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ABSTRACT

Spray dryer is a well established method for camvgdiquid feed materials
into dry powder forms. Spray dryer is widely usedotoduce foods such as whey,
instant drinks, milk, tea and soups, as well aslthe@re and pharmaceutical
products, such as vitamins, enzymes, bacteria Eadim production of fertilizers,
detergent soap, and dyestuffs. Many experimentalies have been done to ensure
the quality of the spray drying process. Alternalyy computational fluid dynamics
(CFD) can be utilized to study the performancehaf $pray dryer. CFD modelling
tools are increasingly used in the design, scaleeppmization and trouble-shooting
of the spray drying chamber because measuremertfs as Laser Droppler
Anemometer (LDA) of air flow, temperature, partidze and humidity within the
drying chamber are very difficult and expensive anlarge scale spray dryer.
Hydrodynamics of the spray dryer in single and ipblse flow are not well
understood and hence for economic and safety reaseliable models are needed
for scale-up and design of such a spray dryerhis work, a CFD modelling of
hydrodynamics in counter-current and co-currentagpdrying tower were
performed. The turbulence modelling was realizethgudive different turbulent
models, i.e. standard &-RNG k<, Realizable ke, Reynolds stress models and the
Detached Eddy Simulation. The predicted airflowtgrats inside the spray drying
chamber were found to be in good agreement toxperemental data adopted from
literature for all turbulence models tested in thierk. A great potential of the
Detached Eddy Simulation for predicting the flowttpen in counter-current and co-
current spray dryer were uncovered as its providese accurate predictions
compared to other models tested in this work. Redtbm this simulation may be
useful for development of a more comprehensiveamudirate model for spray dryer

in the future.



ABSTRAK

Pengering semburan adalah keadah yang sangat talk omenukar bahan
cecair menjadi serbuk kering. Pengering semburanydba digunakan untuk
menghasilkan makanan seperti serbuk dadih, minisegera, susu, teh dan serbuk
sup , begitu juga dengan produk kesihatan dan &rnseperti vitamin,enzim,
bakteria dan juga di dalam penghasilan baja, sdetergen, dan zat warna. Banyak
kajian eksperimental telah dilakukan sebelum inuknrmemastikan qualiti proses
pengering semburan.oBputational fluid dynamics (CFD) merupakan cara alternatif
yang dapat dimanfaatkan untuk mempelajari prestkdi pegering semburan ini.
CFD semakin digunakan dalam reka bentuk, skalaimapt and penyelesaian
masalah pengering semburan kerana alat pengukuertisdpaser Droppler
Anemometer (LDA) untuk mengukat aliran udara, suhu, saiz zadan kelembapan
dalam ruangan pengering adalah sangat sukar daml noatuk alat pengering
sembur berskala besar. Hidrodinamik aliran fasgdahand multi tidak difahami
dengan baik dan dengan untuk alasan ekonomi anelakestan, model yang
sewajarnya, amat diperlukan untuk skala dan rek@#ukepengering semburan.
Dalam tugasan ini, pemodelan perolakan diwujudkangdn menggunakan lima
model perolakan berlainan dengan nama ktamdard k-¢, RNG k-¢, Realizable k-,
Reynolds stress models and the Detached Eddy Simulasi. Pola aliran udara meramal
dalam ruangan pengering semburan telah didapatsaiveran dengan data
eksperimen yang diambil daripada kajian sebelumBy@stasi yang sangat baik oleh
Detached Eddy Simulasi untuk meramal pola aliran di dalam pemmgesemburan
aliran bertentangan dan aliran selari dapat diteamenyediakan ramalan yang lebih
tepat berbanding dengan model kajian yang lainnddlegasan ini. Hasil daripada
simulasi ini sangat berguna untuk pembanguanammdaianghasilkan model yang

lebih tepat dan menyeluruh untuk alat pengeringosean di masa hadapan.
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CHAPTER 1

1.0 INTRODUCTION

11 Motivation

Spray drying is a well established method fornesting liquid feed materials
into a dry powder form (Anandharamakrishreal., 2007) by using hot gas steam.
The water content in the feed materials is rapwyporized from the droplets,
leaving particles of dry solid which are separdtedn the gas stream. The patrticles
produced are light and porous. Spray dryer are lwidged in food industries, such
as production of whey and milk powder, in healtkcand pharmaceutical products
such as enzyme and vitamins (Masters, 1991) aral @isduction of fertilizers,
detergent soap and dyestuff. All these productemesproduce from different types

of spray dryer.

Gas flow pattern is one of primary factor thafluence the quality of the
product by spray dryer. The internal gas flow pattelirectly influences the
residence time each droplet or particle spendsirwitie dryer, and the temperature
of the gas which surrounds the particle during pesod. These parameters affect
the moisture content, size distribution, and payosf the final product (Harviet
al., 2001).

In recently year, to ensure the quality of the gpiayer production, there
were a lot of experimental had been done. The tyuafi the product from spray
dryer processes can be determine by using advane#tbd such as Laser Doppler
Anemometer (LDA) and Phase Doppler Anemometer (RDHMpwever this

measurement equipment still has their limitatiofise LDA and PDA techniques



were difficult and very expensive in large scaleagpdryer. Alternatively, CFD can
provide detail description on the multiphase flawspray dryer which is certainly
much cheaper to run compare to experiment. CFD Hnogléools are increasingly
used in the design, scale-up, optimization, andibiesshooting of spray dryer
(Anandharamakrishnaat al., 2007).

1.2  Objective and scope

The aim of this study is to develop a modelling moet for predicting single
phase and multiphase hydrodynamics in spray drigamber to make possible the
modelling spray drying via CFD. The first part dfis work dealing with the
modelling of single phase spray dryer were caragetito evaluate the performance
of various turbulence models namely stand&rd (SKE), RNG k-¢ (RNG),
Realizablek-¢ (RKE), RSM and Detached Eddy Simulation (DES) amd study
cover the axial and tangential velocity flow in@ay dryer at several positions. The
second part involves the development method fotiphdse flows which i.e. spray
drying of maltodextrinThe Discrete phase model (DPM) was selected widnggn
balances equation to give the prediction of sinmdtais heat and mass transfer
during the drying process. Two different case stwdg performed as follow using
FLUENT 6.3 CFD package.

Case A: Counter-current spray dryer simulation using ¢e®metry and boundary
conditions studied by Baylst al. (2004).

Case B: Co-current spray dryer simulations using geomahg boundary conditions
studied by Kieviet (1997).

13 Main contribution of thiswork

The Detached Eddy Simulation (DES) employed toesalturbulence flow in
a single and multiphase flows spray dryer in thagknis relatively new and has not
been previously applied to solve for a spray dryerns important to develop a



method that can be employed by designers or pedctitgineers as an exploratory
design and scale-up tools. To predict the perfoomani spray dryer accurately, must
be able to model the flow pattern in spray dryear{lk et al., 2001). In the past,
modelling of gas flow pattern was limited companisof turbulence models
prediction on hydrodynamics of complex spray dryesign such as counter-current
spray dryer tower. The previous CFD studies eitlneder or over predicts the

experimental data due to shortcomings of the terd model used.

Therefore, the Detached Eddy Simulation (DES) smaployed to solve the
turbulence model in single and multiphase in sghaser in this work. Further detail
about the DES is given in section 3.5.1. DES malbElonged to hybrid turbulence
models, which blend Large Eddy Simulation (LES) wavilmm the boundary layer
and RANS near the wall. This marks a significanpriovement in spray dryer

modelling, which enable a direct comparison withALBxperimental data.

1.4 Thesisoutline

The structure of the reminder of the thesis isioat as follow:

Chapter 2 provides applications and general festofethe spray dryer. A
general description on the flow characteristics sjpray drying chamber and
correlations to account for the flow phenomena pmesented. This chapter also
provides a brief discussion about the previous wel&kted to advanced experimental
techniques available for spray dryer, mentionirgjrtapplications and limitations for

gas flow pattern analysis.

Chapter 3 will present the solution procedures abitwe spray dryer
modelling dimension and set-up and also give aild&téhe computational approach
applied for spray dryer modelling of single and tiphlase flows including the
turbulence modelling, computational grid, and géetheat and mass transfer model
for multiphase flow and solution procedures. Thathematical model used to

account for turbulence flow of single and multiphaystem is also described.



In chapter 4 provides the result and discussiorthekimulations prediction
of spray dryer. The performance of four differerANRS model and a DES model

turbulence model were compared with experimente.da

In chapter 5, as the last chapter has been congwadli together the summary

and have a recommendation for the future studpEysdryer modelling.



CHAPTER 2

20 LITERATURE REVIEW

21 Overview

This chapter gives a brief description of the systad applications of spray
drying in industry. In addition, the experimentathniques used to determine the
hydrodynamics in spray dryer are also describedbrigf summary about the
experimental data available from literature andpaeld for comparison with CFD
simulation is also presented. This chapter alswiges a summary of the previous

experimental work on spray drying.

2.2 Introduction

Drying is a process to removal of other orgargaitls, such as benzene or
organic solvents from process materials. Most efdhying processes are concerned
with removal of water content from solid particléBhis technique is the oldest
method of preserving food such as for grapes, cand, meat. Until now, drying

processes is an indispensable in many food inegstri

According to Okoset al. (1992), the goals of drying process research
especially in food industries are three-fold; (oBomic considerations: to reduce
cost and improve capacity per unit amount of drygggipment, to develop simple
drying equipment that is reliable and requires madi labour, to minimize off-
specification product and develop a stable prodkas is capable of continuous

operation, (2) Environmental concerns: to minimereergy consumption during the



drying operation and reduce environmental impactdolicing product loss in waste
streams, and (3) product quality aspects: to haeeige control of the product
moisture content at the end of the drying procesmihimize chemical degradation
reactions, to reduce change in product structuckterture, to obtain the desired
product color, to control the product density andi¢velop a flexible drying process
that can yield products of different physical stases for various end user. Types of
equipment of drying process which are commonly argetray dryer, vacumm-shelf
indirect dryer, continuous tunnel dryer, rotaryehs; drum dryer drying of crops and

grains and the very well establish spray drying.

2.3  Application of spray drying

In a spray drying a liquid or slurry solutiongprayed into a hot gas steam
and converting the liquid feed to the form of a thus fine droplets. The water is
rapidly vaporized from the droplets, leaving pdetsc of dry solid which are
separated from the gas steam. The particles prddaie light and porous. Spray
drying is widely used in produce food, as well &salthcare and pharmaceutical

products (Masters, 1991) also in production of deahand polymer.

2.3.1 Food industry

Production of food such as instant coffee, milk dew soup mixer,
Maltodextrin, herbs extracts and vegetable prot@nspray drying is very ideal due
to heat sensitive products, where selection ofesysind operation is the key of high
nutritive and quality powder of precise specifioati Short form co-current spray
dryer with a bottom outlet is more suitable for idgy heat sensitive products
(Anandharamakrishnaet al., 2007).

2.3.2 Healthcareand pharmaceutical industry

The production of healthcare and pharmaceuticah sgcvitamins, enzymes,

antibiotics, and vaccines was produced by sprayerdr$pray dryer designed



specially for integration into batch or continuaserations under sanitary or aseptic
conditions. This system is available for taste nragknd encapsulation. Dryers with
integrated fluid beds are ideal for producing naostg powders for perfect tablet

form.

2.3.3 Chemical industry

Spray dryers for chemical industries produce a evgriof powdered,
granulated and agglomerated products in systemis rtaimize formations of
gaseous, particulate and liquid effluenihe production from Chemical industry such
as catalyst, detergent, dyestuffs, and inorganematals for drying more robust
materials the counter-current process offers higfiermal efficiency and can lead to

different, in some desirable, products characiesigBaylyet al., 2004).

2.34 Polymer industry

The polymer production such as e-PVC and UF/MF nggsipolymer
dispersions and solutions in water or organic subl/@re spray dried under closed
controlled operating condition, producing powdeos precise particle size, heat
treatment, and redispersibility specifications. L@aftening point products are

produced continuously in plants with air-brooms,saieeps or integrated fluid bed.

It is clear shown above, from the example and exethabove the spray
drying are widely used in the process industridsth® production involves different

types of spray drying depend on production charestie

24  Experimental methodsfor spray drying

The focus of this study is on development of corapaihal tools to design
spray drying. Nevertheless, it is important toieew the experimental techniques

that are available and which provide validationadiatr single and multiphase flow



CFD prediction. There are several advanced tecksigqpf measurement the flow
phenomena in spray drying chamber. Among them aoseparator, Particle
Image Velocimetry (PI1V), Laser Doppler Anemometiyp@) and Phase Doppler
Anemometry (PDA).

2.4.1 Microseparator

The microseparator is a device for temperature landidity measurement,
developed by Kieviet and Kerkhof (1996).

outer tube middle tube inner tube
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Figure 2-1: Concept of microseparator device

This device separates small particles from theflgasby means of the difference in
inertia between the fluids and the particles. Twechanisms of separation are
employed successively, namely a swirling motion argharp change in direction of
the flow. A small fraction of the clean air flowtisen directed to a thermocouple and
subsequently to a dew-point hygrometer (Ketkl., 2000).

24.2 Particlelmage Velocimetry

Particle Image Velocimetry (PIV) is a non-intrusiviaser optical
measurement technique for research and diagnostizgdrodynamics flow. PIV is

very common and useful tool to investigate the flpenomena in spray dryer



models, there is a need to measure droplet vedscitione angles, penetration length
etc. Another used for investigated the flow phenoai@ blood vessels, heart valves
or artificial organs. A 2D high-resolution PIV sgst has been developed, setup and
successfully tested. The system contains a higedsp&leo camera for the image
capture and a continuous laser light source withptatl light sheet optics for the
illumination of the flow. After recording the imag@re stored to the hard disk drive
of a PC and can be analyzed using correlation tqubn In this area, the
development of more powerful PIV looks very promgsi(Kieviet, 1997). To
enhance the understanding of the flow phenomemabfranular flows and provide
a knowledge-based approach to improve spray dndesms of stability.

24.3 Laser Doppler anemometry/Phase Doppler anemometry

LDA/PDA is another non-intrusive single point ogticechnique applicable
for the simultaneous measurement of particle sigtilbutions and gas velocities.
Both LDA and PDA have similar working principle ept for a simultaneous
measurement of particle velocity and size distrdyutapability in PDA. PDA was
said to an extension of the LDA principle (Dantgmamics, 2009). In LDA/PDA
technique two laser beams are focused into a snedsurement volume where they
produce interference fringes. The laser light iatteted when a particle passes
through the measurement volume. The seed partotleas moving light sources
causing Doppler shifts of the scattered light. Theppler shift of the lights is
proportional to the bubble velocity while the phak#erences between the lights
scattered in different directions are linearly tetato the particle size. This technique
which is enables the velocity of the seeded pagifl.5-5 microns in air.

25  Experimental studied on Spray drying

Many experimental and numerical studied have bemfopned for spray
drying to ensure the quality of product of the gptaying processes (Kieviet al.,
1997; Southwell and Langrish, 2000; Haneeal., 2002; Zbicinskiet al., 2002;
Bayly et al., 2004; Langristet al., 2004; Huanget al., 2005; Anandharamakrishnan
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et al., 2007). Some of the most significant work is sumpes in Table 2-1.
Prediction from earlier work is less accurate dustortcoming of turbulence model
and most of studies focus on 2D axi-symmetric. &a@ample, previous research by
Kieviet (1997) which have cover the experimentad &FD modelling of short co-
current spray dryer. Kieviet (1997) was compares ékperimental data with CFD
codes FLOW3D used Standakes turbulence model in 2D axi-symmetric. His
results cannot give a realistic primary particlesidence times as swirl and
recirculation were not fully considered (Anandhasa&nshnan et al., 2007).
Research by Baylet al. (2004) in studied the airflow patterns in a comu@rent
spray drying tower by compared the simulation ofVR&odel study with LDA
experimental data. The result either under or quedicts the experimental data
which may be attributed by the use of RANS modelat@ount for a strongly
anisotropic flow in counter-current spray dryer &wSuch a flow may be better
modeled using a hybrid RANS-LES model i.e. DES Wwhiell be evaluated in this

work.



Table 2-1: Experimental and numerical study onsgrging

EXPERIMENT MODELLING
AUTHOR REMARK
Humidity Temperature Velocity Humidity (H) Tempauses Velocity

Zbicinski Microseparator Laser No No No Advanced experimental

et al. Doppler technique needed to

(2002) Anemometry determine current
parameters of spray drying
process in full scale tested.

Harvieet No No No No No Very Large In order to gain a more

al. (2001) Eddy detailed understanding of

Simulation  the flow patterns and their
(VLES) stability in counter-current

spray dryer.

Harvieet No No No No No CFX4.3, Found that the behavior of

al. (2002) standarck-¢e  the dryer is largely
determined by the
relationship between the
initial of the injected
particles and gas flow
within the dryer

Huanget No No No CFX, A 3D CFD model is more

al. (2006) suitable for such spray

Hybrid Eulerian and Lagrangian approach, RN%rying system than 2D axi-

k-¢ turbulence model, 3D symmetric model.




Table 2-1: Experimental and numerical study ongrging (Continued)

EXPERIMENT MODELLING
AUTHOR REMARK
Humidity Temperature Velocity Humidity Temperature  Velocity
Mezherich No No No CFD package FLUENT 6.3.26 The droplet collisions have
er et al. ) a marked influence on
(2008) Eulerian approach temperature and humidity
Lagrangian approach pattern.
Standardck-¢ model
2D
Mezherich No No No Steady-state and unsteady state 2D axigfriam 2D model is suitable for
eretal. and 3D fast and low-resource
(2009)

Eulerian -Lagrangian approach

Standardk-¢ model

consumption numerical
calculations and it
prediction for velocity,

temperature and humidity
eith reasonable accuracy.
However 2D failed to

predict flow pattern and
cannot provide picture of
particle trajectories but can
by utilized 3D model.




Table 2-1: Experimental and numerical study ondrging ( Continued)

EXPERIMENT MODELLING
AUTHOR REMARK
Humidity Temperature Velocity Humidity Temperature  Velocity
Kieviet Microseparator Hot wire CFD codes FLOW3D Hot-wire probe cannot
(2997) probe function with a spray
Standardk-e model present. Airflow,
2D axi-symmetric temperature, and humidity
pattern can be calculated
by tracking the evaporating
particle through the
microseparator
measurement. CFD is to
gain better understanding
in the processes taking
place.
Bayly et No No Laser No No Reynolds RSM turbulence model
al. (2004) Doppler Stress model shows good prediction
Anemometry with comparison of
experimental data
Anandhara No No No CFD code FLUENT 6.3 3D model is more suitable
makhrishn ] for analyzing a spray
anet al. Discrete phase model (DPM) drying system than a 2D
(2007) Standardk-¢ model axi-symmetric model.




Table 2-1: Experimental and numerical study onygrging ( Continued)

EXPERIMENT MODELLING
AUTHOR REMARK
Humidity Temperature Velocity Humidity Temperature  Velocity
Huanget No No No No Standarkl-¢, Realizablek-e, Prediction of RNG k-¢
al. (2004) RNG k-¢ and RSM turbulence model performs better in the
models specific case. (Spray dryer
fitted with a Rotary Disk
Atomizer
Le Barbier No No No No No CFD model Spray dryer was strongly
etal. CFX5 time-dependent, thek-e
(2001) ) turbulence  model on
Navier Stokes suitably resolved
numerical grid, is suitable
for estimating the
frequencies of precession
in spray dryers.
Huanget No No No CFX codes Shows that the 3D modle is
al. (2006) more suitable for such a
RNG model spray drying system than
3D 2D axi-symmetric model.

Hybrid Eulerian and Lagrangian approach
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26 Summary

The system and application of spray dryer have lbe¢imed in this chapter.
From the description above, shows the differenesypf spray dryer i.e. counter-
current and co-current spray dryer are very wahlldsh equipment involve widely
in industries such as production of milk powdeifand industry and production of
detergent powder from chemical industry. Many ekpental studied have been
done to unsure the quality of the spray drying psses for example research by
Kieviet (1997) and Zbicinsket al. (2002). The advanced techniques measurements
have been used for this purpose; however thosenaddameasurements have
limitation because, measurements of air flow, terajpee, particle size and humidity
within the drying chamber are very difficult andpexsive in large scale spray dryers
(Anandharamakrishnast al. (2007). Alternatively, computational fluid dynarsic
(CFD) can be utilized to study the performance s spray dryer. Many studied
have been undertaken in the past to compare the (@BDIt and experimental
measurement for single phase and multiphase flowpnay dryer. In most cases,
only focuses on using Reynolds Averaged Navieregdkirbulence model to study
the flow pattern inside the drying chamber (Hamti@l., 2001; Huanget al., 2006;
Bayly et al., 2004; Anandharamakrishnaa al., 2008). Several researchers (e.g.
Zbicinski et al., 2002; Baylyet al., 2004; Kieviet, 1997) had carried out detail
measurement on the single and multiphase flowiaysgryer chamber. In this work,
the CFD simulation of RANS and DES turbulence mddelsingle phase flow is
compared to LDA experimental measurement from Baylgl. (2004) for counter-
current spray dryer. Whereas results from multiphlew CFD simulation is
compared to Kieviet (1997) experimental data foicaoent spray dryer. The DES
turbulence models have never been previously usednbdelling of spray drying
and its performance for predicting the single andtiphase flow in spray dryer is

evaluated in this work.



CHAPTER 3

30 COMPUTATIONAL APPROACH

3.1 Overview

This chapter mainly presents the solution procexlatsout the spray dryer
modelling dimension and set-up and also the contipn approach applied for
spray dryer modelling of single and multiphase 8owcluding the turbulence
modelling, computational grid, and particle heatd amass transfer model for
multiphase flow. The mathematical model used tooawt for turbulence flow of
single and multiphase system is also describethdrCFD approaches the Detached
Eddy Simulation (DES) employed in this work is hsen the Spalart-Allmaras
turbulence model and four Reynolds-averaged N&viekes (RANS) models,
namely standark-¢ (SKE), realizablek-¢ (RKE), renormalizedk-¢ (RNG) and
Reynolds stress model (RSM) were evaluated onstiuidy and all the turbulence
model were solved on a grid containing about (5@8k)ounter-current spray dryer

and about (450k) control volumes for co-currenagmryer.

3.2 Introduction

Spray dryers are widely used in the food industighsas production of whey,
milk powder, soup mixer and coffee and also in dleam polymer, and
pharmaceutical industrial production. The sprayedsyusually take part at the end of
the product processes which to convert the liquatipct to particle or droplet form.
The flow phenomena inside the drying chamber aregyrefit importance in the

design, scale-up and optimization of spray dryeictwhwill effect to the quality of
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the spray dryer product. Although several advamoethod such as LDA and PDA
are capable of evaluating the flow phenomena inysgdryer, these method still have
their own limitations because, measurements ofl@v, temperature, particle size
and humidity within the drying chamber are veryfidiflt and expensive in large
scale spray dryers (Anandharamakrishrearal. (2007). Alternatively, the CFD
provides a powerful tool for investigating flows latver expense than would be
required by a high quality experimental facilityoever, attention should be paid to
evaluate the level of accuracy offered by CFD angrediction of turbulent flows in

spray dryers.

Simulation of the single phase and multiphase pkpsay dryers especially
for counter-current spray dryer tower is necessmgause there are still a lot of
discussions and arguments related to the prediofidurbulent flows in spray dryer.
As mention before, to predict the performance ahgpryer accurately, must be
able to model the flow pattern inside the dryemshar (Harvie, 2001).

It is possible to solve the turbulence flow in gprdryer without any
modelling. This problem can be solving by usingasw@ement detector such as
LDA and PDA. However, these methods are very diffi@nd expensive in large
scale spray dryer (Anandharamakrishmiral., 2007). Modelling of turbulence in
spray dryers is challenging because the flow insige dryer chamber are highly

three-dimensional and recirculation of unsteady ANw are fully considered.

Many researchers (Kieviet, 1997; Hangeal., 2002; Huanget al., 2006;
Bayly et al., 2004; Anandharamakrishnaah al., 2007; Mezhericheet al., 2008)
have studied Reynolds averaged Navier-Stokes (RANSEd turbulence models
(mainly standardk-¢ models) applied to a spray dryer. As a generatlcsion, the
authors claim that the CFD predicts satisfactotiilg axial and radial mean flow
patterns, but either under or over prediction eftdngential velocity component and
turbulence quantities, such as the turbulent kinetiergy K) and turbulent energy
dissipation rateg]. Fletcheret al., (2006) noted that, turbulence modelling in three

dimensional in nature is very important for desigmposes. Research by Bagtyal.
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(2004) employed RSM turbulence model in their warkl it seems to give a good
prediction of the swirling flow inside the sprayydr. However, there still

discrepancy especially on the prediction of gaalamlocity as shown in Figure 3.1,
whereas shows under prediction in comparison to rtteasurement from the

experimental result.

Position 1 (0.71m)

—®—CFD
—@— DA

Y velocity (m/s)

Distance (m)

Figure 3-1: Axial velocity result from Baylst al. (2004)

The main issues about the modeling of spray dbgemsing the RANS
turbulence models give poor prediction of the tlghae related quantities i.k, ¢
and mean velocity. Besides, these models need @Bk time and large memory
required to resolve the effects of sub-grid scdi@ies. Such problem led to the idea
of formulating a turbulence model that is cheapeun and has a better prediction of
turbulent flow called DES or hybrid (RANS-LES) tutbnce model. The main idea
of this model is to combine RANS modeling with LES applications in which
classical LES is not affordable i.e. at boundaneta For boundary layer at high
Reynolds number, LES may not yield sufficient te8on of the near wall flow
structure because large eddies close to the walplaysically small scale (Squires
al., 2005) and also non-isotropic. Thus LES model nemy fine grid within the
boundary layer, which means the computational obsthe whole domain does not
differ appreciably from DNS (Spalagt al., 1997). Therefore, DES was invented by
Spalartet al. (1997) in attempt to reduce the computational,@stvell as to provide
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a good prediction of turbulence flows near the lfauyp layer. DES reduces to a
RANS model in the boundary layer, thus permittingcearser grid than a
conventional LES grid, resulting in fewer grid setlverall and faster computational.
To the author knowledge, DES has never been usedopsly for prediction of

spray dryer flows.

The overall research methodology consists of twannsgeps. First step is
about drawing the spray dryer geometric and seséf@ip and for the second step is

about analysis the flow in spray dryer tower aBigure 3.2 below.

4[ Problem identification and pre-processing ]—

v l A 4
Define the Identify the domain Design and create .
modelling goals to be model the grid

Set up the boundary condition

and Mathematical model

'

[ Iteration ]
v

[ Post - processing ]

l No

[ Analysis the result } > Satisfactory

Yes

Figure 3-2: Steps on CFD analysis
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3.3 CaseA: Counter-current spray dryer

The commercial CFD code, FLUENT 6.3, was used toukite the three-
dimensional configuration of a counter current gpdayer tower fitted with eight
main inlets set around the tower hip. This spragedmodel consists of two inlets,
the main inlet and the based inlet. The main ioyinder shape was set at’2®low
the horizontal and 25to the radius in the horizontal plane which impagtia
significant swirl to the flow in the tower. GAMBI3$oftware, version 6.2.4 was used
to draw the spray dryer tower diagram illustratadFigure 3.3, which has same
dimension to the one studied by Bagtyal. (2004).

—| ces |

Fe— 1 21 —=

1Le7

ol

- 0,05
0,07 -

Figure 3-3: Counter-current spray dryer geomeighy and the main inlet

position (left)

The main inlet was set as the porous zone; withflthé porosity is about
0.295. The outlet on the top of the spray dryeretows set as outflow at specify
boundary. In order to study the grid dependenthis tork, the simulation was
performance using counter current spray dryer caegpamainly consisting about
(503k) hexahedral and tetrahedral cells. The baynkdger and size function tools
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were used to make sure the grid created suffigierdsolve the flow around

boundary layer and hence minimizing the simulagoor.

The total air flow through the eight main inletsthe tower is 3814 fhr and
for the based inlet air flow is 23Sthr. This work attempt to evaluate the
performance of various Reynolds-averaged Naviek€edRANS) based turbulence
models namely which is standaed (SKE), RNGk-¢ (RNG), Realizabld-¢ (RKE),
Reynolds stress models (RSM) and the Detached Eohdylation (DES) model. The
SIMPLE (semi-implicit pressure linked equation) hed was used for the pressure-
velocity coupling and " order differencing for momentum terms for the RANS
modelling, whereas the bounded central differeneuag used for DES simulation.

This simulation was performed using the unsteadiyeso

34  CaseB: Co-current spray dryer

Hot air inlet

D.143|6€m

2.005 m
1.776 m

&—— 2.215m —_

1.0m
A
1.725 m ¥ 0.172m
Qutlet piped\
v
> I< Main particle
0.172m

outlet

Figure 3-4: Co-current spray dryer geometry
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The other case has simulated dimension to the toiéed experimentally by
Kieviet (1997) and numerically by Anandharamakreshet al. (2007) and Huangt

al. (2006).

Table 3-1: Boudary conditions used forcoorent spray dryer simulation

Inlet Air
Air inlet temperature
Air mass flow rate

Air total velocity

Outlet condition

Outflow and reference at outlet

Turbulence inlet condition
Turbulence k-value

Turbulences-value

Liquid spray from nozzle
Liquid feed rate (spray rate)
Feed temperature

Spray angle

Chamber wall conditions

Chamber wall thickness

Wall material

Overall wall-heat transfer co-efficient
Air temperature outside wall

Interaction between wall and droplet

468
0.336
9.15

-100

0.027
0.37

0.0139
300

0.002
Steel

35

300

escape

(K)
(kg/s)
(m/s)

(Pa)

(#s)
(is))

(kals)
(K)

(m)

(W)
(K)

The SIMPLE (semi-implicit pressure linked equationgthod was used for

the pressure-velocity coupling and® rder differencing for momentum terms for

the standard-¢ modelling, whereas the bounded central differeneiag used for
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DES simulation. The discrete phase model (DPM) waglied for prediction of
multi phase flow. This simulation was performedngsihe unsteady solver. The data
presented in this work were taken as a statisieatage from up to 1000 time step

after the pseudo convergence was achieved.

3.5 CFD approach for spray drying

3.5.1 Turbulence modelling

The selection of turbulence model for spray drgé@nulations is very
important, especially when dealing with higher Rags numbers and presented of
swirling flows. Comparatively new turbulence modelsch as DES need to be
validated further before they can be applied ralyino spray dryer modeling. It is
also interesting to explore in detail the strengtid weakness of the currently
available RANS models, whem dealing with swirlimgws in spray dryer. Therefore
the predictive capabilities of four RANS modelsprdy standardck-¢ (SKE), k-¢
(RNG), Realizablé&k-¢ (RKE), Reynolds stress models (RSM) as well as D#S,
turbulent flows in a single phase and multiphaseslizeen extensively compared in

this study. These models are described in morel defaw.

The standardk-e model is a semi-empirical model based on transport
equations for the turbulent kinetic energy andlissipation rate. Transport equations

for k ande for all k-¢ variant models can be generalised as follow:

0 0 0 ok
Xi Xl Uk )q prmion des?:(‘:tiu
time derivative convection diffusion
And
d(oe) 0 0 U ) 0¢
i Ul A &)= — +L | — |+ S
ot X (ue) X [(,u o, ) ox == (3-2)
time derivative soutceterm

convection diffusion
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The turbulent (eddy) viscosityy, , is obtained from:

= C, k_z
(3-3)

The relation for the production teriy, for thek-¢ variant models (i.ek-¢, RKE and

RNGQG) is given as:

ou. au 6u
P — ] -
K ”(ax 0X. j 0x (3-4)

For the standark-e model the source terr,, is given by:

£ g2
SE = /U(le E R( - CZE ?J (3'5)

The model constants are (Launder and Spalding, )1874= 144C,, =192

C, = 0090, =10, =13 derived from correlation of experimental data.

As the strengths and weaknesses of the standarthodel have become
known, improvements have been made to the modaempwove its predictive
capability, leading to an introduction of variastsch as the RKE model, which was
first introduced by Shitet al. (1995) The RKE model is said to be a substantial
improvement over the standake model, as it consider flow features such as strong
streamline curvature, vortices and rotation. RKieds from the standarkte model
in two important ways: first it has a new formutatiof the turbulent viscosity and
second it employs a new transport equation fordibsipation rate. RKE still has a
similar equation fof, ask-¢, butC, is no longer a constant and instead is a function

of velocity gradients given as:
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C = 1

BESCL &0

. cos{vew S, S ==
with A, = 4.04, A =/6cosg; p= gf ),w= 3 élgs“ ,U%=./55,+Q,9,
and 521/8“31- to ensure positivity of normal stresse?éO) and Schwarz’s

inequality for shear stress(q_uj)ZSU_izu_jz). The Schwarz inequality for shear

stresses ik-¢ model can be violated when the mean strain rdtge, but it can be
eliminated by having a variab@®, (Fluent 6.2, 2005).

The source tern§, for RKE is now given as:

52
S =pgCSs-C,—5
p( ' 2k+VU€j (3-7)

The model constants are (Stahal.,1995): C, = ma{ 043#} , C,=19, g, =1

and g, =12 with 7 =Sk/¢, and S=,/25§, is a modulus of mean rate of strain
tensor.

The RNG model was obtained from renormalizatiorugrtheory by Yakhot
and Orzag (1986). RNG differs from stand&rel because it has an additional term,
a, in the ¢ transport equation, besides providing an analytioemula for the
turbulent Prandtl numbers derived using RNG thedhus the source tert&: for
RNG is given by:

£ L E°

£2
S = IO(CLRNG K R-0o K Carne ?j (3-8)

where o™ is the inverse effective Prandtl number given by
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o 2 Cu’=n/m,)
1+’ (3-9)

Instead of a constant value for the turbulent Ptamadmber ink-¢, it is provided
analytically in RNGoy the following equation:

06321 03679

|a‘1—1.3929| |a‘1—2.3929| iy

0,1-13929  |o;'-2.3929 L (3-10)

where g;* = 1.0. In the high Reynolds number limitg/uer << 1), the inverse

turbulent Prandtl number is,'= o.* = 1.393.

The RNG model uses a term called the effectiveogisg for a flow at low
Reynolds numbers, but it is not relevant in therentr work, which is in the fully
turbulent region (Re > 20000). The effective visgos modelled as eq. (3) for the
RNG model at high Reynolds number (Fluent 6.2, 2088nilar to the RKE model,

n=5Skle, and S=,/25,§; is a modulus of mean rate of strain tenspr= 438,

£ = 0012. The model constants &g = 142, C,, =168, o, = 1393, g, = 1393
derived from RNG theory by Yakhot and Orzag (1986).

RSM abandons the assumption of the isotropic edsbesity hypothesis, to
close the Reynolds-averaged Navier-Stokes equatiynsolving transport equations
for the individual Reynolds stresses, together vathransport equation for the
dissipation rate. RSM has a greater potential\te gccurate predictions for complex
flows, as it takes into accounts the effects adastiline curvature, swirl, rotation, and
rapid changes in strain rate in a more rigorous maanthan two-equation models

such ak-¢. The foundation of RSM is the exact set of tramspquations:
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o )=~ ot 'u'k+p@uﬁdw})ﬁﬂu&(ﬂ)}

Timederivative ¢, =Convection Dy j; = Turblentiffusion Dy ;;=Moleculadiffusion

——0U; —— du, P ou; 0u ou’ ou’
=Pl U —+uju, —- -2U——
0%, 0%, ,o ax ax 0%, 0X,

e

;—/_ . . .
Rj =Stress production @; =Pressure stram &;=Dissipatio n

_Zka(u'ju:ngim-l-ui'u:ngjm) (3-11)

Fj=Productiorby systemrotation

The Q, is an angular velocity and botk,, and ¢, are permutation
tensors. Of the various terms in these exact espmtC;, D _;, B, and F, do not
require any modelling. HoweveD; ;, ¢, andg; need to be modelled to close the
equations. The reason is simply because the awgrgmiocedure ofu' u will

generate a lot of unknown variables and it becomgsossible to solve them
directly. The turbulent diffusivity transport tenstmodelled using a simplified form

of the generalised gradient diffusion hypothesis as

T,ij

_ 0\ K a(uu)
2 ud) 012

The pressure strain term is modelled as:

N _
_ p[ou , 0u; -_Ci o -25kl-clp -2ap (3-13)
'k 3 2 3

whereP = 0.5 is the turbulence production due to shear, anddnstants ar€; =
1.8 andC; = 0.6.

The dissipation term is assumed to be isotropicisuagpproximated by:
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ou ou 2
£ =2u——=%5¢ 3-14
! ”axk ox, 3 ( )

The scalar dissipation rate is computed with a mtvdasport equation similar to the
one in the standatide model.

The LES model assumes that the large eddies diidheare dependent on
the flow geometry and boundary conditions, while $maller eddies are self-similar
and have a universal character. Thus, in LES tigelansteady vortices are solved
directly by the filtered Navier-Stokes equationshiles the effect of the smaller
universal scales (sub-grid scales) are modelledgusisub-grid scale (SGS) model.

A filtered Navier-Stokes equation is given by:

i(ﬂ@%i(ﬂﬁi Uj)=i(uﬂ}ﬂ—a—? (3-15)

where g; is the stress tensor due to molecular viscositgrgby:

ou 00, 2 0du
g. = — + | -=y—0 3-16
! [\{axj aXlJ:| 3 )_(I U ( 1 )

andr; is the SGS stress given by:

1 _
T _érkk O = 214 (3-17)

1

The u is the SGS turbulent viscosity, atﬁ_};l, is rate-of-strain tensor for the resolved

scale defined by:
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= _1l[ou 00,
= I ) -

The overbar from eq.(3-15) to eq.(3-19) denotegswlved scale quantity
rather than a time-averaged. The most commonly uS&b5 model is the
Smagorinsky (1963) model, which has been furtheeld@ed by Lilly (1966). They
compensate for the unresolved turbulent scalesigiwrahe addition of an isotropic
turbulent viscosity into the governing equatiomstie Smagorinsky-Lilly model the

turbulent viscosity is modelled by:

K = pLS

S (3-19)

where Ls is the mixing length for sub-grid scales a@: 25§, . Ls can be

calculated from:
L, = min(xd,CV*?) (3-20)

where K= 0.42,d is the distance to the closest wdll, = 0.1 is the Smagorinsky
constant, an is the volume of the computational cell. A LES vpasformed in this
work to evaluate the effect of unresolved eddies tiee impeller wall and hence on
the turbulence and mean velocities predictionkatt to be noted that tlyé around
the impeller wall in this work ranging from 5 to #hich is not optimal for LES. To
our best of knowledge, the effect of the unresoleddies near the impeller wall to
the LES prediction has not been evaluated compsday for a stirred tank flow,

especially when dealing with angle-resolved flovajities.

DES as mentioned earlier belongs to a class oftaidhyurbulence models
which blend LES away from boundary layer and RAN&mthe wall. This model
was introduced by Spalat al. (1997) in an effort to reduce the overall

computational effort of LES modelling by allowing @arser grid within the
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boundary layers. The DES employed for the turbidemodelling in this work is
based on the Spalart-Allmaras (SA) model (Flueat B005).

The SA one-equation model solves a single pariftdrdntial equation for a
variable v which is related to the turbulent viscosity. Thaiable v is identical to
the turbulent kinematic viscosity except in the ragall (viscous-affected) region.
The model includes a wall destruction term thatioed the turbulent viscosity in the
log layer and laminar sub-layer. The transport égodor DES is:

9 _ K _ B 1 0 - 6\7 6\7 ’
(p\/)+—x1(p\/u)—GV+U—[_{(N+W)&}+Cb2p(_J ]_YV (3-21)

J

The turbulent viscosity is determined via:

X3

=ty 1y —m, X= (3-22)

v
Y
wherev = u/p is the molecular kinematic viscosity. The productierm, G,, is

modelled as:

v X
fo,, f,=1- 2
kd? Y V2T 1+ 4, (3-23)

G,=C oV, S=S+

Sis a scalar measure of the deformation rate tewbarh is based on the vorticity

magnitude in the SA model. The destruction termaglelled as:

~\2 6 %3 i
\Y 1+C \Y;
YV=CMMW(H) ! fwzg{gﬂcw%}  9=rHC[°-r) r= (3-24)

w3
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The closure coefficients for SA model (Spalart aficharas, 1992) akg,, = 0.1355,

C,, = 0622, av:é C, =71, CM:%Jr c

k =0.4187.

In the SA model the destruction term (eq.3- 24pnsportional to(v/d)?.
When this term is balanced with the production tetine eddy viscosity becomes
proportional to Sd?. The Smagorinsky LES model varies its sub-grides¢a8GS)
turbulent viscosity with the local strain rate, atteé grid spacing is described by
Vgs O SA in eq.(3-19), wheréd = maxQx, Ay, Az). If d is replaced withA in the
wall destruction term, the SA model will act likeL&EZS model. To exhibit both
RANS and LES behavioud,in the SA model is replaced by:

d =min(d, C,4) (3-25)

whereCgyes IS a constant with a value of 0.65. Then the dtao the closest wadl

in the SAmodel is replaced with the new length scdleto obtain the DES. The

purpose of using this new length is that in boupdayers where\ far exceedd,
then the standard SA model applies sidce d . Away from walls whered = Cil

the model turns into a simple one equation SGS imolbse to Smagorinsky’s in the
sense that both make the mixing length proportibtmal The Smagorinsky model is
the standard eddy viscosity model for LES. On ttheeiohand, this approach retains
the full sensitivity of RANS model predictions imet boundary layer. This model has
never been applied to predict the spray drying $low the past and so this is an

objective of the current study.
3.5.2 ParticleHeat and Masstransfer

The species transport model was selected with @é&®hable the prediction

of simultaneous heat and mass transfer during tiimgl process. The combined
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Eulerian and Lagrangian model is used to obtaitigbartrajectories by solving tr

force balance equatic

(3-26)

du, 184 CyRe _.9;,—_.95,]

— = - v—u, )+
dt  p,d,? 24 (2 =) E[ Pz

Wherel is the fluid phas velocity, % is the particle velocity?s is the density of

fluid and Pr is the density of the partic

The particle force balance includes discrete iaerierodynamic drag al
gravity. The slip Reynolds number (Rend drag coefficient (p) are given in the

following equations.

_ Pgty |1y — 7|

He
% (3-27)
T i
Co 1T o T Ral (3-28)

Where, ¢ is the particle diameter, anu, &, and a are constants that apply

smooth spherical particles over several ra of Re by Morsi and Alexander (197

The velocity of particle relative to air velocityaw used in the trajecto
calculation. Turbulent particle dispersion was udgd in this model as discrete ec
concept. In this approach, the turbulent air flcattern is assumed to make up ¢
collection of randomly directed eddies, each withawn lifetime and size. Particl
are injected into the flow domain at the nozzlenp@ind envisaged to pass throt
these random eddies until they impact the waleave the flow domain through t
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product outlet. In this study, the particle stiddgs and particle collisions
(agglomeration) were not considered.

The heat and mass transfer between the partioleghe hot gas is derived

following the motion of the particles.

dm

dr,
p p -
mycp— = = hAy(Ty = Tp) +—=hyg (3-29)

Where my is the mass of the particl€, is the particle specific heal, is the particle
temperature, yis the latent heal, is the surface area of the particle and h is tia¢ he
transfer co-efficient.

The mass transfer rate between the gas and parisctalculated from the following

equation.

dm
= ke = 1) (330)

Where Ys* is the saturation humidityyy is the gas humidity ané is the mass

transfer coefficient.

3.5.3 Computational grid

Anandharamakrishnaat al. (2007), who had been studied on particle history
during spray dryer CFD simulations indicates th#irae-dimensional (3D) model is
more suitable for analyzing a spray drying systathear than two-dimensional (2D)
model studied by Kieviet (1997). The 2D model does give the actual primary
particle residence time as total recirculation zaves not considered. In CFD
approach, the computational grid has a signifiedfeict on the simulation accuracy,

as well as the computational effort needed to stileeentire problems. Research by
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Mezhericheret al. (2009) in modelling of droplet drying in spray amaers using
two-dimension and three-dimension CFD had fountl &2 axi-symmetric model is
suitable for fast and low resource consumption migak calculations and it can
predict the value of velocity, temperature, andordjpaction in the spray chamber
accurately. However, due to restrictions, 2D mdadds to predict asymmetry of
flow patterns and presence of the transversal law.fThis model also cannot
provide an actual 3D picture of particle trajeasrinside the spray chamber. The
researcher highlighted, in the case when the abbaeacteristics are important, the
utilization of 3D model is essential. Therefore this work, the 3D model had been
implementing in order to get accuracy prediction.

3.6 Summary

The review presented in this chapter clearly shdveg, there still many
unsolved issues on spray drying modelling espgciadlated to the accurate
prediction ofk, ¢, andaxial velocity of turbulent flow especially in coteg spray
dryer geometric. There are very a few studied fatempted to predict the turbulent
flow detail close to the wall. It is possible toeveome such issues by applying the
new invented turbulence model, DES, which has atgpetential of resolving the
turbulent flow. But it needs to be validated befarecan be applied further for
another spray drying modelling.



CHAPTER 4

40 RESULTSAND DISCUSSIONS

41 Overview

In this chapter 4, mainly presents the DES and RAddBulations on the
single phase turbulent flow in Case A: counter&uitr spray dryer tower; and the
DES and standarkle (SKE) calculation on the single and multiphase flow irs€a
B: co-current spray dryer include the predictiorgaé temperature and gas humidity
with present of spray injection. The grid depend®entboth case study also have
presented. All the simulation prediction for bothse studies have been evaluated
and compared with available experimental data fribv@ literature. This study
confirmed the strength and weakness for every tartwe model used in this study.

4.2  CaseA: Counter-current spray dryer tower

In this work, the prediction from the CFD simulatiof single phase gas flow
was compared to the Laser Doppler Anemometer (LBwasurement by Baylgt
al. (2004) at various positions of the spray dryingrober. Prediction data from
CFD simulations were taken as a statistical avefaqe up to 1000 time step after
the pseudo convergence was achieved, which mimé& dhta collection in

experimental measurement.
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4.2.1 Grid dependent

The grid generation within computational regioraypban important role in
the prediction accuracy (Liet al., 1996). The grid generated as the control volume,
which called as cell. Earlier, Bayly al. (2004) about employed 503k grid to yield a
satisfactory prediction using the RSM turbulencedelo Nevertheless, the grid
dependent study was performed to confirm the silittabf the prepared grid. As it
shown in Figure 4-2, there are minimal differenbetveen the predictions obtained
using both the 503k and 934k grid. Thus, the 508k\gas used for the remaining of

this work in interest to minimize the computatiohaie.

Figure 4-1: Grid used in the counter-current sghaser simulation
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Figure 4-2: Result from grid dependent study

4.2.2 Prediction of gasflow velocity in counter-current spray dryer

The axial positions for comparison of measuremanis$ simulation of gas
flow velocity in counter-current spray dryer areosim in Figure 4-3. Generally, all
CFD models tested in this work can predict the flmattern in counter-current spray
drying reasonably. However, ultimate agreement nedasachieved. Prediction by the
DES model is by far the best among the model tedtbis is attributed by the fact
that DES employs LES in the bulk flow which in tuprovides much better
predictions of the turbulence flow. Around the bdary layer (i.e. the wall) the DES
turn to a single equation Spalart-Allmaras turbaéemodel which provides a fair
approximation of the flow near the wall without eesarily having to resolve the
small eddies. This method of hybrid LES-RANS moeriployed in DES reduces
the overall computational demand of a full LES $iolu while at the same time

maintaining the prediction accuracy.
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Figure 4-3 Prediction of aial and tangential velocity inside the coul-current
spray dryer chamber using various turbulence modadéga points adopted fro
Bayly et al. (2004).

The RSM model outperformed all the other RANS baseldulence model
(SKE, RKE and RNG) tested ihis work. This is attributed by the anisotropic

viscosity model in RSM model, which is known fos iexcellent prediction fc
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swirling and strong anisotropic turbulence flow Isws in cyclone (Gimbust al.,
2005; Slaclet al., 2000). As it is mentioned in the previous sectitve flow pattern
inside the counter-current spray dryer studiedhig work exhibit some swirling flow
due to the position and design of the inlet gasimdahe tower hip, hence requiring a
more complicated turbulence model for accurate iptied of the mean flow field
inside the chamber.

The RNG model also predicts the tangential velofatgly well, marginally
better than the other two equations turbulence mwfdeKE and RKE. This is due to
the inclusion of the swirl term in RNG model, whialas not included in the SKE
and RKE models. However, predictions obtained ftbese two-equation turbulence
models which assume isotropic eddy viscosity wemegally poor in comparison to
either DES or RSM.

The axial flow pattern exhibit a single peak pattsimilar to those normally
seen for a reverse flow cyclone (e.g. Fraseat., 2000). Again all models predict the
axial flow pattern reasonably well compared to éxperimental measurement. The
DES and RSM models again provide much closer ageaeto the experimental data
in similar to the trend seen for the predictiontarigential velocity. Predictions by
both RKE and RNG on the axial velocity are acceptas the predicted value was
relatively close to the experimental measurememwéver, both RNG and RKE
models may not be the best model for predictingniiean flow insider the counter-
current spray dryer because they can produce soatewirealistic (triple peak)
predictions on occasion (see Fig. 2 at Z = 2.9 The SKE model was the worst
among all the turbulence models tested, and hdmoa@lds be avoided for modelling

of a counter-current spray dryer.

The multiphase model cannot be performed for thents-current spray

dryer due to limited data available from the litara.
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4.3 CaseB: Co-current spray dryer

In this work, the prediction from the CFD simudati of the flow pattern
without (single phase) and with present of sprajeciion (multiphase) were
compared with Kieviet (1997) experimental data atious positions of the spray
drying chamber. Prediction data from CFD simulatiavere taken as a statistical
average from up to 1000 time step after the pseodwergence was achieved, which

mimic the data collection in experimental measunmgme

4.3.1 Grid dependent

Figure 4-4: Grid used in the co-current spray dsygrulation
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Figure 4-5:Comparison of the current simulation predictionhapteviou: simulation
prediction by Anandaramakrishnaet al. (2007) and Huangt al. (2006)

Figure 45, shown the better prediction the air velocity magnitude and |
good agreemenwith the data pointed adopted from kieviet (1¢. CFD prediction
in this work is als much bettercompared to the previous research
Anandharamakrishni et al. (2007) and Huanegt al. (2006. Thisis due to the fact
that gridused in this work is finer than the one used byn&iearamakrishnaet al.
(2007). Thecurrent simulation perfmed using about 450k grid cells, whel the
grid produced by Anandharamakrishnan (2007) coronly about 295k cells an
Huanget al. (2006 did not mention their grid number explicitly, hoves it is
suspected to be much lower than the one by Anaadiikrishnanet al. (2007)

seeing from the lower accuracy of their predict

4.3.2 Prediction of gas flow velocity profile in co-current spray dryer without

spray injection

The gas flow velocity in ccurrent spray dryer for comparison

measurements arsimulation are shown in Figu4-6.
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Figure 4-6 Prediction of gas velocity magnitude inside tlo-current spray drye
chamber using standak-¢ and DES models. @a points adopted from Kievie
(1997).

The gas velocity magnituderofile are plotted at two different positions =
0.3 m and Z = 1.0n from the top of c-current spray drying) as [Figure 4-6. The
simulation prediction of two turbulence mod(standardk-¢ and DES model data

were compared with Kieviet (1997) exymental data.

The current simulation prediction DES model had shown well agreen
with Kieviet's (1997) experimental data as wellthe SKE model. This attributed
to the fact that the DES employs the LES model in lib& flow which in turn
provides much better prediction of complex turbulencevflm cc-current spray
dryer. The DES turns to a single equation Sg-Allamaras turbulence model whis
provides a fair approximation of the flow near bdary layer (i.e. the wall) withot
necessarily hang to resolve the small eddies. Same as mengbore, his method
of hybrid LESRANS model employed in DES reduces the overall agatpnal
demand of a full LES solution while at the sameetimaintaining the predictic

accuracy.

The SKE model is cmmonly used because it converges considerfaster
than other RANS ndel. The SKE model can predicts the mealocity as good as
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the DES modeln this case because the-current spray dryer do not feature
swirling flow patteri which would demand anxtensive model such as R
Previous research by Anandharamakrishnan (2alsouse the SKE mod, whereas
Huanget al. (2006) used RNG turbulence mg, and both work shows satisfactc
agreementvith Kieviet (1997) experimental d¢ asit shown in Figue 4-5. The use
of unsteadyRANS in this workmay also contribute to the good predictcompare
to steady RANS by Anandharamakrishret al. (2007) and Huanet al. (2006).
Unsteady RANS provides better prediction than ste&&8NS (Squireset al., 2005).

4.3.2 Prediction of gastemperature profile with spray injection
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e SKE model 3 e SKE mrdlel
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Figure 4-7 Prediction of gas temperature profile ir-current spray dryer chamkb

using standar#-¢. Data points adopted from Kiev (1997).

Figure 4-7,show: the predictio of gas temperature with spray injection
Maltodextrin solution(multiphase flow)consists of 57.5% of watecontent. The
simulation prediction at position = 0.2 m and z = 1.t from the top of c-current
spray dryer chamber was compared with Kies (1997) experimental data. T
predictions were in good agreement with Kievietl947) experimental data. T
temperature prediction at positiol = 0.2m was high due to the air inlet temperat
about 468K. The gas temperature was decrease gagHow down to the bottom ¢

the coeurrent spray dryer chamber as shown in positid = 1.0m.
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Figure 4-8 shown the simulation prediction of gas humiditpfpee in cc-
current spray dryer which is seem good predictioith vihe Kieviet's (1997
experimetal data. The gas humidity presented as the watpowr mass fractiol
The humidity profiles were similar in form to theag temperature profile, b

inverted due to simultaneous heat and mass tra@fsf@ndharamakrishnan, 20C
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Figure 4-8 Prediction of gas humidity profile inside the-current spray drye

chamber using standak-¢. Data points adopted from Kievigit997)

However, only the SK model can be employedo predict the ga
temperature and gas humidity profile inside th-current spray dryeThe reason is
that, RANS have abilities to resolve prediction simplyséd ontwo-transport
equation model solving for the turbulent kinetiergy k) and its dissipation rz (¢)
for single and multiphase predict. The DES model whbh the hybrid of LES an
RANS model, cannot be calculate in multiphase ptexh due to the weakness
LES model (Fluent 6.3, 200¢

44  Summary

CFD simulation of count-current and caurrent spray dryer have be
developed and the predictiorobtained using various turbulence model

uncovered a great potential of DES for modelling flow field of counte-current
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and co-current spray dryer. However the DES modehot be use to predict particle
tracking purpose in multiphase flow study due te theakness of LES model
employed by DES turbulence model.

The number of grid for both cases also affects abeuracy of the CFD
prediction. More accurate prediction was observadmthe total number of grid cell
increased. It is also note worthy to consider eriptp the unsteady solver for

predicting the hydrodynamics in spray dryer asvieg much accurate prediction.



CHAPTER 5

50 CONCLUSION AND RECOMMENDATION

51 Conclusions

In this study, computational methods have beerlieppo investigate the
fluid mechanics of single phase and multiphasg&vsmd¢ommon types of spray drying
(counter-current and co-current spray dryer). Mofsthe work deals with CFD
simulation. The aim of this study is to develop eadelling method for
hydrodynamics for predicting air flow pattern inrap dryer chamber to make

possible the modelling spray drying via CFD.

CFD simulation of counter-current and co-curreptag dryer have been
developed and the predictions obtained using varitwrbulence model has
uncovered a great potential of DES for modelling tlow field of counter-current
and co-current spray dryer. However the DES modehot be use to predict particle
tracking purpose in multiphase flow study due te theakness of LES model

employed by DES turbulence model.

The number of grid for both cases also affects abeuracy of the CFD
prediction. More accurate prediction was observadmthe total number of grid cell
increased. It is also note worthy to consider ewyiplp the unsteady solver for
predicting the hydrodynamics in spray dryer asiveg much accurate prediction.
Results from this simulation may be useful for depment of a more
comprehensive and accurate model for counter-cuarmsh co-current spray dryer in

the future.
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5.2 Recommendation

From this study, it was found that, the DES modeinot be used to predict
fluid particle interaction. Therefore the DES modeleds further development in
order to perform the particle tracking in CFD siatidn, and hence can be applied to

do spray drying simulation.
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Abstract-This paper presents Computational fluid
dynamics (CFD) modelling of hydrodynamics in a counter
current spray drying tower. The simulations were performed
using five different turbulent models, i.e. standard k-g, RNG k-
¢, Realizable k-g, Reynolds stress models and the Detached
Eddy Simulation. The predicted airflow patterns inside the
spray drying chamber were found to be in fair agreement to
the experimental data adopted from literature for all
turbulence models tested in thiswork. A great potential of the
Detached Eddy Simulation for predicting the flow patternin a
counter-current spray dryer was uncovered as its provides
mor e accur ate predictions compared to other models tested in
thiswork.

I.  INTRODUCTION

Spray dryer is a well established method for caotinvegr
liquid feed materials into dry powder forms. Spdayer is
widely used to produce foods such as whey, instanks,
milk, tea and soups, as well
pharmaceutical products, such as vitamins, enzyares
bacteria [1] also in production of fertilizers, eegent soap,
and dyestuffs.

There is much research done on spray drying ellger
experimental or by using modelling reported in literature
such as Kieviet et al. [2], Anandharamakrishna@le{3],
Southwell and Langrish [4], Harvie et al. [5] andatg et
al. [6]. Most of the previous work deals with a aoon co-
current flow spray drying. Although simulation dfet tall
counter-current spray dryer was reported by Haevial. [5],
but there are limited comparison made on the flattgon
inside the drying chamber. Bayly et al. [7] repdrtan
extensive  comparison  between the
measurement and CFD simulation of a counter-cuspraty
drying. The turbulence modelling was realised using
Reynolds Stress Models (RSM) model in their workg &
seems to give a good prediction of the swirlingvflmside
the drying chamber. However, there is a still dipancy,
especially on the prediction of gas axial velocitherefore,
this work attempt to evaluate the performance afous
turbulence models namely standdtgd (SKE), RNG k-¢
(RNG), Realizablek-¢ (RKE), RSM and Detached Eddy
Simulation (DES) for predicting the flow pattern im
counter-current spray dryer. The DES is a relagivetw
development in turbulence modelling, which is beked to

as healthcare and

modelling in this work is based on Spalart-Allmarasdel
and has never been previously used for modellingpody
drying.
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Figure 1. Spray-dryer geometry (right) and the niliet position (left)

II. COMPUTATIONAL APPROACH

The commercial CFD code, FLUENT 6.3, was used to
simulate the three-dimensional configuration ofcarder-
current tower spray dryer fitted with eight maireis set
around the tower hip. The main inlet cylinder shapes set
25° below the horizontal and 25° to the tower radiuthe
horizontal plane which imparting a significant dwio the

experimentaflow in the tower. GAMBIT was used to draw the spra

dryer tower diagram illustrated in Fig. 1, whictslihe same
dimension to the one studied by Bayly et al. [7TheT
simulation was performed using counter-current wpra
drying tower composed mainly consisting of abou@3(s)
hexahedral and tetrahedral cells. Earlier, Baylyalket[7]
employed 500k grid to yield a satisfactory prediatusing
the RSM turbulence model. Nevertheless, the grid
dependent study was performed to confirm the silittabf

the prepared grid. As it shown in Fig. 2, there miaimal
differences between the prediction obtained usiot lthe
503k and 934k grid. Thus, the 503k grid was usedtte
remaining of this work in interest to minimise the

a hybrid turbulence model, which blend Large Eddycomputational time.

Simulation (LES) away from the boundary layer arANS
near the wall. This model was introduced by Spaatatl. [8]
in an effort to reduce the overall computationdbef of

The total air flow through the eight main inlets ttee
tower is 3814 riihr and for the based inlet airflow is 239
m*hr. The SIMPLE method was used for the pressure-

LES modelling by allowing a coarser grid within the velocity coupling and the "2 order differencing for
boundary layers. The DES employed for the turbidencmomentum terms for the RANS modelling, whereas the



bounded central differencing was used for the DES

simulation. Five different turbulence models naméhe

SKE, RNG, RKE, RSM and DES were employed in the®

simulation.
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Figure 2: Result from grid dependent study
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The standardk-¢ model is a semi-empirical model based p(q 2+ /78]

on transport equations for the turbulent kinetiergy and
its dissipation rate. Transport equationsk@nde for all k-¢
variant models can be generalised as follow:

S~ a)ﬂ 6>g I a)ﬂ pr;ﬂctionde:tﬁctio
timederivative convection difftsion

and

d(oe) 0 i) U )0

+—(oug)=— +L— |+ S
ot 0x, (oue) 0x, ([,u o, )ox == (2)

. %,—/ sourceterm
time derivative convection diffusion

The turbulent (eddy) viscosity,,|is obtained from:

k2

JI ,OC,,? (3)

The relation for production termPfor the k-¢ variant
models (i.ek-¢,Rk< and RNG) is given as:

_ . [9y;  du |9y,
P i o Tox, o
X 0x; ) 0x

For the standarkl-e model the source term,,iS given by:

(4)

The model constants are [9] ;1€ 1.44, G, = 1.92, G =
0.096, = 1.3 derived from correlation of experimentaladat
This model widely used despite the known limitatimi
the model. The standaide model perform was poorly for
complex flows involving severe pressure gradient,
separation and strong streamline curvature. Impnaves
have been made to the model to improve its premicti
capability leading to an introduction of its varian
Realizablek-¢ model, which was first introduced by Shih et
al. [10]. The RKE model allows certain mathematical
constraint to be obeyed which ultimately improvée t
performance of this model. RKE different from SK©dal
in two ways; first it has a new formulation of tuibnt
viscosity and second it is employs a new transpquation
for this dissipation rate. RKE model still has dami
equation from SKE model, except thg, & no longer
constant, instead is a function of velocity gratbegiven as:
c =1
u ;
A, + A, U k
£

with A=4.04 A :\/Ecosgo ¢,=COS’1§@W)’W= §§k35m
uc=,ss, +0,0, ad 5. /5§~ to ensure

positivity of normal stresses ,(z > o) and Schwarz’'s
ff ). The
Schwarz inequality for shear stresseskin model can be
violated when the mean strain rate is large, butait be

eliminated by having a variab(@,[11].
The source term,.Sor RKE is now given as:

2
S = p(clsfpk _C2£ E_j

(6)

inequality for shear stress (iiiuj)Z <

(7
The model constants are [1Qf - 4« {043. n } ,
1 Iy
n

C,=19, g,=1 and g, =12 with = sk/¢ , and
s=_[2 S, S, is a modulus of mean rate of strain tensor.

RKE model offers largely the same benefits and has
similar application as RNG. This RKE is a model gibly
more accurate and easier to converge than RNG. tHowe

RNG have significant changes in teequation improves
the ability to model highly strained flows. RNG nabd
additional options aid in predicting swirling andow
Reynolds number flows.

The RNG model was obtained from renormalization
group theory by Yakhot and Orzag [12]. RNG difféniem
standardk-¢ because it has an additional temm,in thee
transport equation, besides providing an analyticahula
for the turbulent Prandtl numbers derived using RN&bry.
Thus the source ter®) for RNG is given by:

(8)

£ L, &2 £?
S, = p(CI,RNG K Po-o 1? ~Cyrne k]



where o ! is the inverse effective Prandtl number given by

o= G l=n/m)
1+ pn’

Instead of constant value for turbulent Prandtl hamn
k-e, it is provided analytically in RNG by the follomg

(9)

equation:
‘O.:i _1392q 06321.‘ a':i _ 2392q 03679 _ ﬂmc)l (10)
0,'-13929  |o;"-2.3929 Het

where 00—1 = 1.0. In the high Reynolds number limgf,
Iperr << 1), the inverse turbulent Prandtl numbeojs =

0.' ~ 1.393. Similar to theRk« model, ; = Sk/¢ , and

s=_[2 s, 'sa modulus of mean rate of strain tensor,

n,=438 , [=0012 The model constants
are c,, =142 , C,,=168 , o0, =1393 ,
o, = 1393 derived from RNG theory by Yakhot and
Orzag [12].

RSM abandons the assumption of the isotropic edd
viscosity hypothesis,
Navier-Stokes equations, by solving transport eéqoatfor
the individual Reynolds stresses, together witliaamdport
equation for the dissipation rate. RSM has a grgaitential
to give accurate predictions for complex flows,itatakes
into accounts the effects of streamline curvatweeirl,
rotation, and rapid changes in strain rate in aemorous
manner than two-equation models such las. The
foundation of RSM is the exact set of transportatigns:

;(PLM)“;&(PL&W):‘&[PLML& +olgad]+

Timelerivative C, =Convection Dr jj

=Turblerdiffusion

to close the Reynolds-avatage

0
0X

9wy

o)

The pressure strain term is modelled as:

D

(12)

TN~

%_p[dﬁﬁ

2
u——ok P-=9aP 13
B840 ffai-2a-ofn-Zae] a
where P=0.5P; is the turbulence production due to shear,
and the constants a@=1.8 andC,=0.6.

The dissipation term is assumed to be isotropic iand
approximated by:

6u oy _2
! X X, 3
The scalar dissipation rate is computed with a rhode
transport equation similar to the one in the stahdas
model.

DES model earlier belongs to a class of a hybrid
turbulence models which blend LES away from bouyndar

(14)

))ayer and RANS near the wall. This combination (R&N

LES) model was introduced by Spalart et al. [8hmeffort
to reduce the overall computational of LES modglliny
allowing the coarser grid at boundary layer. The SDE
employed for the turbulence modelling in this walbased
on Spalart-Allmaras (SA) model [11] and has neveerb
previously used for modelling of spray drying.

The SA one-equation model solves a single partial
differential equation for a variablé which is related to the

turbulent viscosity. The variabl®/ is identical to the
turbulent kinematic viscosity except in the neattwa
(viscous-affected) region. The model includes a lwal
destruction term that reduces the turbulent visgdsi the
log layer and laminar sub-layer. The transport &qoafor

|::u(uuj ):|—{L{ULJ + lJJU:(aqj‘Fp{aq +JJ_
0% | 0% 0% 0% ) P\Ox 0% 5 s s . oY

= iffusi = i G ~\_ 15)
Dy j =Moleculaiiffusion Rj =Stresproduction @ =Pressustrain 7(97)4.7(%)_(% S {(ﬁ/+p7)}+qz/{] _x (

, a™ o IETECT

ou oy —2pQ, (u'ju;n Epm T UL £jkm) (1) The turbulent viscosity is determined via:

an an F; =Production by system rotation _ 3 \7
& =Dissipatin : 7 :ut = prvl’ fviL = )(3)-(F—C3’ X = — (16)

vl

The Q, is an angular velocity and bot),, and € ikm

are permutation tensors. Of the various terms ése¢hexact

equations, CIJ , , and Fij do not require any

D R
modelling. However,D; ; , @ , and & need to be

wherev = t/p is the molecular kinematic viscosity. The
production term(,, is modelled as:

k2d2 fv2’ fv2 =1-

G, CblpSJ S=S+—— (17)

X
1+val

modelled to close the equations. The reason is Igimp Sis a scalar measure of the deformation rate tembarh is

because the averaging procedurelfifU, will generate a

lot of unknown variables and it becomes impossiblsolve
them directly.

The turbulent diffusivity transport term is modellasing
a simplified form of the generalized gradient déifan
hypothesis as:

based on the vorticity magnitude in the SA moddie T
destruction term is modelled as:

el 135

, g=r +sz(r5—r




The closure coefficients for SA model [13]

C, = 01355 , C,, = 0622 , g, :% , C,=71,

Cwlth,M , C.,=03 + Cu,u=20 .
k? o,

k = 04187

I1l. RESULT AND DISCUSSION

Prediction from the CFD simulation was comparedh®

are et al. [7] at various positions of the spray drycltamber.

Data from CFD simulation were taken as a statiktica
average from up to 1000 time step after the pseudo
convergence was achieved, which mimic the dataciidin

in experimental measurement. Generally, all CFD etwd
tested in this work can predict the flow patterncounter-
current spray drying reasonably well (Fig. 3). Hoewe
ultimate agreement was not achieved. The Rankimexo
due to the swirling flow was reproduced correctly.

Laser Doppler Anemometer (LDA) measurement by Bayly
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Figure 3: Prediction of axial and tangential vefp@nside the counter-current spray dryer chamisérguvarious turbulence models. Data points adopted
from Bayly et al. [7]



Prediction by the DES model is by far the best agnite
model tested. This is attributed by the fact thadESD
employs LES in the bulk flow which in turn providesich
better predictions of the turbulence flow. Arounbet
boundary layer (i.e. the wall) the DES turn to agt
equation Spalart-Allmaras turbulence model whiabvjates
a fair approximation of the flow near the wall vatit
necessarily having to resolve the small eddiess Tithod

of hybrid LES-RANS model employed in DES reduces th

overall computational demand of a full LES solutiwhile
at the same time maintaining the prediction acgurac

IV. CONCLUSION

CFD simulation of a counter current spray dryer Ib@sn
developed and predictions obtained using variotsitance
models has uncovered a great potential of DES for
modelling the flow field of the counter current aprdryer.
Unfortunately, result from this simulation cannot b
validated further due to limited data available &munter
current spray dryer studied in this work. Resuttenf this
simulation may be useful for development of a more
comprehensive and accurate model for counter duspgay
dryer in the future.

The RSM model outperformed all the other RANS based

turbulence models (SKE, RKE and RNG) tested inwaosk.

This is attributed by the anisotropic eddy visgpsitodel in

RSM model, which is known for its excellent preiat for

swirling and strong anisotropic turbulence flow Iswes in

cyclone [14-15]. As it is mentioned in the previaection,

the flow pattern inside the counter-current sprayed

studied in this work exhibit some swirling flow dte the

position and design of the inlet gas around theetohip,

hence requiring a more complicated turbulence mdatel
accurate prediction of the mean flow field insidee t
chamber.

The RNG model also predicts the tangential velocitys]

fairly well, marginally better than the other twguations

turbulence model of SKE and RKE. This is due to th 5

inclusion of the swirl term in RNG model, which waset
included in the SKE and RKE models. However, priaois
obtained from these two-equation turbulence modéish
assume isotropic eddy viscosity were generally pior
comparison to either DES or RSM.

The axial flow pattern exhibit a single peak patter

similar to those normally seen for a reverse flowlane
( e.g. Fraser et al., [16]). Again all models poedihe axial
flow pattern reasonably well compared to the experital

measurement. The DES and RSM models again provide

much closer agreement to the experimental datamitas to
the trend seen for the prediction of tangentialooity.
Predictions by both RKE and RNG on the axial vejoare
acceptable as the predicted value was relativelgecto the

experimental measurement. However, both RNG and Rkﬁ%

models may not be the best model for predictingriean
flow insider the counter-current spray dryer beeatlsey
can produce somewhat unrealistic (triple peak) iptieths
on occasion as seen at Fig. 2 at Z =2.9 m. The Rk#el
was the worst among all the turbulence models dested
hence should be avoided for modelling of a couatarent
spray dryer.
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CFD Simulation of Hydrodynamics in
Counter-Current Spray Dryer Tower
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Abstract

Spray dryer is a well established method for converting liquid feed materials into dry powder
forms. Spray dryer is widely used to produce foods such as whey, instant drinks, milk, tea and
soups, as well as healthcare and pharmaceutical products, such as vitamins, enzymes, bacteria
and also in production of fertilizers, detergent soap, and dyestuffs. Many experimental studies
have been done to ensure the quality of the spray drying process. Alternatively, computational
fluid dynamics (CFD) can be utilized to study the performance of the spray dryer. CFD modeling
tools are increasingly used in the design, scale-up, optimization and trouble-shooting of the spray
drying chamber because measurements such as Laser Droppler Anemometer (LDA) of air flow,
temperature, particle size and humidity within the drying chamber are very difficult and
expensive in a large scale spray dryer. Hydrodynamics of the counter-current spray dryer is not
well understood and hence for economic and safety reasons, reliable models are needed for
scale-up and design of such a spray dryer. In this work, a CFD modeling of hydrodynamics in a
counter-current spray drying tower were performed. The turbulence modeling was realised using
five different turbulent models, i.e. standard k-g, RNG k-g, Realizable k-¢, Reynolds stress
models and the Detached Eddy Simulation. The predicted airflow patterns inside the spray
drying chamber were found to be in good agreement to the experimental data adopted from
literature for all turbulence models tested in this work. A great potential of the Detached Eddy
Simulation for predicting the flow pattern in a counter-current spray dryer was uncovered as its
provides more accurate predictions compared to other models tested in this work. Results from
this simulation may be useful for development of a more comprehensive and accurate model for
counter current spray dryer in the future.

Key words: Spray dryer, CFD, standard k-¢, RNG k-¢, Realizable k-g, Reynolds stress models,
Detached Eddy Simulation, Air flow pattern :
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