4.2), equation (4.10) contains an additional term
—pm, the so-called Reynolds stress which represents the effect of turbulence and
must be modeled by the CFD code. Limited computational resources restrict the direct
simulation of these fluctuations, at least for the moment. Therefore, the transport
equations are commonly modified to account for the averaged fluctuating velocity
components. Two commonly applied turbulence modeling approaches have been used
in the present studies: k-¢ model [Launder et al., 1972 and 1974]/a RNG k-&¢ model
[Yakhot and Orszag, 1986; Choudhury, 1993] and a Reynolds stress model
(RSM)[Launder, Reece and Rodi, 1975; Gibson and Launder, 1978; Launder, 1989].

The standard k-e¢ model focuses on mechanisms that affect the turbulent
kinetic energy. Robustness, economy, and reasonable accuracy over a wide range of
turbulent flows explain its popularity in industrial flow and heat transfer simulations.
Two variants of this model are available in FLUENT: the RNG k-¢ model and the
realizable k-¢ model [Shih, Liou, Shabbir and Zhu, 1995]. The RNG k-&¢ model was
derived using a rigorous statistical technique (called Re-Normalisation Group theory).
It is similar in form to the standard k-e model, but the effect of swirl on turbulence is
included in the RNG mode enhancing accuracy for swirling flows. The realizable k-¢
model contains a new formulation for the turbulent viscosity, and a new transport
equation for the dissipation rate is derived from an exact equation for the transport of
the mean-square vorticity fluctuation [FLUENT, 2004].

The standard k- model and its variants (k-¢ RNG model etc.) have become
popular turbulence models for calculating typical engineering problems with CFD.
These models apply the so-called Boussinesq hypothesis [Hinze, 1975] to describe the
Reynolds stresses as a function of the velocity gradients and the turbulent viscosity p;
as follows:

u!u’_ %4_% _2 k + % o) 4.11
PUU; H axj . 3 P Iut@x ij ( )
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Two additional transport equations have to be solved, one equation for the
turbulent kinetic energy k, and another for the turbulence dissipation rate €. The
turbulent viscosity y; is computed as

k2
Hy=pe,— (4.12)

with the empirical constant ¢, = 0.009 [Launder and Spalding, 1972]. The advantages
of the k-¢ model are its robustness and the fact that only two additional transport
equations need to be solved. On the other hand, the turbulent viscosity is assumed to
be an isotropic quantity which can be a questionable simplification especially when
modeling the swirling flows or flows with regions with high and low Reynolds
number. The k-¢ RNG model can be used to treat turbulent flows with swirl. For high-
Reynolds number the equation (4.12) is still suitable with a ¢, value of 0.0845.

The RSM solves transport equations for all Reynolds stresses and the
dissipation rate € and therefore does not rely on the isotropic turbulent viscosity ;.
This makes the RSM suitable to predict even swirling flows, however, the major
drawback of this model is computational effort needed to solve these equations. For
3D-simulations, seven additional transport equations must be solved (six for the
Reynolds stresses and one for the dissipation rate €). However, the RSM is highly
recommended if the expected flow field is characterized by anisotropy in the
Reynolds stresses as is the case with swirling flows e.g. cyclones or spray drying with
tangential inlet ducts. Crowe [1980] emphasized that the k-¢ model is not suitable for
swirl flow problems.

The transport equations for the standard k-e model are for transport of the
turbulence kinetic energy, k, and its dissipation rate, €. They are:

o(pk) o(pku) o u \ ok

+ L= +—+ |— |+G,+G,—pe-Y,,+ 5
o o ox, H o, Jox, e T O, — P M T (4.13)
and

2

o(pe) 0(peu;) o i) oc . ;
U= || g+t |2 14 CL (G + GG, ) - Coup S+ S
o + 6xi axj ,U+O_ o +0C, k( Pl O b) 2.0 . +S, (414)

& J

The turbulence viscosity, u;, is computed using equation (4.12)

The model constants values, i.€., C1¢, C2¢, €y, P @and pg, are set to the following
values [Launder and Spalding, 1972]:
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C,, =1.44,C,, =1.92,C, =0.09,0, =1.0,0, =1.3

The turbulence kinetic energy, k, and its dissipation rate, €, for RNG k-¢

turbulence model are

o(pk) o(pku,) o ok
+ —~=— +G, +G,—pe—Y, +S
ot o, ox | oy —p k (4.15)
and
a(pg) a(pgu.) o Oe e &
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The turbulence kinetic energy, k, and its dissipation rate, €, for Realizable k-¢

turbulence model are

o(pk) o(pku) o u | ok
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The governing equations for the RSM model are as follows [FLUENT, 2002]

S o)« ) = i (G [+ (i)

k
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4.1.3.2 Effect of turbulence on particle motion

Turbulent dispersion of particles can be modeled using either a stochastic discrete-
particle approach or a "cloud" representation of a group of particles about a mean
trajectory. In the current work, the stochastic tracking approach is used.
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In Fluent, the Discrete Random Walk (DRW) model is applied to account for
the impact of turbulent fluctuations on the particle motion. Particle trajectories are
hereby predicted by integrating the trajectory equations for individual particles based
on the instantaneous fluid velocity, y; = [, + u;, along the particle path. The
repeated calculations of a single particle trajectory will show different particle
trajectories. However, with sufficient number of calculations (the so-called number of
tries in FLUENT), a representative turbulent dispersion of the particles can be
obtained. To compute a particle trajectory, the random fluctuating velocity component
(obtained from a GAUSS distribution) has to be kept constant for a certain time
interval. This time interval, the so-called Lagrangian integral time, can be
approximated with

k
L=C~ (4.20)

where the constant ¢; has to be determined empirically. The software manual
[FLUENT, 2004] suggests

k
T ~0.15—
; - 4.21)

for particle tracking with k-¢ turbulence models and

k
T ~0.30—
; . (4.22)

when the RSM approach is applied.
4.1.4 Heat and mass transfer models

In general, there are two drying rate periods, i.e., constant drying rate period
(CDRP) and falling drying rate period (FDRP) during droplet drying. CDRP is
controlled by mass transfer between the drying medium and the droplet. But FDRP is
controlled by the mass diffusion within the droplets/particles. In the following section,
the built-in models available in FLUENT will be described and followed by models
developed in this study and incorporated into FLUENT.

4.1.4.1 Built-in heat and mass transfer models

Because the heat and mass transfer between droplet and drying medium is
very complex, several heat and mass transfer relationships are employed in this thesis.
Some changes were made as needed using the User Defined Function (UDF) option.
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While the particle temperature T, is less than the vaporization temperature
Tyap (defined as the temperature at which the droplet/particle will start to evaporate),

T <T (4.23)

P vap

the droplet is only heated and no evaporation occurs. The heat balance is as follows

dT
mpCpE:hAp (Tg _Tp) (4.24)
where m,, is mass of the particle (kg); ¢, is heat capacity of the particle (J/kg'K); 4,
is the surface area of the particle (m?); T, is the local temperature of the hot medium

(K); h is the convective heat transfer coefficient(W/m?-K). The heat transfer

coefficient, h, is evaluated using the correlation of Ranz and Marshall [1952a and
1952b]:

hd
Nu = k_p =2.0+0.6Re!* Pr'” (4.25)

4

where d,, is the particle diameter(m); k,, is the thermal conductivity of the hot
medium (W /m? - K); Rey is the Reynolds number based on the particle diameter and
the relative velocity; Pr is the Prandtl number of the hot medium(c,p/kg).

When the temperature of the droplet exceeds the vaporization temperature,
Tyap, and continues until the droplet reaches the boiling point, Tp,, droplets are
assumed to start to evaporate. During this period, the rate of vaporization is given by

Ji =k (Cp s = C,) 426)

where J; is the molar flux of vapor(kmol/m?-s); k. is the mass transfer
coefficient(m/s); ¢y s is the vapor concentration at the droplet surface(kmol/m?); Cq
is the vapor concentration in the bulk gas(kmol/m?); ¢4 ; and cg are defined as

_psat(Tp)
Cps = RT, (4.27)
4.28
.- 22) 420

" RT

g
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where pgq:(Tp) is the saturated vapor pressure at the particle droplet temperature (Pa);
R is the universal gas constant (J/mol - K); X; is the local bulk mole fraction of
species I; p,, 1s the operating pressure (Pa). The mass transfer coefficient in equation

(4.26) is calculated from the Nusselt correlation [Ranz and Marshal, 1952a and
1952b]:

hd
Nu :l‘)—”=2.0+0.6ReZ2 Sc'? (4.29)

m

where D,, is the diffusion coefficient of vapor in the bulk(m?/s) and Sc is the Schmidt
number (u/pD,,).

The heat transfer between the droplet and the hot gas is updated according to
the heat balance relationship given as follows

m c =dTp =hAp<Tg—Tp)+dmph.

TP gt dr " (4.30)

where hs,= latent heat (J/kg); % rate of evaporation (kg/s).

The third period, called droplet boiling, is applied to predict the convective
boiling of a discrete phase droplet when the temperature of the droplet has reached the
boiling point and while the mass of the droplet exceeds the non-volatile fraction. The
boiling rate equation is [Kuo, 1986, FLUENT, 2004]:

A,) __ %k, (1+0.23(Re, )in 1+M (4.31)
dt P,Crad, 2

where ¢, 4 is the heat capacity of the gas (J/kg-K); p,, is the droplet density (kg/m3);
k. is the thermal conductivity of the gas (W/m-K). The droplet is assumed to stay at
constant temperature during this period.

After the volatile fraction reaches the required residual volatile fraction, the
particle is treated as an inert particle. It means that the particle will be kept to be
heated by the surrounding hot gas and no further evaporation occurs.

4.1.4.2 Proposed modified drying kinetics model
In CDRP, the equation (4.26) still is used to calculate the drying/evaporation

rate. When the moisture concentration is reduced to the critical moisture in the
particles, the FDRP starts. However, if the particle remains spherical in shape, the
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governing equation in the falling drying rate period (FDRP) subject to assumptions
started earlier is written as a diffusion process as follows:

2
dC_Dp[ﬁC ga_c]

— = +
dt or’ ror (4.32)
The boundary conditions are:
C(r,0)=C, at t=0 and 0<r<R;
oC|(0,t
gr )0 at r=0 (4.33)

At the droplet surface, Furuta et al. [1994] suggested the boundary condition as

O0C(R,t
Dp%wkc(fi—%) at 7 =R; (434)

where  is certain function of water concentration in droplet.

Unfortunately, without access to the source code it is not possible to directly
incorporate equation (4.32) within FLUENT. A new drying model is therefore
developed here to circumvent this problem. The plot of the normalized drying rate
(J/Jc) versus normalized free moisture content [(X — X™)/(X.— X™)] called the
characteristic drying rate curve, can be assumed to be nearly independent of the
drying conditions [Mujumdar et al., 2000]. Such a characteristic drying rate curve is
illustrated in Figure 3.1. Thus, if the constant rate-drying rate can be estimated and the
equilibrium moisture content data are available, then the falling rate curve can be
estimated using this simplified method.

In this work, the constant drying rate is estimated using the following
computation:

J = h, (Tg _TW)
AM

w

(4.35)

while the convective heat transfer coefficient h. is calculated from equation (4.25)
For computation of the drying rate during the falling rate period, equation (4.26) is
still used and re-formulated as

G b, J
J, =k | —-X —2% (4.36)
S c i .
(RT RT,

p
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while the mass transfer coefficient k. is calculated using equation (4.37)

k.d
Sh = lc) 2 =2.0+0.6Re"* Sc"” (4.37)

p

constant rate

1.0 1 ~
717 \normalized falling
P rate curve (linear)
0.0 y-x* 1.0

Xe-X*
Figure 4.1 Characteristic drying curve.

So, based on the modeled drying rate curve for the falling rate period, the relationship
between (J¢/J.) and [(X — X*)/(X. — X™)] can be obtained. Thus, “pseudo-pressure”
G can be computed from the moisture content of the droplet estimated at each
computing time step. It can be directly and readily input into FLUENT using its user-
define-function (UDF) capability. Note that ‘G’ is only a mathematical artifact to
introduce our model into FLUENT without the need to access the source code.

4.1.5 Coupling between the discrete and continuous phases

Basically, FLUENT solves the conservation equation for mass, momentum
and other scalars (e.g. turbulence parameters) as discussed in the earlier part of this
chapter. The coupled computation procedure is shown in Figure 4.2.

The last term, F; in equation (4.2) describes external body forces, e.g.
interaction forces of a dispersed phase (particles) on the continuous phase (fluid). It
can be computed as

18uC, Re .
F = —/ 2 " (u —u)+F At
i Z 24ppd127 ( P ) otheerp (4.38)
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where u is the dynamic viscosity of the fluid, p,, is the density of the droplet/particle,
d, is the diameter of the particle, Re is the relative Reynolds number, u,, is the
velocity of the particle, u is the velocity of the fluid, Cp is drag coefficient, i, is

mass flow rate of the particles, At is time step, F,¢per 1S Other interaction forces. This
is the momentum transfer from the continuous phase to the discrete phase.

Continuous phase flow field calculation w

\ 4

Dropletfparticle trajectory calculation

h 4

Update continuous phase source terms

Figure 4.2 Coupled computation procedure in FLUENT

On the other hand, the heat transfer from the continuous phase to the discrete
phase is computed by

Q{m” c AT +Am”(—h»+rpc .dTﬂ (4.39)
m,, PTp m, /4 Z g 2% .
where m,, is average mass of the particle in the control volume (kg), m,, is initial
mass of the particle (kg), ¢, is heat capacity of the particle (J/kg'K), AT, is
temperature change of the particle in the control volume(K), Am,, is change of the
mass of the particle in the control volume(kg), hr4 is latent heat of volatiles evolved
(J/kg), cp,; 1s heat capacity of the volatiles evolved (J/kg'K), T, is temperature of the
particle upon exit of the control volume (K), Ty.s is reference temperature for
enthalpy (K), 1, o is initial mass flow rate of the particle injection tracked (kg/s). It
(Q) appears as a source or sink of energy in the continuous phase energy balance.

The mass transfer from the discrete phase to the continuous phase is computed
simply as

M=—""mr (4.40)
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This appears as a source of mass in the continuous phase continuity equation.

4.1.6 Solver

In general, the solution step of a CFD problem is carried out by FLUENT in
two steps:

e Discretisation: Integration of the governing equations for conservation of mass
and momentum, and other scalars (e.g. turbulence parameters) on a cell (= control
volume) yielding a set of mathematical expressions for the dependent variables, such
as velocity, pressure etc. The second upwind method is used in the following
computation.

e Linearization: The above-obtained set of mathematical expressions has to be
linearised and solved to update the dependent variables in the control volume (cells).

Starting with an initial guessed solution — provided by the user — this solution
procedure is repeated until the pre-set convergence criteria are met and a final
solution is obtained via an iterative process. The solution history can be monitored by
plotting the sum of the residuals for each dependent variable at the end of each
iteration. For a converged solution, the residuals should be a small value (so-called
round off). In this study a segregated solver with implicit linearization has been
applied.

The convergence criteria, main boundary conditions and particle/wall
interaction are discussed in Appendix A.

4.1.7 Explanation of Relative Humidity Calculation

The relative humidity (y) of the outlet gas (actual vapor pressure (p,)
divided by the saturation vapor pressure) needs to be calculated first, from the gas
temperature (7, ) and the gas humidity (Y ).

D,
l//__

= 4.41
pVSdt ( )

The saturation vapor pressure ( p,,,, ) is the maximum vapor pressure at the

outlet gas temperature (7, ), and this vapor pressure may be calculated using the

Antoine equation. For water, one version of the Antoine equation is:

(4.42)

Py (Pa) =133.3 exp[18.3036— 3816.44 J

T,,(°C)+229.02
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The actual vapor pressure ( p, ) may be related to the outlet gas humidity (7Y))
by

P
Y=0.622 ———
s (4.43)

Why? Should a mixture of m, kg of air and m, kg of water vapor behave as

an ideal gas, one has

_ Mg
peV = M, RT (4.44)
m
v="h R7
Yy =—

v

in which p; and p, are the partial pressure of air and water, respectively,
mg and m, are the molecular weights of air and water, respectively, R is the gas
constant and 7 is the absolute temperature. These pressures may be added together

to give the total pressure, P, :

pG+pv:Patm (445)
pG = thm - pv .
Back substituting into Equation 4.44 gives:
(P =PIV == RT
MG
- (4.46)
V=—-RT

D, M,
The ratio of m, to m, is the gas humidity, Y , so
y M, b

o MG thm _pv (447)

as required.
Rearranging Equation 4.43 to calculate the actual vapor pressure ( p,) from

the gas humidity (Y, ) gives:
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_ (%, /0.622)F, ,
Y [1+(Y,/0.622)] (4.48)

Equations 4.40, 4.43 and 4.48 give the relative humidity (y ) from the gas
temperature (7, ) and the gas humidity (Y, ). This relative humidity, together with the
gas and solids temperatures (7, =1, ), is used to estimate the equilibrium moisture

content ( X,,.), which is an estimate of the outlet moisture content ( X, ). There are

different equations for the equilibrium moisture content for different materials. For
skim milk powder, one sorption isotherm is:

X, =X, =0.1499exp[~2.306x 10" (T, +273.15)- In(A-)] (4.49)
» :



CHAPTER V

COMPUTATIONAL FLUID DYNAMICS (CFD) MODEL
OF SPRAY DRYERS

5.1 Governing equations

Form chapter 4, conservation of mass and momentum are shown in the general
form of spray dryers. The theoretical equations of this work have been proposed in
this chapter.

For continuous phase (air);

Continuity equation:

op

at+—x(/0 )+—(,0u)+ . =S, (5.1)

where prepresents density of fluid and u, and u, are velocities in axial and redial

directions respectively. The subscripts of x and r refer to axial and redial directions.
Also §,, is the source term of droplet phase.

Momentum equation:

Axial momentum:

0 10 10 oP 10 ou, 2
— +—— +—— )= 2= (V.-
ot (v r Ox (rpus,) r or (rput,) ox 81[ ,u( 3( u)ﬂ

+12r ou, , o, +F
r or H or Ox g (5-2)

Radial momentum:

2( ) l_(r uu)+l—(r )—_@_}_lg %4_8”)‘
ﬁtpur r O Pt P, ox rox T ox or

19 U _20q.) ) |—2ute 4 25 (v
+—a—{r,u( or 3(V u)ﬂ 2'ur2+3 r(V u)+Fr (5.3)

r or
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where P is the pressure, p is viscosity of fluid. F, and F, are the forces acting in

axial and redial directions. The velocity gradient in momentum equations are
described by following equation.
ou, Ou.  u

Viu=—=+—+-+=
ox or r (5.4)

The energy conservation equation for gas can be written as

0 10 0 M |Og| 10 My | Oq
— +—— @ p,vg)=— +—= = |[+—— +— |r— |+ M
o Pt D+ —— (0 p,vq) axKﬂL Ghj axJ . &MM o, ) ar o (5.5)

where, u are the average axial velocity of gas, respectively; q is the enthalpy of gas;
M, is the rate of heat transfer between the droplets and the gas. The laminar viscosity
of the fluid is pu; and the turbulent viscosity is described by 7.

For disperse phase (droplet);

Based on the solution obtained for the flow field of the continuous phase,
using an Euler-Lagrangian approach we can obtain the particle trajectories by solving
the force balance for the particles taking into account the discrete phase inertia,
aerodynamic drag, gravity g; and further optional user-defined forces Fj;.

Continuity equation:

ou —
. E(ui+up,-)+gi i

+F
ox P ppd}f 24

Xi (56)

g

with particle velocity up; and fluid velocity u; in  direction, particle density p, , gas
density p, , particle diameter d, and relative Reynolds number

pd |\u —u,
Re= M (4.7a)
U
and drag coefficient
_ 4 %
CD =q +E+@ (47b)

where a;, a; and a3 are constants [Fluent, 2004].
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The heat transfer between the droplet and the hot gas is updated according to
the heat balance relationship given as follows

dar, dm,
m,e, =—k=hd, (7,-1,)+ L (4.30)

where hg,= latent heat (J/kg); % rate of evaporation (kg/s). T, is the local

temperature of the hot medium (K) and T, is the particle temperature.

Boundary conditions
Table 5.1 Boundary condition (Kieviet, 1997)

PARAMETERS VALUE
Inlet Air
Alr inlet temperature (K) 468
Air mass flow rate (kg/s) 0.336
Air total velocity (m/s) 9.15
Outlet Condition
Outflow & reference pressure (Pa) -100
Turbulence Inlet Conditions
Turbulence k-value (m*/m?) 0.027
Turbulence e-value (m*/m’) 0.37

Liquid Spray From Nozzle

Liquid feed rate or spray rate (kg/s) 0.0139
Feed temperature (K) 300
Spray angle (°) 76
Minimum droplet diameter (pm) 10
Maximum droplet diameter (um) 138
Average minimum droplet diameter (um) 70.5
Particle velocity at nozzle (m/s) 59
Rosin-Rammier parameter 2.05
Chamber Wall Condition

Chamber wall thickness (mm) 0.002
Wall material Steel
Overall wall heat transfer coefficient (W/m”.K) 3.5
Air temperature outside wall (K) 300

Interaction between wall and particle escape
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In the simulation of spray drying, the main assumptions made are:

(A) Discrete phase in continuous phase is sufficiently dilute. In practice, the
volume fraction of discrete phase to the continuous phase should be less than 2%.
Thus, the particle-particle interactions and the effects of the particle volume fraction
on the gas phase are negligible.

(B) Agglomeration and break-up among the droplets or particles are neglected.

(C) The droplets/particles are always assumed to be spherical. During droplet
drying, the spherical shape is always assumed.

(D) Constant drying rate period and 1* step of drying (no mass transfer) of this
system is always assumed.

(E) No slip condition at wall as the result of velocity at wall equal zero is
assumed.

5.2 Validation model

This chapter presents the prediction results for a co-current spray dryer fitted
with a pressure nozzle using both 2D CFD models. Some of these results are validated
using the published data of Kieviet [1997]. Parametric studies were carried out as
well.

5.2.1 Problem description

Figure 5.1 shows the tested spray dryer geometry used in this work which is
the same as that studied by Kieviet (1997). The chamber is a cylinder-on-cone vessel,
2.215 m in diameter and with a cylinder top section, height of 2.0 m and the bottom
cone with 1.725 m height. The angle of the cone is 60-. Hot air is blown from the

ceiling of the drying chamber through an annular tube which has an outer diameter of
495.6 mm and an inner diameter of 411.6 mm. The pressure nozzle is located at the
center of drying chamber, 229 mm away from the flat ceiling of chamber. There is an
exit tube for the exhaust air conveying the dried particles at the center of the cone.
The outlet diameter is 172 mm.
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Mk

10

m

Figure 5.1 Tested geometry with dimensions in mm (Kieviet, 1997)
5.3 Validation cases

The simulations are performed for steady state operations. The 2D axi-
symmetrical model which is same as the model used by Kieviet (1997) was selected
for simulation. Square grids were used for the drying chamber. The results for airflow
patterns and temperature fields were similar when different mesh sizes were used.
Hence, the results are considered to be grid-independent. The number of grid point
used for the geometry tested is 3765.

5.3.1 Boundary conditions

Cases A and B are defined as the spray dryer without any spray and with
spray.

Inlet air: The velocity of drying air is 7.36 m/s for the case without spray and 9.15
m/s with spray. Temperature of the air at inlet is set at 468 K and its relative humidity is
75% at 25 °C.

Outlet conditions: The outlet pressure is set at —100 Pa, i.e., a fan is assumed
to draw air out from the drying chamber.

Chamber wall conditions: According to the options that could be selected for
the present work in the FLUENT code, when a droplet/particle hits the wall of the
drying chamber, it can be assumed to be “trapped” or “escaped” or “reflected” by the
wall. Under the "trap" condition, all non-volatile material is “lost” from the
calculation at the point of impact with the wall. The volatile material present in the
trapped particle/droplet is assumed to be released to the gas phase at this point.
However, under the “escape” condition, the particles are removed from the
calculation at the point of impact with the wall. According to the "reflect" condition,
the particles rebound off the wall with a change in its momentum as defined by the
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coefficient of restitution. In this validation case, the “escape” boundary condition is
used.

The overall heat transfer coefficient from the wall to the outside of the drying
chamber is estimated to be 3.5 W/m?.K and the chamber wall is assumed to be made
of 2 mm thick stainless steel. This coefficient value is obtained by fitting published
measurement results (Kieviet, 1997) with a simulation carried out with spray.

Spray from nozzle: An “injection” condition is defined here to specify the
spray with a given droplet size distribution. The spray mass flow rate is 59 kg/h
(0.013889kg/s) with 42.5% solids content. The feed temperature is set at 300 K. The
spray angle is assumed to be 760. The droplet size distribution is such that 0.10 um is
the minimum droplet diameter and 0.138 pum is the maximum droplet diameter with
an average droplet diameter D of 70.5 um. The droplet diameter distribution is
modeled using a Rosin-Rammler curve with these parameters and the spread
parameter equal to 2.05 (Kieviet, 1997). The droplet velocities at nozzle exit are fixed
to be 59 m/s (Kieviet, 1997). In order to simplify the calculation, the feed physical
properties are assumed to be those of water, except that the volatile content is allowed
to change as drying proceeds.

Turbulence model: For the 2D-axisymmetric model, the standard k-¢
turbulence model was used. Because there is no swirling flow in the drying chamber,
the standard k-e model is expected to be an appropriate choice for simulating such a
flow (Oakley, 1994). The turbulent kinetic energy at the inlet was set at 0.027 m?/s’
and the energy dissipation rate at the inlet to be 0.37 m?*/s’ which are the same values
as those used by Kieviet (1997). For tracking the droplets, the turbulent stochastic
model (TSM) option was used. Turbulent stochastic tracking of droplets allows for
the effect of random velocity fluctuations of turbulence on particle dispersion to be
accounted for in the prediction of particle trajectories.

5.3.2 Comparison between measurements and predictions

The predicted velocity profiles for Case A and measured results by Kieviet
(1997) at different levels in the drying chamber are shown in Figure 5.2. Figure 5.2
shows that the predicted velocities agree well with the measured results. It is seen that
there is a non-uniform velocity distribution in the core region of the chamber. The
highest velocity magnitude is about 7.0 m/s at the 0.30 m level. The velocity
magnitude is reduced as the air goes into the chamber further due to the expanding area.
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Figure 5.2a Comparison of velocity profiles between prediction and Kieviet’s
measurement (1997) at 0.3 m and no spray condition
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Figure 5.2b Comparison of velocity profiles between prediction and Kieviet’s
measurement (1997) at 2.0 m under no spray condition

Figure 5.3 shows the predicted temperature profile for Case B and the
measured data by Kieviet (1997) at different levels in the drying chamber. It is found
that the predicted results agree well with the measured results. The simulation results
provide details of the temperature field at different levels and anywhere inside the
chamber. The measurement results however do not give such detail because of the
limited number of measurement points.
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Figure 5.3 Comparison of temperature profiles between prediction and Kieviet’s
measurement (1997) at 0.2 m under spray condition

From the predicted temperature profiles (Figure 5.3), it is observed that the
temperatures in the central core up to a radius of 0.1 m are quite different at different
levels which are expected as a direct result of drying. There is only a minor radial
variation in the gas temperature. The largest temperature changes usually occur at the
first level. It is the result of very high heat and mass transfer rates in the nozzle zone
due to high relative velocities between the gas and the droplets coupled with large
temperature driving forces.



CHAPTER VI
PREDICTION OF WALL DEPOSITION

6.1 Prediction of wall deposition by viscous stress
6.1.1 Boundary conditions

In a co-current spray dryer, feed solution and hot air enter the chamber in the
same direction. As a result, the hot air contacts a droplet of feed solution at its
maximum moisture content. As the rate of water evaporation is rapid, the air
temperature is reduced. Therefore, a final product does not suffer from heat
degradation. Figure 6.1 shows the schematic diagram of the spray dryer used in this

study.
i
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Figure 6.1 Schematic diagram of the spray dryer (Fletcher and Langrish, 2009).

The feed solution consists of anthocyanin spherical particles and water with
density of 1,240 kg/m’ and dynamic viscosity of 3.588x10* mPa-s. The predicted
velocity of droplets is shown in Figure 5.2. It is found that the droplet particle has its
maximum velocity near the atomizer region. The particle velocity slightly decreases
along the center of the drying chamber. Figure 5.2 also shows the flowing direction of
the particle. Three patterns of the droplet direction are observed: (1) the particle falls
down along the center and goes out the chamber at the outlet with high velocity
because of its less moisture content, (2) some particles hit the conical wall and then
fall down along the slope-sided surface at the medium velocity and (3) most of
moisture-containing droplets hit the side wall and flow upward to the top of the
chamber and then recirculate downward to the bottom with low velocity. The
recirculation results in a longer residence time of the droplets with high moisture
content. This factor may degrade a quality of the final product if some important
nutrient in the producet is sensitive to heat.
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Figure 6.2 Velocity (m/s) of droplets in the spray dryer.
6.1.2 Results and discussion
6.1.2.1 Effect of viscous stress in the axial and radial directions

Figure 6.3 shows the region of velocity field in the radial and axial directions.
The results indicate that most droplets with high moisture content hit the conical wall
of the chamber with radial and axial- direction forces, resulting from a viscous stress
of the droplets. Figure 6.4 shows that the viscous stress in the axial and radial
directions. It is found that the viscous stress is dominated by the force in the axial
direction. So the droplets are possibly attached at the maximum viscous stress region.
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Figure 6.3 Contour plot of the velocity field (m/s) in the radial (left) and axial (right)
directions.
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Figure 6.4 Viscous stress (N/m?) in the radial (left) and axial (right) directions.
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Figure 6.5 Friction velocity (m/s) at the wall chamber.

In general, dry particles absorb moisture and heat from wet and hot particles.
As the result, the rebond of these particles tends to be stick. The first layer of sticky
particles attaches to the chamble wall with the adhesion of particles to top layer of the
wall. The second layer of sticky particles attaches to the first layer of the sticky
particles with the cohesion of layer particles and the pattern for the next layers is
similar. In order to understand the effect of a wall deposition problem, the friction
velocity at the chamber wall is studied. Figure 6.5 indicates that the maximum friction
velocity region is at the conical wall, which is the same region as the viscous stress in
the axial direction (Figure 6.4).

6.1.2.2 Effect of viscous stress to configuration

The flow pattern of droplets within the spray dryer with different conical wall
angles is studied. Figures 6.6 and 6.7 show effect of the conical wall angle on the
viscous stress along the axial direction. When the height of side wall and diameter of
chamber increase, they decrease the angle of the conical wall. The maximum viscous
stress in the axial direction increases as the angle of the conical wall is less than its
nominal value. It is found that the droplets hit a conical wall and then move upward to
the top or downward to the botton of the chamber with slow velocity and height
tangential viscous stress. Thus, the droplets build up on the wall.
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Figure 6.7 Comparison of the viscous stress (N/m?) in the axial direction at different

6.1.2.3 Effect of viscous stress to inlet velocity

chamber diameters.

Effect of inlet fluid velocity on the wall deposition problem is studied. Figure
6.8 shows the viscous stress in the axial direction when the inlet velocity is 80 m/s
(nominal flowrate). When the inlet velocity is changed from 60 to 100 m/s, a similar

trend 1s observed.

In addition, the flow fields obtained show a similar trend the maximum
viscous stresses at the inlet velocity of 60, 80 and 100 m/s are 6,420, 11,422 and
17,858 N/m?, respectively. The results show a linear relationship of the inlet velocity
of feed droplets and the maximum viscous stresses. The viscous stress increases with
increased inlet velocity. Thus, at a higher inlet fluid velocity, the tendency of the
droplet to be attached the wall increases due to high adhesive force.
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Figure 6.8 Viscous stress (m/s) in the axial direction at the wall chamber (inlet fluid
velocity = 80 m/s).

The viscous stress and friction velocity in the axial direction are key factors to
explain a wall deposition problem. Droplets are possibly attached to the wall at the
position that the viscous stress and friction velocity show their maximum values. The
influences of design parameters of the spray dryer and inlet fluid velocity were also
studied. When the angle of the conical wall decreases, the maximum viscous stress in
the axial direction increases. The viscous stress region at the wall chamber shows a
linear relation with the inlet fluid velocity.

This study investigated a turbulent flow behavior within a co-current spray
dryer for anthocyanin droplets. The simulation results indicated three flowpatterns;
(1) droplets fall down and go out the dryer, (2) droplets hit the conical wall and then
fall down along the wall of the chamber and (3) droplets hit and move upward to the
top of the chamber at the side wall and then recirculate downward to the bottom.
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6.2 Prediction of wall deposition by glass transition temperature and sticky-point
concept

Energy leaves the dryer mainly through the cooler, moister, air, also through
the solids (which contain some moisture). The outlet solids are close to be in
equilibrium with the outlet gas, so the temperature of the gas and the solids may be
assumed to be the same and the outlet moisture content of the solids can be assumed
to be equal to the equilibrium moisture content of solids in contact with the outlet gas.
All the moisture that is evaporated from the solids is taken up by the gas, so a mass
balance allows the outlet moisture content of the solids to be related to the outlet
humidity of the gas.

The stickiness of powder can be explained by a low glass transition
temperature (T,) of components with low molecular weight. Glass transition
temperature (T,) is a reference parameter to project the spray drying systems and
characterize the properties, quality, stability and safety of product. Structural
alterations, such as stickiness, agglomeration, caking and crystallization, usually
occur in amorphous food powders when stored and processed at temperatures above
T,. Sticky-point temperatures (Ts) have relative with glass transition temperature (Ty)
and its can begin 10-20 °C above the glass transition temperature (Bhandari, 1997a).

The objective of this study was to spray dry by using various drying agent
materials in table 6.1 as a drying aid and characterize the stability of the results by
glass transition and sticky curve analysis. It aimed to lay a foundation for industrial
development and applications of powdered products.

Table 6.1 glass transition temperature of various food materials

Food materials T, (°C)™
Fructose 14
Glucose 31
Galactose 32
Sucrose 62
Maltose 87
Lactose 101
Citric acid 6
Tartaric acid 18
Malic acid -21
Lactic acid -60
Maltodextrins

DE36(MW=550) 100
DE 25(MW=720) 121
DE 20(MW=900) 141
DE 10(MW=1800) 160
DE 5(MW=3600) 188




Food materials (cont.) T, (°C)™
Strach 243
Ice-cream -34.3
Honey -42 to -51

6.2.1 Boundary conditions

Spray drying: A spray dryer and operating condition (Chapter 5.3.1) same as
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that studied by Kieviet (1997) was used in the study. Co-current flow regime and a
two-fluid nozzle atomizer were used for the spray drying process. The inlet air

temperature was set to 195 °C and the outlet air temperature was set to and maintained

at 27 °C.
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Figure 6.9a Gas temperatures at conical walls.

1.2

From this conditions are obtained a gas temperature curve at the conical and
cylindrical wall in Figure 6.9. Figure 6.9a shown that temperature at the conical wall
near the angle of chamber has higher than near the outlet and temperature at the
cylindrical wall near the top of chamber has slightly higher than near the angle of
chamber because of a higher heat transfer from hot dried air medium.
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Figure 6.9b Gas temperatures at cylindrical walls.
6.2.2 Results and discussion
6.2.2.1 Effect of drying agent materials

Figures 6.10 to 6.13 are showed effect of the gas temperature on glass
transition temperature (T,) and sticky-point temperature (T;) at conical and cylindrical
wall respectively. Each curves of result have gas temperatures point, sticky-point
temperatures and glass transition temperature on each drying agent materials such as
maltrodextrins DE® 36, DE 25, DE10 and without drying agent material (pure water;
T, = -137 °C). Figure 6.10 and 6.11 indicated that the particles hit the wall in the
sticky state and attach on region of walls due to gas temperatures curve are above
stickiness temperatures and glass transition temperatures. And particles hit the wall
and may be less attach on the wall in Figure 6.13 because the gas temperature is
overlap on the stickiness temperature but it is above on the glass transition
temperature. So the particles may be in sticky state at the low moisture content. In the
other hand, Figure 6.14 gas temperature curve is under both of stickiness temperature
and glass transition temperature, it indicated that the particles in this curve are in non-
sticky region and state. Not only these particles hit the walls more velocity and every
directions but also its not attach the wall. Maltodextrins was able to significantly
increase the T, compared to pure water (Figure 6.10) that agree with Wang and Zhou
(2013).
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Figure 6.10 Sticky-point curve and gas temperature without drying agent.
6.2.2.2 Effect of maltodextrin DE value

Additives agent materials have been used to produce physical changes in the
product, consequently reducing the stickiness and wall deposition in spray drying that
maltodextrins are used to drying agent in this study.

The influence of the maltodextrin DE value on the T, value were significantly
shown in Figure 6.10 to 6.13. The predicted results of T, showed that the
maltodextrins with higher DE led to particles with lower glass transition temperatures
as shown in Figure 6.10 and 6.11 and increasing the DE value of maltodextrin gave
rise to a higher hygroscopicity of the particle containing it. However, the
hygroscopicity difference was not significant on low DE value of maltodextrins
(Figure 6.12 and 6.13).

T, increased with increasing molecular weight, maltodextrins were used to
improve dehydration characteristics, to decrease stickiness, and to improve product
stability. It is popular to incorporate maltodextrins as a carrier in spray drying
hygroscopic powders such as fruit juice powders and infant formula. It has
significantly increase glass transition temperature (Ty) and reduce hygroscopicity of
the final product. And glass transition temperature and sticky-point curve concept are
approximated sticky point enough in order to predict a range of simple sticky
particles.
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Figure 6.12 Sticky-point curve and gas temperature at wall

with maltrodextrins DE 25.
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Figure 6.13 Sticky-point curve and gas temperature at wall

with maltrodextrins DE 10.
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Figure 6.14 Sticky-point curve and gas temperature at wall with maltrodextrins DE 5.

6.2.2.3 Effect of droplet moisture content to glass transition temperature

Figure 6.15 and 6.16 indicated effect of droplet moisture content to glass
transition temperature. Humidity of droplet increases, as the result of the glass
transition temperature of system decreases.
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6.3 Prediction of wall deposition by particle impact position

The knowledge of particle impact position is important for the design and
operation of spray dryers as it influences the final product quality. Particle stickiness
is related to wall deposition for spray dryers, determining the fate of particles that hit
the walls. Whether or not particles hit the wall is a function of the fluid flow patterns
in the equipment, and this is an area in which CFD can predict the particle
trajectories, so that it is possible to estimate whether the particles hit the walls and the
temperatures of such particles. Therefore, a percentage of particles impact position is
studied. CFD model use hot dried air and water in the continuous and disperse phase
respectively and additional maltrodextrin DE 10. Heat transfer coefficient is 3.5
W/(m?*K).

6.3.1 Results and discussion
6.3.1.1 Effect of wall temperature range

From CFD solver is obtained a percentage of particle attached the walls
chamber via count particles at wall of each temperature range as shown in table 6.1.
Figure 6.17 shown that a maximum particle at total wall is 68.571% in 160.0 - 177.5
°C temperature range. This temperature range has higher than glass transition
temperature, as the results of particles are in a sticky state and attach the walls
68.571%. And 142.5 - 160.0 -C range maybe sticky particles because 160.0 °C of
particles equal to glass transition temperature. Particles are attached on the conical
wall more than cylindrical wall as shown in table 6.2. This result is agreed with
Kieviet (1997).

90 n con.icalll
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80 - B Total
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1 2 3 4 5 6 7 8 9 10 11
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Figure 6.17 Percentage of particles at walls.



Table 6.2 Percentage of particles at walls
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RANGE

PERCENTAGE OF PARTICLES (%)

TEMPERATURE (K) Xo | To(=C) | Tg(=C)
CONICAL CYLINDRICAL TOTAL
WALL WALL WALL
| 0.0 - 20.0 0 0 0
2 20.0 - 37.5 0 0 0
3 37.5-72.5 0 0 0
4 72.5 - 90.0 0 0 0
5 90.0 - 107.5 0 0 0
6 107.5 - 125.0 0 0 0
7 125.0 - 142.5 0 2.857 1.429 | 0.0076 | 172.55 | 152.55
8 142.5 - 160.0 17.143 42.857 30.000 | 0.0041 | 176.65 | 156.65
9 160.0 - 177.5 82.857 54.286 68.571 | 0.0022 | 180.06 | 160.06
10 177.5 - 468.0 0 0 0
11 468.0 - 500.0 0 0 0
TOTAL 100 100 100
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6.3.1.2 Effect of wall heat transfer coefficient

In this part, the effect of wall heat transfer coefficient is studied. Heat transfer
coefficient of the wall changes, the temperature of the gas at the wall as the heat
transfer coefficient reduction, temperature of the gas at the wall will be higher. On the
contrary, heat transfer coefficient increased, as the resulted of a decrease in the
temperature of gas at the wall, as shown in Figure 6.18. The heat transfer coefficient
is used in 2, 3.5 and 5 W/(m?-K). Figure 6.19 and 6.20 shown percentage of particle
gas temperature at the walls of the heat transfer coefficient is 2 and 5 W/(m*-K)
respectively. The heat transfer coefficient is 2 W/(m*-K) in table 6.3 indicated that the
temperature rage 172.62 - 175.91 -C is higher than glass transition temperature. These
particles 100 % in this rage are in sticky state and attach the wall 100%. In the other
hand, the heat transfer coefficient is 5 W/(m?-K) in table 6.4 indicated that lower the
temperature rage 160 °C is under glass transition temperature, particles are not attach

the wall. But temperature rage 160.00 - 177.00 °C is higher, as the result of these
particles attach wall 15.714 %.

A high of heat transfer coefficient useful to decrease the wall temperature for
important sugars like Lactose, Maltose and Sucrose that are present in milk and fruit
juices. Taking into account the high ratio of milk containing Lactose, the distribution
of wall temperature indicates that there is low stickiness on most parts of the dryer
wall.
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Figure 6.18 Temperature at wall with various heat transfer coefficients.
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Figure 6.19 Percentage of particles at walls on heat transfer coefficient 2 W/(m?-K)

Table 6.3 Percentage of particles at walls on heat transfer coefficient 2 W/(m*-K)

PERCENTAGE OF PARTICLES (%)

RANGE | TEMPERATURE (K) Xo | Ts(¢C) | Tg(=C)
CONICAL | CYLINDRICAL TOTAL
WALL WALL WALL
0 0.00 - 161.11 0 0 0
1 161.11 - 162.75 0 0 0
2 162.75 - 164.40 0 0 0
3 164.40 - 166.04 0 0 0
4 166.04 - 167.68 0 0 0
5 167.68 - 169.33 0 0 0
6 169.33 - 170.97 0 0 0
7 170.97 - 172.62 0 0 0
8 172.62 - 174.26 57.143 100 78.571 | 0.0014 | 181.23 | 161.23
9 174.26 - 175.91 42.857 0 21.429 [ 0.0013 | 181.37 | 161.37
10 175.91 - 177.56 0 0 0
TOTAL 100 100 100
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Figure 6.20 Percentage of particles at walls on heat transfer coefficient 5 W/(m*-K)

Table 6.4 Percentage of particles at walls on heat transfer coefficient 5 W/(m*-K)

PERCENTAGE OF PARTICLES (%)
RANGE | TEMPERATURE (K) Xo | Ts(eC) | T4(<C)
CONICAL CYLINDRICAL TOTAL
WALL WALL WALL
1 0.0 - 20.0 0 0 0
2 20.0 -37.5 0 0 0
3 37.5-72.5 0 0 0
4 72.5-90.0 0 0 0
5 90.0 - 107.5 0 0 0
6 107.5 - 125.0 0 2.857 1.428 | 0.0076 | 172.55 | 152.55
7 125.0 - 142.5 0 11.428 5715 0.0041 | 177.35 | 157.35
8 142.5 - 160.0 68.572 85.715 77.143 | 0.0022 | 180.06 | 160.06
9 160.0 - 177.5 31.428 0 15.714 | 0.0012 | 181.52 | 161.52
10 177.5 - 195.0 0 0 0
11 195.0 — 200.0 0 0 0
TOTAL 100 100 100




CHAPTER VII
CONCLUSION

A two-dimensional CFD for short-form spray dryer was developed and
compared with published experimental results and predictions. The comparison study
shows good agreement between the model and published experiment and prediction
result for gas velocity and temperature profiles.

The objective of this research is to study the effect of fluid flow pattern and
key parameter to wall deposition problem within a spray dryer.

7.1 Fluid flow pattern

Three patterns of the droplet direction are observed: (1) droplets fall down and
go out the dryer, (2) droplets hit the conical wall and then fall down along the wall of
the chamber and (3) droplets hit and move upward to the top of the chamber at the
side wall and then recirculate downward to the bottom.

7.2 Prediction wall deposition
7.2.1 Viscous stress and friction velocity

Viscous stress and friction velocity in the axial direction are key factors to
explain a wall deposition problem. Droplets are possibly attached to the wall at the
position that the viscous stress and friction velocity show their maximum values. The
maximum friction velocity region is at the conical wall, which is the same region as
the viscous stress in the axial direction. Viscous stress is dominated by the force in the
axial direction. So the droplets are possibly attached at the maximum viscous stress
region.

Effect of the conical wall angle on the viscous stress along the axial direction.
When the height of side wall and diameter of chamber increase, they decrease the
angle of the conical wall. The maximum viscous stress in the axial direction increases
as the angle of the conical wall is less than its nominal value

Effect of inlet fluid velocity on the wall deposition problem is indicated that a
linear relationship of the inlet velocity of feed droplets and the maximum viscous
stresses, the viscous stress increases with increased inlet velocity.

7.2.2 Glass transtion temprature and sticky temperature

Stickiness of powder can be explained by a low glass transition temperature
(T,) of components with low molecular weight. Glass transition temperature (T,) is a
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reference parameter to project the spray drying systems and characterize the
properties, quality, stability and safety of product. Drying agent material has reducing
the stickiness and wall deposition in spray drying. Maltodextrin was able to
significantly increase the T, compared with pure water.

Higher DE value of maltodextrin led to particles with lower glass transition
temperatures, it has significantly increase glass transition temperature (T,), reduce

hygroscopicity of the final product and reduce particle attach the wall. Humidity of
droplet increases, as the result of the glass transition temperature of system decreases.

7.2.3 Particle impact position

Temperature range 160.0 - 177.5 °C has higher than glass transition
temperature, as the results of particles are in a sticky state and attach the walls
68.571%. Particles are attached on the conical wall more than cylindrical wall.

Effect of wall heat transfer coefficient found that high of heat transfer
coefficient useful to decrease the wall temperature. Heat transfer coefficient of the
wall changes, the temperature of the gas at the wall as the heat transfer coefficient
reduction, temperature of the gas at the wall will be higher. On the contrary, heat
transfer coefficient increased, as the resulted of a decrease in the temperature of gas at
the wall. The distribution of wall temperature indicates that there is low stickiness on
most parts of the dryer wall.
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