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ABSTRACT

The particle gun method and Computational Fluid &yits (CFD) modelling was
used to study stickiness and deposition mechanisimskim milk powder in an
impingement jet hitting a stainless steel platee Ppharticular focus was on the effect
of jet velocity and patrticle size distribution oapibsition. Low jet velocities of 10.3,
14.8 and 19.4 m/s were studied at fine particle Bxels of 30, 51, and in, using

a jet-plate height to jet diameter ratio of 4.

For skim milk powder with a bulk particle size (P= 61um), lowering the air
velocity from 19.4 m/s to 10.3 m/s increased thvell®f deposition and decreased the
point at which deposition first occur as measurgdtiie temperature difference
between the glass transition temperaturg OF amorphous lactose and the air jet
temperature of the particle gun. This point is @&l(T-Tg)criica. The critical point
decreased from 39.0 °C to 18.6 °C as the veloatyehsed from 19.4 to 10.3 m/s
and the (T-T)ciicar Obtained at the lower velocity is in closer agreamwith

previously reported fluid bed rig results.

The (T-Ty)eritical POINt and level of deposition was also found tohighly dependent
on particle size. Increasing the average partidle som 30um to 6Jum increased
the (T-Tg)critica from 8.2 °C to 18.6 °C and 14.8 °C to 39.0 °Cjétrvelocities of 10.3
m/s and 19.4 m/s respectively. Levels of particepasition also dramatically

decreased for both velocity ranges.

Ring shaped deposit morphologies were observed ingtteasing particle stickiness.
Beyond (T-T)eritica pOWder deposits formed at the periphery of theéeptaeating a
large round clear zone which decreased until pexirdeposit ring formed and finally

deposits formed only at the centre. Particles vedrgerved to bounce radially from



the centre of the plate before sticking. Milk powdeposits are therefore governed
by the kinetic energy of the impinging particle addition to particle surface

stickiness.

The particle gun method was modelled using Fluefb Goftware as an adhesion
phenomenon arising from the particle-surface cdandgoamics of a particle laden
impingement jet contacting a vertical collectioratpl The development of a wall
boundary condition for specifying the particle-aw interaction has been the focus.
A patrticle is captured by the wall if the impingirignetic energy is below the
prescribed critical normal kinetic energy; othemvithe particle rebounds with
reduced kinetic energy. The model was developenlLigir the User Define Function

option of Fluent.

The CFD model confirmed that particles reboundaligifrom the collection plate
several times before sticking. Circular deposit photogy results from such
modelled contact dynamics which are similar to dhserved experimental deposits.
The level of deposition predicted by CFD increasth increasing levels of critical
normal kinetic energy, in the same way experimemaposits increased with
increasing particle stickiness. The current modelrwt considered the contribution
from the tangential velocity component to partistek/rebound behaviour, but it is
expected the tangential velocity may also play gnificant role and should be
included in future CFD models. It is recommendeat the particle-surface interaction
needs to be studied in more detail, preferably withging systems such as Particle
Image Velocimetry (PIV), so that individual parécltrajectory and deposition

behaviour can be followed and analysed.
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CHAPTER 1 - PROJECT OVERVIEW

1.1 INTRODUCTION

Deposition of particles from turbulent flows hasebethe focus of many scientific
investigations since the 1950s. In many industded applications ranging from
ultraclean integrated circuit manufacturing, aitlytton control to therapeutic drug
delivery in human airways, it is often importantpieedict and in some cases control
particle deposition accurately (Li, 1995). In Newaland, the subject of particle
deposition is of particular importance to the daegtor, which is by far the country’s

largest industry with annual exports of severdidnldollars.

During spray drying of milk into powders, milk poerddeposition is likely to occur
in the spray dryer chamber, fluidized beds, theaeighducts and the cyclones. This is
undesirable due to a number of reasons. Firstl,of ahay result in fire and explosion
in the plant. It is known that powder deposits ncaych fire spontaneously if they
attain a critical thickness and the temperatusbve the ignition point of the powder
(Beever, 1985; Chonet al, 1999). A more frequent problem caused by milk gew
deposition is the need to halt the dryer operategularly and clean the deposits.
Extensive deposits formation will encourage thenghoof microbes and pathogens.
Deposits are also prone to scorching and browmsa result, when the deposits get
re-entrained and mix with milk powders in the aivi| they may affect the appearance
of the final products or even cause food safetyessA more dramatic consequence
of deposition is the blockage of the cyclone sepasawhich is at least partly caused
by milk powder deposition or powder cohesion. Wki@a occurs, the dryer needs to
be shut down immediately, leading to significargmildowntime and loss of products.

Therefore, it is desible to be able tpredict and control particle deposition in milk



powder plants.

A lot of research has been done in this area. Mbshe studies have focused on
modeling the stickiness development of milk powdeighout considering their
interaction with the flow field in the exhaust dsieind cyclones. On the other hand,
researchers studying the detailed flow field ofloge separators have not specifically
looked at milk powder as their material of interelt this thesis milk powder
stickiness development and flow field interactiom® studied with the aim of
elucidating additional flow related factors thanhtibute to milk powder deposition
such as impact velocity, impact angle and parscte. Experimental and numerical

techniques are applied to the investigation.

1.2 RESEARCH PROBLEMS

Currently industrial practices rely on the use dftigky point curve for controlling
powder deposition. The sticky point curve is a lahefined by a combination of
critical temperature and relative humidity. Corwls below the curve are deemed the
safe drying zone, where milk powder stickiness dagdosition are not expected to
occur. Recent studies undertaken by researchems Massey University with the
particle gun stickiness testing rig (ChatterjeeQ£0Zuo, 2004; Murti, 2006) have
shown that particle stickiness and deposition n&aglbo controlled by factors such as
air velocity and particle size, in addition to #higect of air temperature and humidity.
Understanding how these additional factors affbet particle deposition process is

the focus of this thesis and findings may open ey ways to control the problem.



1.3 PROJECT OBJECTIVES

The objectives of the current research were:

(1) To modify the particle gun stickiness test methodt £an be used to test particle
deposition at velocities lower than 20 m/s. Presi@aitempts to do this have
encountered problems of extensive agglomeratigradicles and this needs to be

overcome so a wider range of air velocities catebted.

(2) To investigate the effect of milk powder particleeson stickiness and deposition

using the particle gun test.

(3) To use Computational Fluid Dynamics to charactetlse flow field of the
impingement air jet emanating from the particle gighand simulate the milk

powder deposition process in such a flow field.

1.4 THESIS STRUCTURE

A literature review will first be given in Chapt@ron the subject of dairy powder
stickiness mechanisms and glass transition theDifferent stickiness testing
methods are then compared and contrasted. Chapiges a detailed account of the
past works done with the particle gun rig as welltlee experimental work done in
this study. The methods and procedures developedht current experimental
study are explained and the results obtained @®epted and discussed. In Chapter 4,
the basic principles of Computational Fluid Dynasnare reviewed, followed by a
discussion of particle transport and depositiontmasms. At the end of Chapter 4, a
case study of using CFD to model particle depasifimm turbulent flows in a

3



straight duct is illustrated. Chapter 5 details pinecedures of CFD modelling of the
particle gun setup and introduces a wall boundapdeh for describing particle
stick/rebound behaviour at wall surface. The rasoftthe project are summarized in

Chapter 6, together with recommendations for furitrerks in this area.



CHAPTER 2 - LITERATURE REVIEW OF
DAIRY POWDER  STICKINESS AND
STICKINESS DETERMINATION

2.1 INTRODUCTION

Stickiness is a commonly encountered issue duriitig spray drying and storage of
dairy powders containing low-molecular weight sugach as lactose. It leads to
particles adhering to the chamber of the sprayrdwall and the exhaust ducts,
resulting in loss of product and reduced plant labdity due to cleaning. It is the
main material property that contributes to partidieposition. In this chapter, a
literature review on the causes of dairy powdeakstess and how it can be measured

is given.

2.2 MAIN STAGES OF MILK SPRAY DRYING

The first step of milk spray drying is the atomiaatof milk concentrates into tiny

droplets. The most common types of atomizers ugsédsirially are the pressure
nozzle atomizer and rotary atomizer. The dropletsssproduced by both types of
atomizers are generally in the range of 10 — 200(Stevenson, 1999). The resultant
fine mist of droplets is mixed with a stream of lagt often in excess of 180 °C and
with very low relative humidity. During the mixingnd transport step in the dryer,
intense evaporation of moisture from the dropletses place, with the droplets

undergoing several physical changes and transfgrrfiom a liquid form to solid



particles (Chen, 1994; Kentigh al, 2005) The last step involves the separation of
the dried products from the air stream, and thisfisn achieved industrially with

cyclone separators and baghouses.

Stickiness and particle deposition are known touoaturing both the active drying

stage as well as the powder separation stage. €hah (1993) measured deposits
formation on a large industrial compact disc drgesducing skim and whole milk

powders over a four month period. Particle depmsitvas found to occur on the dryer
ceiling as well on the side wall and lower conetled dryer chamber. The authors
attributed particle deposition mechanisms to dineqtact of wet concentrates as well
as dry but sticky particles. Ozmen and Langrisid8arried out experiments with a
pilot-scale spray dryer and found that the depasitiux of skim milk powder on the

dryer wall was a strong function of the air inletis vane angle. They concluded that
a high swirl vane angle (30° in their study) wouldrease the extent of air swirling
and particle spreading, which in turn lead to mpaeticles being transported to the
wall. Bhandari and Howes (2005), in their reviewcohtributions of powder and wall

material surface energetic to stickiness, propdkatl blockage of powder transport
lines and cyclones are caused by powder cohesienp@wder to powder contact),

which is initiated by adhesion.

Particle stickiness and deposition is clearly uivdbte and should be avoided. In
addition to direct experimentation using spray dsyenany studies have looked at the
fundamental causes of the problem, i.e. composdependency and particle-air
interaction. A number of laboratory-scale stickséssting methods have also been
developed and these techniques vary in complexitg #e actual stickiness

mechanism under consideration.



2.3 DEVELOPMENT AND CAUSES OF PARTICLE
STICKINESS

2.3.1 Mechanisms of Sticking

Stickiness of particle is manifested through itsdency to stick to one another or
surfaces of other materials. The former is knowea®esion and the latter adhesion.
Both cohesion and adhesion can coexist and un@eifgpconditions one form can

be more dominant than the other. For example, #kéng of dairy powders during

handling and storage is mainly due to cohesion evthe early stages of particle
deposition inside spray dryer chambers is causeatihgsion. According to Papadakis
and Bahu (1992), there are five general mechantsmsing particles to stick to each

other.

- van der Waals Force

- Electrostatic Force

- Mobile Liquid Bridges

- Immobile Liquid Bridges

- Solid Bridges

In almost of all cases of sticking and caking iwd dairy powders, the liquid
bridges formed between particles are dominant oxar der Waals force and
electrostatic force, by several orders of magnit@deo, 2004). Immobile liquid
bridges are formed by the introduction of thin lsyef viscous binders on the surface
of the particles. They are formed due to the viggad amorphous substances being
sufficiently low and liquid enough to cause viscdlosv driven by surface energy.
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Figure 2.1 shows the development of stickiness famchation of liquid bridges

between two particles.

Dairy powder
particles
At high
temperature
Glass/rubb tat i
changzsaglasesrytr:ns?ﬁon and/or h{.gh RH
and flow conditions

(i.e. exceed Tg)

Liquid-bridge cause
sticking

Figure 2.1 Diagram of dairy powders containing amophous sugars sticking,
taken from Zuo (2004).

2.3.2 Glass Transition and Molecular Mobility

Figure 2.1 shows that for the particles to develop liquid bridge, they need to
undergo a critical step, namely, glass transitidre glass transition is closely related
with the viscosity and molecular mobility of the amphous sugars in the dairy
powders (Fennema, 1996). For glass transition turp@ critical combination of

particle temperature (T) and moisture content (obiant air RH) must be reached

(Patersoret al.,2005; Boonyaet al, 2005).



Crust Crust Sensible
—, heating _—

Figure 2.2 Stage of drying and physical changes,ken from Patel (2009).

Figure 2.2 shows an overview of the drying prodessa single droplet. Prior to the

start of drying, the droplet temperature may beWweadr above the corresponding wet
bulb temperature of the drying air and it adjustelf towards this temperature.
Evaporation of the droplet’s free water then beging it is accompanied by the rapid
shrinkage of the droplet until a crust starts torf@n the surface of the partially dried
particle. Due to the rapid dehydration rate, thedsdormed in this way will have an

amorphous form. A solid in its amorphous state asegally called a glass and is
characterized by the random arrangement of its cotde constituents. Amorphous
solid is at a non-equilibrium, high energy statenpared to its crystalline, more stable
counterpart (Fennema, 1996). As drying proceedthdur the entire wet core is

converted into the glassy, solid form. Figure Zh®vgs the formation of glassy and

crystalline materials.

O(l'onlmllod heay, O f(T.t) » @ Heat _"‘_..: C."_C:D

«4— Slow cooling
Glass Rubber Crystal Melt
(transitional state at T,)  (exothermic) (endothermic)

Rapid heating —p
<«— Rapid cooling

Figure 2.3 Physical states of material during dryig, taken from Bhandari
and Howes (1999).



The entire spray drying process is very short, lom drder of seconds. Thus, the
particles produced by spray drying are often amaughor partially amorphous and
they are characterized by a phenomenon known as glansition. Glass transition is
a process by which a supersaturated solutionjsrcdse the milk concentrate, coverts
into a glassy solid containing randomly aligned @sales. On the other hand, glass
transition is also said to occur if the glassy mateeceives heat and switches into a
rubbery state, as shown in Figure 2.3. Thus thesdi@nsition is a two-way process
and the temperature at which this occurs is terthedlass transition temperaturg, T
Below the glass transition temperature, the glasaterial is solid and stable and is
characterized by extremely high viscosity, on theeo of 16°Pa s (Downtoret al,
1982). Above the glass transition temperature ntlagerial is in an unstable, rubbery
state, with correspondingly low viscosity and merene to physical and chemical

changes such as stickiness development.

At the glass transition of a material several ptgisthanges also take place, which
allows this transition to be measured experimentdlhe most common type of
measurement is the differential scanning calorim@SC), which is based on the
monitoring of the step change in material’s spedifeat capacity at glass transition.
Figure 2.4 shows a typical DSC curve following theat flow through a material
undergoing glass transition. As shown in Figure thé glass transition is not a single
step process but takes place over a temperatuge.r&arious definitions of grhave
been reported in literature and these include theriBet, T extrapolated onset,qT
midpoint and J endpoint. This tends to cause discrepancies akesradifficult to

compare the reported, Tor the same material (Foster, 2002).

Other measurement techniques for the glass transiimperature such as the
dynamic mechanical thermal analysis (DMTA) and gacl magnetic resonance
(NMR) are reliant upon the detection in the changésnechanical or dielectric

properties of the material of interest (Zuo, 2004).
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Boonyai (2005) has developed a thermal mechanmalpcession (TMCT) test that
involves the compression of a thermally controlfsmlvder sample with a texture
analyzer. It is based on the changes in the fré@me and molecular mobility of the
amorphous materials at glass transition. The resari¢ obtained in the form of a
displacement-temperature diagram (Figure 2.5) dred temperature at which the
displacement of the compression probe significaimityeases is taken to be the glass
transition temperature. The technique is validateshg skim milk powder and the
resultant | has been shown to be in excellent agreement Wwithvalue obtained by

DSC.

The glass transition temperature is a functiorhefrhoisture content and constituents
present in a specific material. This dependendees illustrated with the concept of
molecular mobility, which is a measure of the tfatisnal and rotational motions of
the constituent molecules in the amorphous powdanifema, 1996). As the
temperature of an amorphous material is cooled, ttaeslational and rotational
movement of its molecules are slowed down accobgimgsulting in a high apparent
viscosity. Below the glass transition temperattiie,movement of molecules become
sufficiently small and diffusion related local etgmre extremely slow. However, the
molecular mobility will increase with a rise in @niperature, with the accompanying
rise in the free volume of the polymer segments aedrease in viscosity.
Alternatively, the molecular mobility can be incsed by the addition of
low-molecular weight component at the same tempegatin dairy powders, the
amorphous regions usually consist of carbohydrates proteins, both of which are
know to undergo glass transition. However, the glaansition behaviour of dairy
powders as a whole (the change in molecular mgbsgpecific heat capacity etc) is
usually governed entirely by the low-molecular weigarbohydrate component. The
resultant T of the powder is a direct function of the averag@ecular weight of its
sugar component, reflecting the fact that smalletwles are easier to diffuse and
move about and have a higher molecular mobilitytlzmge molecules at the same
temperature. Water is another low-molecular weggthponent that can enhance the
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molecular mobility and depress thg df the amorphous powder. This is especially
true for dairy powders containing significant amboh sugars such as lactose and
sucrose, which are very hydrophilic. Macroscopicalhe enhanced molecular
mobility of the amorphous powders due to the presesf water and low-molecular
components are manifested through the fluidityhef material such as the ability to

form liquid bridges, especially at temperaturesvabfy.

There are a number of models available for pratlictihe glass transition temperature
of a material, taking into account the plasticizefect of water and low-molecular
weight components. The most popular model is thel@e Taylor equation (Equation

2.1), from which many other more complex equatiamsalso developed.

B Wng1 + szTg )

2.1
’ w, + kw, 1)

where w and w are the weight fractions, and,;Tand Ty, are the glass transition
temperatures of the solid and water respectivielys an experimentally derived
constant for the specific material. The commoniyepted value for theg (water) is

-135 °C and thus Equation 2.1 shows that the dspeesffect water has on the
overall glass transition temperature of the malteésiavery significant, and more so
when water is present in large amount. The Gordylef equation is only applicable
for a binary mixture of solids and water. For maremplex, multi-component
mixtures, the Couchmann-Karasz equation or the noaiemodel developed by
Foster (2005) based on the weighted addition afiddal Ty of amorphous sugars at

given water activity may be more appropriate.
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2.3.3 Moisture Sorption Isotherm

According to Brooks (2000), determination of theishare content of low-molecular
weight sugars such as lactose in commercial daivyder can be difficult due to the
presence of other components such as fat, proteinaah. These components will
affect the overall moisture content of the powadenge the Ty is mostly controlled by
the sugar alone. The author reasons that the wetetty a,is a better measurement
to use, as it is easily measured and fairly constarong the various components of
the dairy powders (Zuo, 2004). The moisture conterdt water activity of a food
material is related through the moisture sorptigsiierm, which is a plot of water
content of a food versus its relative vapor prespurpat constant temperature. The
term water activity is used to account for the msigy with which water associates
with various non-aqueous constituents in food ananabient pressure it is the same

as the relative vapor pressure.

a, =" (2.2)

wherep is the vapor pressure of water in the substamzbpgis the vapor pressure of

pure water at the same temperature.

Moisture sorption isotherms are typically prepafeam resorption isotherms by
equilibrating initially dry foods with air conditireed at certain temperatures and
relative humidities and measuring the weight gaimere are a number of predictive
models in literature for the moisture isothermsvafious pure sugar component as
well as multi-component dairy powders (Chen, 199998). The most common
models for dairy powders include the Guggenheim&kadn-de Boer (GAB) model
(Equation 2.3) and the Brunauer-Emmett-Teller (BEiDdel.

14



M cfa,
(1- fa, )[1 +(c-1) faw]

(2.3)

whereM is the moisture contenlt), is the mono layer moisture conteatandf are

constants and, is the water activity.

0.16

0.127

0.10 T

0.087

M (g/g, dry lactose)

0.06 [

0.04 1

0.0271

0.00 i i i i i
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Water Activity

Figure 2.6 Moisture sorption isotherm for amorphouslactose, data from
Bronlund and Paterson (2004).

Bronlund and Paterson (2004) obtained experimgniaél moisture sorption isotherm
for amorphous lactose and found no temperaturendigpee in the range of 20 —
40°C. They found the GAB model fitted the experiméndata very well and
recommended a value of 0.0488 g/ghty; 1.16 forf and 3.23 forc. Figure 2.6 shows

this moisture sorption isotherm for amorphous Iseto

Moisture sorption isotherms for foods are usefulnf@ny purposes. The physical and
chemical stability of foods are often cited in terof water activity. The survival rate

of spoilage and pathogenic bacteria are often ginditerature as a function of water
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activity. In dehydration operations such as sprayind, the moisture sorption
isotherm is used for estimating the final moistaomitent a specific material can be
dried to. As mentioned previously, the water atyiaf a food powder is the same as
the relative vapor pressure (relative humidity)eguilibrium. Thus, to achieve a
specific final moisture content of the final dapgwders at the spray dryer outlet, the

relative humidity of the drying air must be at tbeel dictated by the isotherm.

Brooks (2000) has done a comprehensive literaewveew of the moisture sorption
isotherm and Jmoisture content relationships for amorphous ketoHe has
proposed a third-order polynomial equation (Equato4) that can be used for the
direct prediction of the gfor amorphous lactose based on the measured weitatya
up to an @ of 0.575. This approach is adopted by a numbeesdgarchers (Chatterjee,
2004; Zuo, 2004; Murti, 2006) and is also usedhis study for the particle gun

experiments to be addressed in later chapters.

T, =-53066(a,,)° +65206(a,,)* —36633a,, +99.458 (2.4)

2.3.4 Sticky Point — the TgRpproach

It has been discussed previously that the molecntdility of an amorphous material
is intricately related with the glass transitionmmpeerature J. Experimentally the
change in molecular mobility is usually taken tody@onymous with the concept of
viscosity, which is very useful for explaining tecking and caking phenomenon in
dairy powders. The ability for two particles in ¢act to develop a liquid bridge and
stick to each other is dependent on whether theosity of the interfacial material is
sufficiently low and mobile enough to flow. Downtenal. (1982) proposed a model
(Equation 2.5) for the critical viscosity needed $ticking to occur between the same

materials.
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Kot

= 2.5
:ucrmcal Kd ( )

p

where k' is a constant in the order of unity is the surface tension,is the contact

time, K is the liquid bridge diameter expressed as aitmaaif the particle diameter

(in the range of 0.01 — 0.001g, is the particle diameter angl_., IS the critical

viscosity. Among other things, Equation 2.5 sholat the critical viscosity required
is proportional to particle contact time. Thus achlower viscosity is required for
particle sticking and deposition during spray dgyigiven the short residence time
and contact time of the particles, compared to tHating powder storage.
Downtonet al. (1982) predicted the critical viscosity for a sugs/fructose mixture to
be in the range of £0- 1 Pa.s. Another similar model to Equation 2.5 is that

Frenkel’'s equation.

_ 3ota

Heitical _E X2

(2.6)

whereg andt are the surface tension and contact time as iratitiqu 2.5,a is the

particle radius and s the inter-particle liquid bridge radius.

The Frenkel's equation is used by Wallack and Ki@g88) for estimating the critical
viscosity values of a sugar mixture and coffee aottrThe same range of critical
viscosity of 16 — 1¢ Pa.s was obtained for the sugar mixture as ireperiment of
Downtonet al. (1982), thus supporting its validity. Relativelgost particle contact
times were used in both works (in the range of 10-seconds), and therefore the
critical viscosity obtained is applicable for thete of the stickiness development as

observed during spray drying.

The temperature dependence of molecular mobility @manges in food properties
that depend strongly on molecular mobility are daegater in the temperature range
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above T, than those belowyI This is also true for viscosity, which is typigabn the
order of 18% Pa.s or higher at temperatures beloy i this range, all the molecular
movements are very subdued and no surface tensieendviscous flow, i.e.
stickiness, is observable. Above the glass tramsiemperature, the rate of change in
viscosity with temperature becomes very intensecamdbe typically described by the

Williams-Landel-Ferry (WLF) equation.

C,(T-T,
joge 4y = T 7o)

p) T Cr Ty “0

where y is viscosity at product temperaturg;, is viscosity at glass transition

temperature, Cand Gare constants having values of -17.44 and 51.pectisely.
The WLF equation shows that the viscosity of theemak decreases as the glass
transition temperature is exceeded. The higher ¢cheahtemperature is in excess of

Ty, the lower is the viscosity.

The WLF equations specifies the viscosity as a fanavf T-Ty while the models of
Downton et al. (1982) and Frenkel's equation show that the @iitaascosity for

sticking to occur is a rate-limiting process. leagnition of this, Patersost al. (2005)
combined the Frenkel and WLF equations and expdedise rate of stickiness

development as a function of f-{Equation 2.8).

2 C,(T-T,
0gC%") =log(2) -

g

(2.8)

wherex is the inter-particle bridge radius similar to theenkel's equation. Ik is
taken to be a general indicator of stickiness dgwekent, then Equation 2.8 shows
that to achieve the same stickiness strengthgenddrT; is required for a shorter time

and vice versa.
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2.4 DETERMINATION OF STICKY POINTS

In the literature a number of techniques have lteameloped over the years to study
the stickiness development and particle depositiehavior of amorphous food
powders. They all share the common principle of iSifTy as the key experimental
variable and T-J at which the powders start to show stickines®iiméd the sticky

point.

2.4.1 Propeller Driven Method

The propeller driven test was developed by Laataal. (1956) for testing the sticky
point temperature of amorphous spray dried foodd®ya: Its operation involves the
stirring of a powder sample embedded in a test, taiteer manually or mechanically
with a propeller. To control and vary the tempemtaf the sample, the test tube is
submerged in a heated water bath. During the exjeeit, the water bath temperature
is increased slowly at a specific rate with thepetter continuously stirring the
sample. Stickiness will develop with the heating ah one stage the powders start to
interact with one another extensively and formraguWhen the force required to stir
the sample increases sharply, the temperatureiahwlis happens is recorded as the
sticky point temperature. It has been realized thatsticky points obtained are an
inverse function of the original moisture conterft the powders, due to the
plasticising effect of water. Thus, the entire expent usually involves repeating the

procedures for powders with different moisture eoit

The original design of the technique by Lazaral (1956) has been continuously
modified by other researchers to improve the rditgband reproducibility of the
results. Henniget al. (2001) measured the sticky points of skim milk pevs using

an improved propeller driven method (Figure 2.7)e Tést tube in the original setup
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of Lazaret al. (1956) was replaced with a hermetically sealegkf®m minimize the
moisture evaporation of the sample. The temperatiréhe sample is directly
measured with a thermocouple when the water bdteased. The stirrer is driven by
a DC motor, rather than manually, to give consistesults. The sticky points are
considered to be reached when the stirrer stogimgtand the voltage across the
resistor in the system increases sharply. The asblotted the sticky points of skim
milk powders as a function of the moisture cont¢higure 2.8). They have also used
the Gordon-Taylor equation (Equation 2.1) for thasgl transition temperature of
amorphous lactose with lkavalue of 7.40. It is found that the sticky poinfss&im
milk powders are consistently above thg of amorphous lactose with a constant
offset of 23.3 °C. This is also one of the firstagpd studies for the sticky point

temperature for SMP. In this case, it is conclutlet SMP will become sticky at

conditions ofl -T,2233C.

Due to its design, the propeller driven method dstéhe stickiness behaviour of
amorphous food powders through the onset of cohe#ids useful as a guideline for

specifying the safe drying zone and handling ofifpowders.

| ||l oc Motor

1 and

| Gearbox

Immersion Heater

1

J—

Flask containing
Skim milk powder sample |

Figure 2.7 The improved propeller driven method byHennigset al. (2001).
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Figure 2.8 Sticky point temperature versus moistureontent for skim milk
powders, taken from Hennigset al. (2001).

2.4.2 Fluid Bed Test Method

The propeller driven method discussed previouslya istatic mechanical method
involving a fixed powder bed, whereas in spray mgyand particle transport, the
powders are suspended in the air flow. The fluid best is one of the pneumatic
methods developed in recent years to study théiséiss development of dairy
powders in an environment that is more similarhte &ctual spray drying process.
Figure 2.9 shows the schematic diagram of the fhed rig developed at Massey
University in conjunction with Fonterra Researchnte. Many other fluid bed test

setups in literature are also similar.
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Figure 2.9 Schematic diagram of the fluid bed rigtaken from Chatterjee
(2004).

The setup in Figure 2.9 consists of two thermatigtmlled water baths. Water from
the first bath is pumped at a controlled rate ® tibp of a humidity column packed
with tiny pieces of plastic tubing. The water i®thsprayed or “atomized” and runs
down the humidity column with air flowing up thelemn in the opposite direction.
This step aims to humidify the laboratory air sypjol saturation level and the plastic
tubing is there to increase the contact area betwe air stream and water droplets.
The saturated air is then directed through an eatdr and tubing immersed in a
second water bath, which is essentially a two begiing process to raise the dry bulb
temperature of the air. Such an arrangement malpgEssible to produce a stream of
air with controlled flow rate, dry bulb temperatuead relative humidity. The
conditioned air is passed through a sintered pojyyene disc embedded at the

bottom of a glass fluid bed and used to fluidisepbwder samples contained in it.

Chatterjee (2004) used this setup for determinimgysticky point temperatures of a
range of amorphous and crystalline dairy powdelse fass of the sample used is

typically between 20 and 30 grams and the air ftate is between 26 and 50 LPM,
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corresponding to 0.22 and 0.42 m/s, respectivedjo\B the sticky point temperature,
the powders are very free flowing and easily floédl. The stickiness of the powders
is induced by raising the temperature of water Ha#t a slow and controlled rate (1
°C for every 5 minutes is recommended). This bélgiteads to a rise in the wet bulb
temperature and relative humidity of the air streaumich in turn depresses thg af

the particle surface. The endpoint of the tese&hed when the complete seizure of
the particle bed occurs, i.e. the powders are ngdofluidized. The temperature and
RH in the fluid bed are continuously logged andchyrying out the experiments at a

number of dry bulb temperatures, a graph similditpire 2.8 can be constructed.

Henmigs (2001}

Temperature (°C)

20 . T . . . T . —
0% 5% 10% 15% 20% 28%, 0% 5% 40% 45% 50%
Relative Humidity (%)

Figure 2.10 Sticky point curves for skim milk powde (red square-, pink line
— Hennigset al. (2001), dotted line, Tg line of amorphous lactosgljuidized
bed method, taken from Pearce (2009).

Using the fluid bed rig, Pearce (2009) investigatkd stickiness behaviour of a
number of specifications of skim milk powders dififi|y in lactose contents, protein
content and preheat treatment. It was found thatstltky point curve expressed in
terms of temperature versus relative humidity (Feg@.10) for skim milk powder

follows the lactose glass transition curve (presticirom Equation 2.4) very well,
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with a constant offset of 24.4 °C. This also corepawell with the T-§ value of 23.3
°C obtained by Hennigst al. (2001) with the propeller driven method. The auho
also found that the stickiness of SMP generallyaases with higher lactose content,
which confirms the role of amorphous lactose intaahng the stickiness behaviour

of the powders.

The fluid bed test has the advantage over the peopdriven method because it
characterizes the stickiness behaviour of dairy qeow in a dynamic air flow
condition. However, it has the same limitation sfng cohesion rather adhesion as
the indicator of stickiness, which may not be diseapplicable for predicting particle
deposition behaviours. Also, the determinatiorheféndpoint (on-set of stickiness) in
this test is subjective and different results mayobtained with different operators of
the rig. Chatterjee (2004) also found the test aqgtropriate for high fat powders
which is difficult to fluidize due to significantusface free-fat content that acts as a

bridge between particles (Kiet al, 2005).

2.4.3 Cyclone Stickiness Test

Boonyai (2005) developed the cyclone stickinessftescharacterising the stickiness
behaviour of dairy powders such as skim milk powdére author reasons that all
other existing stickiness test methods do not eelegll enough to the actual spray
drying practices. In the cyclone stickiness te=tf powders would be subjected to the
same centrifugal movement and surface impactiom agpray drying and cyclonic

collection. Thus this method is considered to yieldre realistic results, in terms of
the sticky point temperatures obtained. The sefuihe method is shown in Figure

2.11.
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Figure 2.11 Components of the cyclone stickinesssteapparatus, taken
from Intipunya et al. (2009).

The operation of the system involves spraying watexr controlled rate to a stream of
preheated hot air. To vary the temperature and titynthe water feed rate and the
inlet air temperature are varied accordingly. Thmnditioned air is then passed
through a small, glass cyclone separator. The ®ysge typically run for 10-15
minutes to stabilise before powder introductionuélly about 0.1 gram of sample is
used for sticky point determination and quicklyrasuced into the cyclone. If the
condition is above the sticky point temperatureygers may become instantaneously
sticky or a lag time of up to 10 seconds is regluiBelow the sticky point, the
powders will remain free flowing and no cohesiord adhesion is observed. The
endpoint of the test is subjective, similar to timathe fluid bed test. The operator of
the rig has to see through the glass cyclone acde&# cohesion and adhesion of the
samples are being seen. To obtain the completkyspicint curve, the test can be

repeated for dry bulb temperatures up to 90 °Gaebus levels of RH.

Intipunya et al. (2009) modified the rig and made it more compaa aasier to

control. Testing of skim milk powders has beeniedriout by both Boonyai (2005)
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and Intipunyeet al. (2009). The resultant stick point curve (Figurg2).is found to fit
the glass transition curve of skim milk powder watltonstant offset of 11.4 °C. The
authors attributed the differences in §J-ih comparison with results from other

methods to the different techniques (air flow, amtoaf powder etc) used.
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Figure 2.12 Sticky point curve obtained the cyclonstickiness test, obtained
from Intipunya et al. (2009).

2.4.4 Blow Test

The blow test was developed by Brooks (2000) fardgidlying the rate of stickiness

development of a powder bed of amorphous lactoggi@ 2.13). It has an advantage
over the sticky point tests discussed previousbabse its result is more quantitative
and thus do no rely on the interpretation of theraor. In this test, powder samples
pre-conditioned at a specific relative humidity peeked into a segmented distributor

plate contained in a glass test chamber. An agasir conditioned at a specific
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temperature and RH is passed through a small essirtube and directed at one
segment of the powder bed. The same procedurpeésted at discrete time intervals
with different segments in an effort to monitor tlevelopment of stickiness. The
strength of the powder bed stickiness is indicatgethe air flow rate needed to blow a
channel through the powder bed. The air flow ra¢megally increases with the
equilibration time of the powders with the condital air, thus indicating stickiness

development is indeed a time-dependent process.

Figure 2.13 The segmented distributor plate and blw tester, taken from
Foster (2005).

Figure 2.14 and 2.15 shows the results of the likst carried out at around T ¥
10°C and 1°C.
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Figure 2.14 Blow test results for amorphous lactosat T-T4= 10 °C, taken
from Patersonet al. (2005).
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Figure 2.15 Blow test results for amorphous lactosat T-T4= 1 °C, taken
from Patersonet al. (2005).

Figure 2.14 shows that despite different combimatiof temperature and RH being
used to obtain a Tyl= 10°C, the rate of stickiness development is simildrisT

confirms the stickiness development is a time-ddpahphenomenon, as indicated by
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the higher air flow rate required with increasingrage time. Also, the rate of
stickiness development is dependent on the abseélte of the T-, regardless of
the specific combination of temperature and RH dents (Patersoret al, 2005).
Figure 2.15 shows the rate of stickiness developrisemuch slower at T4= 1 °C

compared to Figure 2.14.

The blow test, in comparison with other methodsgusntitative and allows the

progression of stickiness development to be masitoHowever due to its setup, the
results may be more appropriate for serving asidefine for safe storage of powders.
It does not taken into account the fluid dynamios powders may be subjected to

during drying and it also uses cohesion as theiadieator of powder stickiness.

2.10.3 Particle Gun Test

The particle gun test was developed at Massey Wsityeby Crofskey (2000). The
humid air supply system consists of a bubble coltimanis based on the two-pressure
principle and is developed by O’'Donnetlal. (2002). Its operation involves the firing
of dairy powders equilibrated with conditioned aira stainless steel collection plate.
The percentage deposition at a specificgTivel is quantified by weighing the
deposited mass on the collection plate and dividiy the original sample mass fed

through the system.

The particle gun test is based on the adhesion gohenon arising from the
particle-surface contact dynamics, making it a uaitest with clear advantages over
other conventional stickiness testing methods like blow test. Moreover, the
particle gun test is more quantitative and alloles development of stickiness above
the critical condition to be followed. It is alsg far the only test method that studies
the adhesion behaviour of sticky food powders. Mwee, the very nature of the test,

i.e. the study of collision outcomes of test péscwith the collection plate, is the
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closest to the actual deposition phenomenon enemethiduring spray drying among

all methods available.

Past works done with the particle gun rig have poed values of stickiness initiation
point which are significantly higher than the reésdtom the fluid bed rig (Zuo, 2004).
With skim milk powder for example, the average eabhf 39°C obtained with the
particle gun rig is approximately 13°C to 15°C teglthan that obtained with the fluid
bed rig. This difference has been attributed to dhferent impact time and force
experienced by the particles. However, the apptinabf particle gun result in milk
powder plants has been slow because industrialriexpes suggested that it is too
optimistic. Plant experience indicates that atmiyyoutlet temperature of around 39°C
above the corresponding, Tthe drying environment would have been way plast t
actual stickiness point and the plant certainly Morwn into problems (Russell,
personal communication, 2009). Thus, while the iglartgun rig results have
highlighted additional factors governing particliécliness behavior, they seem to
grossly overestimate the actual stickiness indgratiemperature. The cause of this
overestimation is not clearly understood and wasranthorough investigation. The
particle gun test is the method used in this thas review of past work done is

presented more extensively in Chapter 3.

2.5 CONCLUSIONS

The development of stickiness in amorphous dainydsrs, with special attention to
amorphous lactose and skim milk powder, has beeewed. Liquid bridge due to
surface tension driven viscous flow is shown toseathis stickiness at conditions at
or above the sticky point temperatures. The rolglaés transition is found to be
correlated closely with the viscosity and moleculaobility of the particles,

especially at the surface. In the literature, theran ongoing effort to develop new
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stickiness testing methods that can incorporatedigal spray drying fluid dynamics.
The advantages and limitations of various existexy methods have been discussed.
Special attention will now be given to the partiglen test method in Chapter 3 and
the experimental work done to investigate how a&ilogity and particle size affect

milk powder deposition will be addressed in moraide

31



CHAPTER 3 - STICKINESS AND
DEPOSITION BEHAVIOURS OF SKIM
MILK POWDERS WITH THE PARTICLE
GUN METHOD

3.1 INTRODUCTION

As discussed in Chapter 2, a number of tests haen ldeveloped to study the
stickiness development of dairy powders and lowenaar-weight sugar droplets.
Ideally, the testing conditions should be as clasdhe actual process, i.e. spray
drying, cyclonic separation or duct transport peses, as possible. A number of
researchers have in fact studied the depositiopgmsity of droplets and powders
during actual spray drying, often making use of iltyscale dryer (Ozmen and
Langrish, 2003; Woet al.,, 2008). However spray drying involves very compheat
and mass transfer between the products and tis¢r@am. The air flow pattern in the
spray dryer is also often highly transient (Fletobieal, 2006). Thus it is difficult to
isolate important factors when studying particlepaigtion, as the temperature,
relative humidity and particle trajectories arehhgtransient and non-uniform in a

spray dryer, however small it is.

For these reasons, simpler experiments which foouspecific parameters have been
favoured by past researchers (Adhikatrial, 2001; Pearce, 2009). Many stickiness
curves implemented in industrial plants in New Zedl and Australia, as well as CFD
codes incorporating a particle deposition modek based on the results from
methods discussed in Chapter 2 (Haetial, 2002; Pearce, 2009). Laboratory-scale
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stickiness tests have been fairly successful in ahstnating the glass transition
related stickiness behaviour of dairy powders. Mgpecifically, a stickiness curve
specific to the material of interest expressed 4n+TX can be obtained. However, a
single stickiness curve is also the limitation ofcls tests. The use of observed
cohesion of the test powders as the end point efettperiments suggest that there
exists one and only one critical Ty Tor stickiness to occur. This conclusion is over
simplistic in nature and while it serves as a vgopd general guideline for spray
dryer operating condition, it fails to recognize nyaother potentially important

factors.

For particles to deposit on a surface, in additmits surface stickiness (adhesion),
the actual contact mechanics between the partidetiae target surface will play a
significant role (Busnaina, 1995). The particle gug, which is essentially a
two-phase impingement jet, is able to simulate dbtual collision and deposition
between the particles and target surface. It ire®bhe simultaneous conditioning and
transport of particles through a long Perspex diggwed by particle impacting on a
stainless steel plate. The temperature, RH andcciglof the conditioned air can be
independently controlled. The deposited particlastle collection plate are easily
observable and can be quantified by weighing (Zual, 2007). The particle gun rig
is an improved stickiness test rig that more clpselpresents the actual particle
deposition process. It makes possible to studyfaathich have not been measured

previously, e.g. the effect of particle impingemeelocity (Chatterjee, 2004).

A typical plot of the particle gun raw data is exgged as percentage deposition

against increasing air RH % at constant air tenipezgFigure 3.1).
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Figure 3.1 Particle gun raw data. The % depositiorof WMP A plotted
against relative humidity of the exit air at constat temperature
(Patersonet al., 2007).

Data show very little deposition as RH is increaaedonstant temperature until a
critical RH is reached, where after deposition @ased with increasing levels of RH.

A plot of deposition level against Ty Eollapses the data into a single line, as shown

in Figure 3.2.
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Figure 3.2 The % deposition of WMP A plotted againsT-T g where Ty has
be calculated using the relative humidity of the akair from the particle
gun as the surface water activity of the particleFour different temperature
data sets have been plotted (Patersatal., 2007).
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The equation for estimating the, for amorphous lactose (Brooks, 2000) has been
presented in Chapter 2 in Equation 2.4.The pergermvé deposition (% deposition) is
obtained by weighing the deposited powders on tlkeation plate and dividing by
the total mass fed into the system. As shown iufei@.2, % deposition is seen to
increase with increasing TgTindicating the particles are stickier and showigher

deposition propensity when the glass transitionpenature is further exceeded.

The result of particle gun test is more objectivant that of the fluid bed or cyclone
stickiness test, as it is based on the actual gigation of the mass deposited. It also
shows that there is a transition from the non-gtitk sticky region of operating

conditions. The powders do not become sticky arubsié all at once, but show a

gradual and somewhat linear rate of stickinessldpugent with increasing Tyl

Past works have been focused on the quantificatfahe (T-Tg)critca @nd slope the
deposition curve. The (Ty)iicaiS Obtained by extending the deposition curve ® th
point where % deposition is zero and it has beeswtrdzed as the “initiation point of
stickiness”. This has been often compared to stpkints measured by the fluid bed
test and cyclone stickiness test. The slope ofidposition curve has been taken to be
an indication of the rate of stickiness developnsmt some works have been done to
investigate what affects this rate (Murti, 2006hwéver, a fundamental problem that
has received little attention still exists: at tame level of stickiness (Tgl what
makes some fractions of the particles sticky angodié while others do not? This
observation suggests that in addition to the eff@témperature and relative humidity,
there exist some other factors which may be impoitagoverning the stickiness and
deposition behaviours of dairy powders. Controllitigese potentially significant
factors may present another viable route to cdirigplthe deposition problem

encountered industrially.
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3.2 MAIN FINDINGS FROM PREVIOUS WORKS ON
SKIM MILK POWDER

The particle gun rig has been used to study tlokiséss and deposition behaviour of
a range of dairy powders (Chatterjee, 2004; Zu®@4204urti 2006). The testing of
skim milk powder has received considerably moremditbn. This is because skim
milk powder is one of the main products spray dmegularly in Fonterra and it is
known to cause many of the daily operational pnoisieelated to deposition. In
addition, a lot of fundamental knowledge relatedh® glass transition of lactose and
moisture sorption isotherm of skim milk powder \@#able in the existing literature,
which serves as a good basis for further studyimg dtickiness development and

deposition of skim milk powder.

3.2.1 Lactose and Fat Based Powders

Chatterjee (2004) has used the rig for testing embmr of fat-based powders,
including nutritional powder, cream powder and $netteese powder. The significant
amount of surface fat on these powders has madéfitult to test them in the

conventional fluid bed rig due to the difficulty fluidization. In addition, amorphous
lactose, skim milk powder (SMP) and whole milk p@vdWMP) have been tested

using the particle gun rig and fluid bed rig, ancbanparison of the results was made.

While testing skim milk powder, Chatterjee (20043shused the dry bulb air
temperature ranging from 28 °C to 52°C. In eachi@dar experimental run at a
fixed temperature, the relative humidity of the wams successively increased from
40% to 80%. At a particular combination of temperatand relative humidity in all

experimental runs, the author has observed a danmatrease in the amount of
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powder deposited on the plate, indicating theatidin of stickiness development for
skim milk powder under such conditions. The autth@n fitted these critical points
with “T4 + X” fits with both Cubic and Gordon-TayloryBquations for amorphous
lactose, and concluded that the Cubic equationq&02000) provided a much better
fitting of the data. The resultant critical valu® {T-Tg)criticas Was found to be 41.1°C
for skim milk powder. In other words, skim milk pder is expected to be non-sticky
and should not cause deposition when the operaiingondition is below a Tl
value of 41.1°C. However, this value has far exeddatiat obtained with the fluid bed
rig, which is 23.2°C for the same type of skim nplkwder. This marked difference in
(T-Ty)eritical has been attributed to the difference in operaingelocity in the particle
gun rig (20 - 50 m/s) and fluid bed rig (0.22 —Dm/s). Chatterjee (2004) postulated
that as a result of this, the kinetic energy exgered by the test powder in the
particle gun rig will be much higher than that hetfluid bed rig, making them less

sticky at similar levels of T~

In the opinion of the current author, another dédfece between the setup of both rigs
also contributes significantly to the difference thre results. The particle gun rig
involves firing powders through the system at acgfwemass flow rate. As a result,
the obtained mass of powders collected on thettpigee is a result of the interaction
between individual particles and the stainlessl stedace. In contrast, the fluid bed
rig takes the experimental end point as when tivedees have developed significant
liquid bridges with one another and form a lumptHis sense, the particle gun rig is
actually simulating adhesion, when small samplestested, while the fluid bed rig

simulates cohesion.
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3.2.2 Plant Exhaust Temperature Particle Gun Sumi&MP

Chatterjee (2004) operated the particle gun ridhéntemperature range from 28 °C to
52°C when studying skim milk powder deposition. Téxhaust temperature in a
typical milk powder plant when spray drying skimlknpowder is in the range of

75°C to 90°C. Zuo (2004) realized this discrepamnyd repeated some of the
experimental works for skim milk powder while usidgy bulb temperatures in the

range of 60.5°C to 80.5°C.

Results from Zuo (2004) in general agreed with thlaChatterjee (2004). The %
deposition was found to be a strong function oftdmperature and relative humidity
the powders have been exposed to before deposhibr. particular temperature,
there exists a critical relative humidity at whitie % deposition is observed to
increase dramatically. Zuo (2004) transformed #mperature and RH data using
Equation 3.1 to obtain the correspondingglvailues and fitted them with the Cubic
equation for the glass transition temperature obrg@mous lactose. In addition, Zuo
(2004) also combined the experimental data froniouartemperatures into a single
T-Typlot and fitted them with a linear regression plidte intercept of the regression
line was interpreted as the initiation of stickinder SMP and the slope of the line
was taken as the rate of stickiness developmer.(Z004) carried out experiments
for two types of instant skim milk powders and adimen heat skim milk powder and

the results are summarized in Table 3.1.

The values of (T-Jcitcar Obtained with both the cubic equation fitting neethand
linear regression method agreed with each other wetl. These (T-J)criical Values
range from 37 °C to 41.7 °C, which seems to bena With the 41.2°C obtained by
Chatterjee (2004). The slopes for instant SMP 1 mwedium heat SMP are fairly
close to each other (3 and 3.3), while the slopeirfstant SMP 2 is very low in

comparison. The instant SMP 2 had a much lowereslogcause its maximum %
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deposition was only about 8% at a Joff 55 °C, whereas the % deposition for instant
SMP 1 was well over 40% at a [-of 55 °C. The author has cited the difference in
particle size or density as the possible explanaio the discrepancy. However, no

particle size distribution has been reported fertésted powders.

Table 3.1 (T-Ty)criicar and rate for stickiness development for skim milk
powders tested by Zuo (2004).

Critical
Skim Milk Powders Fat Lactose Protein "X Slope Critical "X"
Cubic Regression
(TS%) (TS%) (TS%) Equation Line
Instant SMP 1 0.62 57.84 34.27 37.9 3.04 37.3
Instant SMP 1
(Replicate) 0.62 57.84 34.27 40.9 2.95 41.7
Instant SMP 2 0.79 52.98 38.19 39.7 0.34 38.1
Medium Heat SMP 0.83 53.01 38.05 40.2 3.3 40.3
Chatterjee (2004)
SMP 0.8 57.56 34.63 N/A N/A 41.2

3.2.3 Experimental Parameters Affecting ParticlenGtudy Results

It is of value to understand whether the stickineggation point and slope of the %
deposition curve is any different for a range afiteat velocities, impingement angles,
ambient air RH and particle sizes. This is becasay dried powders are likely to
encounter a wide range of carrier phase velocitiegpingement conditions, RH
values and particle sizes, and any one type ofrerpatal protocol is unlikely to be

representative of all possible scenarios.
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Zuo (2004) has shown that the stickiness initiapomt and slope of the % deposition
curve are two useful parameters for characterizhmg stickiness development of
lactose-based dairy powders such as skim milk powde particle gun rig has been
shown to be fairly successful in measuring these parameters, although there
seems to be a certain degree of variability inrdseilts obtained. Past workers on the

subject before Murti (2006) carried out experimatt0 - 50 m/s air velocity.

Murti (2006) has undertaken an extensive set oeempents, using only skim milk
powder, to investigate what affects the reprodlitybof the particle gun test under
testing conditions. Using the (Tgkiica @and the slope of the % deposition curve as
the two response variables, Murti (2006) evaluatedtributions from a range of
factors including the ambient air RH, powder iditigater activity/moisture content,
powder feed rate, air velocity, impingement angtel aollection plate material.

Particle size is also likely to be a factor butas not been studied.

3.2.3.1 Factors affecting (Tg)Eritical

Among the factors investigated, Murti (2006) fouhdt ambient air RH in the room
of the test rig is significant in affecting the eh®f stickiness for skim milk powder.
Under standard testing conditions room ambienR&irwas varied from 40% to 70%
and results from this work are presented in Figuge It is shown that the (Tg)ritica

is very sensitive to change in ambient air RH, #nade is a difference of around 20°C
between the tests done at the lowest and highestvRireover, skim milk powder is
shown to be stickier (lower (Tgliica) If it has been in contact with ambient air of

higher RH.
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Figure 3.3 Effect of ambient air RH on (T-Tg)critica, @dapted from Murti
(2006).

Murti (2006) has suggested that the previous assampghat particle surface
stickiness is entirely responsible for the obserdegosition may not be valid. A
sample calculation based on a particle size ofuBB8and moisture diffusivity of
2.33x10*m/s has shown that only 0.17 - 0.28% of the particlume is affected by
the air conditions in the particle gun whereas -5.86.75% of the particle volume
would be conditioned by the ambient air RH, depegdn the length of time the

powders are in contact with the ambient air be@rering the system.

3.2.3.2 Factors affecting the slope of % deposwersus T-T curve

Murti (2006) also found that the slope of % depositversus T-§ curve is very
sensitive to the initial powder water activity,Jébut not significantly affected by the

ambient air RH. Figure 3.4 shows the results irpsupof this finding.
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Figure 3.4 Effect of initial powder water activity on the slope of the
deposition curve, adapted from Murti (2006).

Murti (2006) has carried out the experiments wikimsmilk powders at water activity
level of 0.24, 0.31 and 0.36 while keeping all otbenditions the same. It is shown in
Figure 3.4 that % deposition starts to increasmfe@ro at similar level of T4l The

% deposition for the three experimental runs resamore or less the same up to a
T-T4 of 40°C, and then powders with a higher initiglséarts to show a higher rate of

development of % deposition.

Murti (2006) has attributed the increases ratetiockimess development for powders
of higher initial @ to the fact that powders with higher moisture eohtwould be

softer and more plastic in nature. This would haesulted in greater plastic
deformation of the particle surface and increasesurface area for adhesion to

develop upon impact.

3.2.3.3 Effect of air velocity and distance betwgen exit and collection plate
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The difference in air velocity has been cited as ghmgle most important reason for
the large discrepancy in the sticky point curvewimied with the particle gun rig and
fluid bed rig (Chatterjee, 2004; Zuo, 2004). Fortigées in the micrometer range such
as skim milk powders, the carrier phase velocity eirectly influence their velocity
distributions and kinetic energy upon impact duéh&r small particle response times.
The fact that the slope of the deposition curvedssitive to powder initial water
activity indicates that in addition to surface kiness, the mechanical property of the

particles also play a significant role in decidthg fate of impinging particles.

As a departure from the standard operating conditMurti (2006) reports to have
varied the air velocity at particle gun exit frofd tb 30 m/s. The resultant (T¥itical
was found to be highly dependent on the velocitydation, increasing from 32°C at
10 m/s to 38°C at 30 m/s. In addition, the ratstadkiness development was found to
be higher at lower air velocity. Murti (2006) coanded that in addition to the viscous
flow at the particle surface as previously thougigcoelastic deformation may be a
more important factor in controlling the particlepbsition behaviour. The author
cited the work of Palzer (2005), who has postuldtet the (T-T)critcar ObServed
experimentally is an inverse function of the conhtitme between the particles and

deposition target.

Murti (2006) has also investigated the effect aftaince between the gun tip and the
collection plate on the resultant % deposition.was found that at normal
impingement (90° angle of impact), increasing thstashce would lead to high
amount of deposition. However, at 29° angle of iotpthe trend was reversed. The
author has not given any reason for these obsenstnd for reproducibility of the

results, all standard tests were carried at artistaf 160 mm.
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3.2.4 Summary and discussions of previous works

All of the previous works have shown that the méetigun rig offers an alternative
testing method for studying the stickiness behavafuwairy powders. In addition to
the sticky point curve that can be obtained witheotconventional test rigs, the
particle gun rig has the extended capability of sneag the rate of stickiness
development. In contrast to the conclusions drawnChatterjee (2004) and Zuo
(2004), Murti (2006) has shown that depositionas solely influenced by the surface
conditions of the impinging particles. On one hathis finding has made the
industrial application of particle gun rig resutemplicated; on the other hand, it
indicates that there exist other controllable fextavailable to the industry to deal
with the particle deposition problems. A closer raxzation of the additional factors
uncovered by Murti (2006) indicates that they dfeedated to the kinetic energy of
the impinging particles and energy dissipation naegms. An energy balance

constructed on a single impinging particle can éscdbed as

E =E —(Eq+ Epd) (3.1)

Where

E, : incoming kinetic energy of the particle J)
E_4: Kinetic energy lost due to surface adhesion @)]
E . : kinetic energy lost due to plastic deformatiod) (

E, : available kinetic energy for particle rebound ) (J

Equation 3.1 can be expanded to include addititarahs such as the kinetic energy
loss due to frictional forces and rotational forc€sr simplicity, only the most

dominant contributors have been included. The inngnkinetic energy of the

particlesE,, can be expressed as
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E ==mV? (3.2)

Equation 3.2 shows that the kinetic energy of thpinging particles is directly

influenced by the velocity and mass of the parsiclWhile Murti (2006) has found the
velocity to be an important factor, she has noestigated the effect of particle size
on the results of the particle gun rig. An impottget still unanswered question
relates to the observation of the “% depositiogtlit. In a single experimental run, if
all variables are held constant, there still exastdistribution of sticking propensity
among the test powders. It is known that the dartstze distribution encountered
industrially is far from uniform, and it is highlgossible that the particle sticking

propensity is size dependent.

The test velocities reported by Chatterjee (20@4)p (2004) and Murti (2006) for
standard tests are 20 m/s. Unfortunately Zuo (2082 Murti (2006) give no
indication of the instrument and method used tosuesathe velocity at the gun tip.
Chatterjee (2004) states the velocity average \wtgmed using an anemometer at the
gun tip. However the diameter of the anemometaroisgiven, nor is the distance
from the tube end. He later contradicts himselfshying that to get 20 m/s average
velocity the average flow rate through the partgisn tube obtained from reading a
rotameter with appropriate temperature and pressomections, is 150 LPM. Since
the particle gun tube is 8 mm diameter this flove reorresponds to an average gun
tip velocity of 49.7 m/s. This discrepancy is likab be caused by the anemometer
averaging the air velocity over an area greaten tha tube diameter. Zuo (2004) and
Murti (2006) may have made similar velocity measugat errors considering all
three researchers performed the work at the sameetkdity around the same time.
The average velocities recorded by these researamay actually be 2.5 times higher
than those reported, especially since velocity wmtglly not considered to be a

highly significant effect. Repeating work at diéeit velocities is, therefore, an area of

45



interest and worth.

Both the ambient air RH and powder initial wateti\aty are related to the moisture
content and softness of the particles. While thacefunction is unknown for skim
milk powder, it is known that a wetter particle Mok more plastic in nature and tends

to dissipate more kinetic energy than drier pagticlTheir relevance may be described

by the plastic deformation terfa, , in Equation 3.1.

pd

It will be useful if one can quantify the exact trputions from each of the variables
and come up with a general relationship describimggsticking propensity of skim
milk powders. Such a relationship will not be coefi to any particular set of
experimental conditions but will have some univergeperties which could be

applied given any conditions.
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3.3 EXPERIMENTAL METHODS AND MATERIALS

3.3.1 Particle Gun Setup

The particle gun test rig developed by Dr Tony Bate from Massey University in
conjunction with Fonterra Research Centre (Cha#er2004) was used in this thesis.

Figure 3.5 shows the schematic diagram of thetalgen from Zuo (2004).
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Terminal Box pi| P2 Heater T3 H’ RH1 ]
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Figure 3.5 Schematic diagram of the particle gun g, adapted from Zuo
(2004).

Similar to other stickiness testing rigs, the mdetigun has the same essential feature
of being able to produce air stream of controllabl@perature and humidity content.
Laboratory compressed air enters the system thréwghpressure regulators. The

first regulator, R1, has a similar function to aeaeer tank, i.e. to even out the

a7



pressure fluctuations in the compressed air froe rain. The second pressure
regulator, R2, is used to adjust the system pressurthe bubble column. After
passing through the two pressure regulators, caapdeair enters the bubble column
at the bottom and flows upwards. The stainlesd btggble column is fitted with two
valves to regulate the water level. Valve 1 (W1}re bottom is connected to the
water main in the laboratory while valve 2 (W2)saess an overflow valve. When
being filled up, both valves are opened, and theemsupply is cut off when water
starts to flow out from valve 2. Moisture-laden qoessed air then passes through a
third pressure regulator (W3), and its pressutarised down to the final value to give

the desired air flow rate and relative humidityhe system downstream.

The principle of achieving a specific RH by varyithg pressure ratio before and after
the pressure regulator has been described in deyalD’'Donnell et al. (2002).
Relative humidity can be defined as ratio of theipbpressure of water vapor in the

mixture to the saturated vapor pressure of watarsaime temperature.

Pva
RH =2 x100% (3.3)

sat

Before going through the expansion valve, the cesged air is assumed to be
saturated at whatever pressure it has been comglitiat in the bubble column. The
total pressure of the compressed is reduced dfterekpansion valve, which also
reduces the vapour pressure of the water accorttin@alton’s Law of Partial

Pressure.

P

total

=P, +P (3.4)

vap

However, saturation pressure of the air is unchangmce it is only a function of

temperature. Thus the net effect of pressure twngaccording to Equation 3.3, is to
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reduce the water vapour pressure and thus relativadity of the air. The resultant
relative humidity can be predicted from the pressatio (Equation 3.5). In practice,
the exact RH is more precisely determined by thasmeng the actual value with the

humidity sensor inside the rig.

Ptotal after
RH = 42 x100% (3.5)

tottal ,before

A 400 W inline air heater is located after valve@®raise the dry bulb temperature of
the air. After the air has been conditioned to riéguired temperature, humidity and
flow rate, it goes through a Venturi feeder. Thentdei feeder essentially accelerates
the airflow by partially restricting the cross-sentl area of the flow passage. The
increase in the velocity pressure of the flow cbuties to a slight lowering in its
static pressure, relative to the ambient pressskan milk powder is fed into the
system through a nylon funnel. The venturi powdsder has been designed in such
a way that the milk powders almost enter the sydigrgravitational settling and not
by strong vacuum suction. This has the benefit that conditioned air retains
whatever temperature and humidity it has been ¢oma@id upstream. During the
setup of the rig it was realized that too stronguetion will introduce strong

secondary flow into the system, which made thexigemely difficult to operate.

In the original setup of the rig, the conditionad rmakes a 90 degree turn and the
particle-laden flow was directed downwards througtl08 mm Perspex pipe. A
stainless steel disc of 75 mm in diameter was platel60 mm below the pipe exit
and acts as the deposition target. It has beemekkto change the orientation of the
particle-laden flow to a horizontal one. Skim mitlowders are relatively large
compared to submicron particles and it is expedted gravity will have some
influence on their deposition behaviour. It is hobpkat the horizontal orientation of
the rig will eliminate the contribution to depositi from gravity. In addition to the
change in the rig orientation, the deposition taegeo has been changed from a round
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75mm diameter disc to a rectangular stainless glag (164 mm x 136 mm). Very
interesting deposition morphologies have been @ksgens a result of this change,
which will be discussed later in this chapter amaterextensively in Chapter 5. Figure

3.6 shows the setup of the current particle gun rig

Figure 3.6 Picture of particle gun rig and Perspexipe.

The water temperature in the bubble column andeanperature are controlled by
heating elements separately controlled by two ShinfRC3000 temperature
controllers. Table 3.2 shows the complete instruatean and control of the particle
gun rig. Pressure of compressed air before and tafte-down at W3 is measured by
two pressure gauges. Relative humidity of thesameasured by a Vaisala HMT 330
humidity sensor. All temperature measurements adeniby Pt100 type sensors. An
Opto22 data logger connected to a PC simultanedogsy/and displays all variables
of interest during the experiment. The velocity amchperature of the conditioned air
are also measured at the exit of the pipe, as re@nded in previous works (Murti,

2006). Air velocity is measured with a Kestrel 30@the anemometer, which has a
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25 mm impeller (Nieslsen-Kellerman, USA). The ageraanemometer velocity is
corrected with the aid of Particle Image Velocimd®IV) analysis of the particle gun.
A linear correction factor of 2.3 has been apptedhe average anemometer reading
to better represent actual average velocity atgtie tip. More detailed information

regarding the operation of the rig can be foungravious works by Chatterjee (2004),

Zuo (2004) and Murti (2006).

Table 3.2 Control and measurement points in the paicle gun rig.

Abbreviation Description Type of Sensor Measurement Output
R1 Pressure Regulator Manual Control -
R2 Pressure Regulator Manual Control -
w1l Water Inlet Manual Control -
w2 Water Overflow Manual Control -
Feedback to Shinkq
L1 Water Level Sensor 1 Directly Read by Shinko 1
Feedback to Shinkq
T1 Water Temperature 1 Directly Read by Shinko 1
T2 Air Temperature Measurement 4-20mA/0-100 DegC
P1 Pressure Gauge Measurement 4-20mA/0-10 Bar gauge
W3 Pressure Regulator| Manual Control -
P2 Pressure Gauge Measurement 4-20mA/0-10 Bar gauge
Feedback to Shinkq
P3 Pressure Gauge 2 Directly Read by Shinko 2
T3 Air Temperature Measurement 4-20mA/0-100 DegC
Feedback to Shinka Type K, Directly Read by
T4 Air Temperature 2 Shinko 1
Relative Humidity
RH1 Sensor Measurement 4-20 mA/ 0-100 %RH

The measurement accuracy of the temperature seasoggven by the manufacturer
to be within £ 0.5 °C. The Vaisala humidity sensocalibrated at Fonterra Te Rapa
and is accurate to within £ 0.1 % RH. The Kestr@D@ vane anemometer is
calibrated in a subsonic wind tunnel by the manufa and has a maximum

uncertainty of £0.6% within the air speed rang&ef40 m/s.

The air velocity covered in the experiments is 10/3, 14.8 m/s, 19.4 m/s and 45.6
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m/s respectively (or 4.5 m/s, 6.5 m/s, 8.5 m/s @dm/s measured using the
anemometer), in line with the recommendation toweecity below 20 m/s by Murti
(2006). The distance from the Perspex pipe exitht plate, H, is maintained at
44 mm. This gave a H/D ratio of 4, with a pipe ndeer D of 11 mm. The
temperature at the gun exit is maintained withia tange of 73 — 80 °C. This is
achieved with the inline air heater set about 1@5 &nd in general the exit
temperature tends to increase for a higher aircitgloThe plate temperature is also
measured using a K-thermocouple and the temperaturged from 45C at the
centre to 30°C at the periphery of the plate. In all experinserven at high RH,

condensation did not arise on the plate.

No attempts have been made to vary the initial mowattivity of the skim milk
powders. The test powders have a typigabh0.15 at a room temperature of 18 °C.
This is measured by inserting the Vaisala humigégsor into a sealed bottle of skim
milk powders, as recommended by Murti (2006). Aidgpequilibration time of one

hour is used.

3.3.2 Particle Sieving and Size Measurement

Particle sieving is carried out using Endecottssbraieves (Endecotts, UK) and a
mechanical sieve shaker. The skim milk powder usad this study is
non-agglomerated and tends to clump together and tiot easily separated. As
recommended by GEA Niro Method No. A 8 a, about@he free flowing agent is
mixed well with the powder before sieving. Two partar sieve fractions of the
powders are used for the experimetys 45 um and 45um < d, < 63um. It is
common knowledge the particle size distributioncemtered in the exhaust ducts of
the spray is generally much smaller than the bualkige size. A standard sieving

time of 5 minutes is adopted for all trials. Toy®et moisture uptake of the powders
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during sieving, a compressed air gun is used tatera relatively dry environment

around the sieves.

The two fine fractions are thus chosen in an efforbetter represent the stickiness
behaviours of the smaller particles. Due to timast@ints, the actual particle size
distribution from Fonterra exhaust ducts has nenbebtained and this can be a focus
of future studies. The sieved patrticles are andlysgh a Malvern Mastersizer 2000
and a wet dispersion unit. The dispersion agentl usereagent grade isopropyl
alcohol as recommended by Pisecky (1997). Figuve sBows the particle size
distribution for the three fractions of test powsleised in this study and Tables 3.3

summarises their averaged sizes for easy comparison
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Figure 3.7 Particle size distributions for skim povders used in the particle
gun study.

53



Table 3.3 Average patrticles of skim milk powder irdifferent size fractions.

Skim Milk Powder Fraction d (0.1) d (0.5) d (0.9)
dp< 45pum 18 um 30um 57um
45um < d, <63um 31lum S51lum 87um
Bulk 32um 61lum 140um

The nominal mesh sizes of 48n and 63um provide the smallest aperture sizes that
particles can pass through. In practice, milk pawdee not exactly spherical and
there are variations among their width, length height. As a result, particles having
average diameters greater than the mesh size tuavamaller size in one particular
dimension are still able to pass through the himidke sieve. On the other hand, due
to the sticky and cohesive nature of skim milk peved sometimes smaller particles
adhering to large primary particles are not sepdrand will remain in the un-sieved
fractions. Figure 3.7 and Table 3.3 show that ikeirsg protocols have been fairly
successful, with the resultant finer fractions gigantly smaller than the bulk particle
size distribution. There is a degree of overlappmthe size distributions of the two
finer fractions, but the differences in the averpgdicle sizes achieved are sufficient

for evaluation of the size dependency in parti@dpaskition.

3.3.3 Particle Feeding

Murti (2006) has improved the particle feeding noethn the particle gun rig by
placing a mechanical vibratory feeder above the@éliconnected to the rig. Different
feed rates could be achieved by placing a secondefuabove the vibratory feeder
and varying the depth of insertion of this funmebithe feeder. Murti (2006) has also
set up a plastic enclosure around the vibratorgdeand funnel. This allows the
independent control of the RH the test powdersraoentact with, which would have

a significant effect on the particle gun results.
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A mechanical vibratory feeder is also availableuse in this study. While the device
is capable of feeding the particles at a constate similar to that used by Murti

(2006), i.e. 0.3-0.6 g/s, it is found that thisgarof feed rate is too high for the current
setup. This is mainly due to the lower velocitygaremployed in this study, and the
particles are not conveyed efficiently at high fedels and sometimes extensive
agglomeration of the particles inside the partmglm is observed. To overcome this

problem, an alternative feeding method is used.

Figure 3.8 Glass bottle used for storage and feedjrof test powders.

Figure 3.8 shows the glass bottle used for theagoof the test powders before the
experiment. A 3 mm hole is drilled into the lidtbe bottle, which allows the passage
of the test powders. The bottle is simply inverthding the experiment and the
powders are fed into the funnel of the venturi &xeloly gentle tapping. The feed rate
achieved this way averages about 0.05 g/s ancethtant conveying of the powders
is much more efficient. It is realized that theigaon in feed rate by manual feeding
is likely to be higher than that of the vibratometler. However Murti (2006) has
found no significant effects of the feed rate oa particle gun results and manual
feeding has also been used by previous operatotleoparticle gun rig. Another

advantage of this method is that the powders areexposed to the ambient air RH

55



before entering the system. The water activity been tested for the powders in the

bottle before and after the experiment, and theneoi evidence of moisture uptake.

The amount of powders fed into the system is stalizd at 3 g for all experiments.

3.3.4 Experimental Protocol

A step by step experimental procedure for the dmeraf the particle rig developed

by Chatterjee (2004) was followed. A brief summafyhe method used is:

The external power source to the data logger, coenpwater heater and air
heater and all measuring instruments was turned on.

The Variac connected to the air heater was sdtdo laelow 100 V.

The Opto 22 data logger icon -> I/O Boxes -> Autetézt was clicked on.

This enabled importation of the corresponding drie for the particle gun rig
-> Operate -> Start Scanning

The compressed air was then turned on and theupecas R1 was set to 3 Bar.
To change the pressure of the system, R2 was used.

The water temperature in the bubble column wasoséb °C through the Shinko
controller.

The temperature of the air heater was initiallyteeBO °C and at the same time
the gun exit velocity was measured with the vanenmameter. W3 was used to
adjust the velocity at the gun exit.

Once the desired velocity at the gun exit was agltigthe gun exit temperature
was measured with a Pt100 sensor. The air heatgretature was adjusted until
the desired gun exit temperature was reached.

The RH of the air was adjusted by regulating thespure through R2. R2 can be
operated without affecting W3 and the already fixetbcity.

The experiments were started once the temperator&Bl reached steady state.

Valve labels (R1, R2 and W3) correspond to Figube 3
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3.4 RESULTS AND DISCUSSIONS

3.4.1 Deposit Morphology

A common and interesting feature of all experimesthe morphology of the powder
deposits formed on the stainless steel collectitaiep Shown in Figure 3.9 are
photographs of the typical morphology observed fepiset of experimental tests for
skim milk powder (SMP) at constant air velocity gratticle size. The corresponding
T-T4 versus % deposition data are presented in Figii@ 2\dditional morphology

photographs for other conditions are presentedopefdix 1.

The % deposition on the collection plate is tydica linear, increasing function of
T-Tgy, with all other experimental variables held cons{@&igure 3.10). At non-sticky
conditions, the plate remains very clean after>xgesmental run. In this case, most
of the powders would have rebounded after collisiina critical condition of T-{,
some powder deposits start to show up at the pamypdf the collection plate with a
large round clear zone (plate a). This also rougloliresponds to the (TgEriticaiON
the deposition curve, where the % deposition i€pke] to start increasing from zero.
With increasing T-§, more powder deposits are formed on the platethadentre
round clear zone gets gradually smaller (plates Io)&The disappearance of the
centre ring is preceded by the formation of a sttideposit ring, which starts to grow
both inwards and outwards (plate d). The intereiiosn of the deposit structure
towards the centre of the plate at elevated, TsTaccompanied by the decline in
deposition at the periphery. At extremely stickynditions, skim milk powders are
seen to deposit at the very centre of the collacptate (plate e & f), with the

diameter of the morphology corresponding to thahefparticle gun rig Perspex pipe.
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(@) T-Tg=17.6C, Dep % = 6.4 (b) T-Tg=25Q, Dep % = 14.3

(c) T-Tg = 31.6C, Dep % = 32.1 (d) T-Tg = 37®, Dep % = 34.1

(e) T-Tg > 48C, Dep % = not measured (f) T-Tg >°60 Dep % = not measured
Figure 3.9 Deposit morphology for SMP, shown in ineasing order of T-Tg,

air jet 90° to plate, jet air velocity 10.3 m/s and particleige
45um<d,<63um.
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Figure 3.10 Effect of air RH (expressed as Tl) on % deposition SMP for
air jet 90° to plate, air velocity 10.3 m/s and particle sizd5um<d,<63um.
Data points for (e) and (f) are estimates.

Understanding how these series of deposit morplydiage been formed will help to
understand some of the underlying mechanisms ttielpagun rig simulates and also
indicate how the subsequent results should be sedlyrhe powders will exit the gun
tip with sufficient inertia so that they are abtettaverse the boundary layer wall jet
close to the target plate. In doing so, their mawenwill be slightly affected, as the
normal velocity distribution will start to changa the radial direction. However,
considering the close spacing between the gurPepspex pipe end) and the stainless
steel collection plate (44 mm), the impingement Jyaiuld have expanded only
slightly and the radial dispersions of the pargaleuld be minimal. Particles in their
flight towards the collection plate would have npstayed in their original paths
and the most probable zone of first collision wohkl relatively small compared to
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the size of the plate. To investigate this furtBGemputational Fluid Dynamics (CFD)
has been used to model particle deposition in gringement jet and the results of

this study are presented in Chapter 5.

In the past, researchers have interpreted resolts the particle gun rig in a manner
as if the % deposition measured is the result sihgle collision event between the
particle and the target plate. In this sense, iddal particles have been thought to
only collide with the target surface once and dejggnon their stickiness conditions,
they either deposit or rebound from the surfaces [Deation of the deposits as seen
on the photographs, especially for those with Egky conditions, indicate that the
particles would impinge at the centre of the plated then travel considerable
distances radially. These final deposit structuases thus the net results of a
combination of secondary, tertiary and even highamber of particle-surface
collisions of varying velocity and angle of impaciThe effect of the conditions
previously reported of, say, air velocity of 10.3snand normal impingement angle,
would only hold true for the first collision evertlaving said that, their effects on

subsequent events are not removed.

While researchers from Massey University have mqorted observations of the
deposit morphology, it is expected they would heaee across similar findings. Past
investigations with the particle gun rig have usedound target disc of 75 mm in
diameter. It is expected the larger rectangulatectbn plate (164 mm x136 mm)
used in this study will lead to slightly differergsults with regard to the onset of
stickiness initiation ((T-)criicat) and slope of the deposition curve. In light oé th
current improved understandings of the particle ggnnew meanings can be given

to these two parameters.

The (T-Ty)eriicar has been conventionally used to indicate thecalittombination of
air temperature and RH which make a portion of tkeet powders sticky.

Experimentally, this is indicated by the initiatioh powder deposits build-up on the
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sides of the collection plate. The other portiontled test powders may have also
reached the same location on the collection platetheir surface conditions and
kinetic energies are such that deposition is sttl favoured. Alternatively, the other
portion of test powers may have escaped the capfuitee radial jets early on in the
process and thus have not moved very much sidepargdlel to the plate. The slope
of the % deposition versus Tyhas been taken to indicate the rate of stickiness
development. Experimentally, it is signified by thleducing proximity of the
deposition location in relation to the impingemeentre. It is also an indication of the
number of rebounds before which the test powdellsceme to rest on the target

plate.

While not geometrically similar to a spray dryertloe exhaust ducts in a milk powder
plant, the particle gun rig in fact simulates thesexries of complicated events
including first-time collision, rebound and re-gsibn. The effect of airflow is not
removed as it affects the trajectory of particlésath stages. Airflow may also
contribute to re-entrainment of already depositadtigdes. All these features are
inherent in all particle deposition process, retymsl of the particular stages in the

spray drying process of dairy powders.

3.4.2 Effect of Distance between the Gun Tip angd@aPlate

Murti (2006) has varied the distance between the tiju and collection plate from
120 mm to 160 mm and concluded that at normal apigimpingement, % deposition
in general increases with increasing distance. ostnof Murti's experiments, the
particle impingement velocity has been assumecttati20 m/s, which is the same as
the air velocity at the particle gun exit. Althoutiie actually average velocity may be
as high as 50 m/s. Thus, it is intriguing to seereat supposedly the same patrticle
impingement velocity, there are still differences% deposition due to the distance

effect. Murti (2006) has attributed this to thefeliénces in air flow close to the target
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plate. Treating the particle gun setup as an ingmant jet, 160 mm would translate
into an H/D ratio of 20, given the diameter of Perspex pipe used in their study is 8
mm. It is known at this large H/D ratio, the jet wid have decayed and expanded
significantly. It is desirable to choose an H/Daatsuch that the jet does not develop
and particles do not experience deceleration. AD Hitio of 2 (H = 22 mm, D =
11 mm) and 10 (H = 110 mm, D = 11 mm) is invesgdaat the beginning of this
study. For the lower ratio, it is found that a sigant portion of the particles are seen
to rebound from the target plate and get stuckatgun tip. Some of these stuck
powders will come loose and collide again with piege. Due to the high air flow rate,
at high T-Tylevels some particles are seen to deposit brigflythe plate but will
subsequently get re-entrained into the airflow. 84(2006) has also observed rolling
off of large particle agglomerates, although inststudy it is found that smaller
particles are subjected to the same mechanismniRavanent of the deposits is more
prominent at higher velocity and therefore mustdlated to the higher shear stress

caused by the stronger air flow at the target [datéace.

Towards the higher end of the H/D ratio, and athhligvels of relative humidity,
condensation has been observed at the periphefigbeotarget plate. This is
obviously undesirable as one is only interestetthénparticle deposition caused by the
formation of immobile liquid bridges between thett@owders and the plate, not
humidity-assisted adhesion due to capillary press@@n the other hand, this
observation shows that the temperature of the ingétais not constant once it leaves
the tip of the gun. The development and the accomgdlattening of the jet would
have entrained slower moving air at the shear ldgeghe meantime, the temperature
of jet would also have been decreased due to thiggnof cold ambient air in the
laboratory. It is believed at intermediate ratidsHiD, while no condensation has
been observed, the cooling of the jet would sditlet place to a certain extent. From a
typical sticky point curve for dairy powders, itkeown that this drop in temperature
would lead to an increase in relative humiditytad air, which would in turn make the
actual T-T; condition experienced by the particles at the poindeposition higher
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than that at the exit of the particle gun and regzbim the results.

Thus, the observed decrease in ¢Jaitica and increase in the slope of the deposition
curve with increasing H/D ratio reported by predaesearchers could be attributed
to the decrease in particle impingement velocitngkc energy), reduced velocity
magnitude of the air close to the plate and a ptessicrease in the actual T-of the
particles at the point of collision. It has beerided that all subsequent experiments
would be carried out at a standard H/D ratio ofi4 {hm). This helped to eliminated
the problem of particle rebound into the rig itsel§ well as ensuring the T-Values

at the point of particle collision is in close rangf those measured at the exit of the

particle gun.

3.4.3 Effect of Air Velocity

The lowest velocity past workers have reportedgerate the particle gun rig is 10
m/s (Murti, 2006), however the actual air velocihay be closer to 25 m/s (see
Chapter 3.2.4). Below this velocity, Murti (2006)ash found that extensive
agglomeration of the test powders were taking piasiele the Perspex pipe. Since the
feed rate of the powder has been kept constant3ag/8 in that study, a reduced
conveying velocity would effectively increase thartcle concentration in the pipe
and enhance the particle-particle interactions. Bu¢he modified powder feeding
method adopted in this study, a powder feed ra@ @5 g/s has been achieved. As a
result, the rig is able to be operated at a lovedoaity range without interferences of
powder agglomeration. An investigation of the effet velocity on the deposition
behaviour of standard, un-sieved skim milk powdrrkK) has been carried out at a

range of values and the result is shown in Figuté @and Table 3.4.
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Figure 3.11 Effect of air velocity on particle gurresults for SMP, bulk size

range and air jet 90 to plate.

Table 3.4 Effect of air velocity on (T-Ty)riticat @nd slope.

Size Fraction Velocity (T-T g)critical Slope R? of slope
(m/s) %Deposition/
°C
Bulk 10.3 18.6 1.67 0.82
Bulk 14.8 30.1 2.17 0.93
Bulk 194 39.0 2.02 0.78
Bulk 45.6 534 1.23 0.87
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Figure 3.12 Effect of gun tip air velocity on the T-T g)crica for SMP at three
particle size ranges and air jet 99to plate.

Figure 3.11, Figure 3.12 and Table 3.4 show th&(ThTg)critical IS @ Strong function of
the conveying air velocity, increasing from 18.6 f&€ 53.4 °C as the velocity is
increased from 10.3 m/s to 45.6 m/s for the bulkPSNhe same trend has been
identified at small particle size distributions d&ie 3.13) and by Murti (2006) to a
lesser extent, confirming the velocity dependentythe particle gun rig results.
However, in this study the test powders appearetariuch less stickier than that
found by previous studies, e.g. (Hdiica Of 53.4 °C compared to 33.6 °C by Murti
(2006) and an average of 39°C by Zuo (2004). Tkifserénce is most likely due to
the very short spacing between the gun tip andctiection plate (H/D ratio = 4)
adopted in this study, which would have causedtheelocity and, therefore, particle
velocity to be considerably higher at impact thaat in previous studies (H/D ratio =
20). Better understanding of the actual flow fialdund the plate at different air jet

velocities and H/D ratios is need to draw furthendusions about the effect of jet
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velocity on deposition.

It is interesting to note that the (Tdiiticar Of 18.6 °C at 10.3 m/s is very close to the
range of sticky point values obtained by the flubdd rig test (Murti, 2006).
Previous researchers have explained the differenta®sults with the different
velocity magnitudes employed. However, 10.3 m/sduisethis study is still high
compared to the average of 0.23 m/s employed irfltigt bed test. Also, the fluid
bed measures cohesion while the particle gun measuorainly adhesion. As
previously pointed out, the deposit morphology obsé at around stickiness
initiation point indicates that particles do notpdsit upon the first impact. The
deposits are concentrated around the peripherfifeotollection plate and they may
have resulted from multiple collisions and reboubas$ore finally coming to rest.
Thus, the final collision velocity at which the peles are captured by the plate is
likely to be much lower than 10.3 m/s and closethi velocity in the fluid bed. If
this is the case, then the same sequence of ewentd hold true for experiments at
other velocities. The differences observed betwdsga in Figure 3.11 will be due to

the differences in average kinetic energies of mhdes of the test powders.

The rate of stickiness development obtained inghisly is much lower compared to
previously reported slopes (3.1% deposition/ °Qiytlkermore, there is no discernible
overall change in the slopes as the velocity iseased. This means that with an
increase in the average velocity of the partidies,% deposition at each level of §-T

is reduced by more or less the same percentage.
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3.4.4 Effect of Particle Size Distribution

It has been shown that a change in kinetic eneiffgpanticle collisions due to
changing velocity has a marked effect on the {trfca and % deposition at all
subsequent levels of T4TIt is known that in addition to the effect of weity, the
mass of the impinging particles also contributethtar kinetic energies. Preliminary
studies with the fluid bed test (Pearce, 2004) dtamvn that the sticky point curves
for skim milk powders are size dependent, with ffiparticles shown to be stickier
than coarse particles. However, most of the curséoky point curves implemented
in industry are obtained from bulk particles. Raes encountered in the exhaust ducts
of spray dryers are typically referred to as “fihdse to their smaller average sizes
compared to the bulk products. If there are sigarit differences in the stickiness and
deposition tendency between bulk particles andsfitieen sticky point curves based
on bulk particles will be over conservative and enedtimate the actual deposition

propensity in the dryer exhausts.

Bulk skim milk powders are sieved to yield sammésarrower size distributions. As
previously explained, two fine fractions,d45pum and 45um < d, <63 um) and bulk

particles have been used in this study. The efféqtarticle size distribution on the
stickiness and deposition of skim milk powdersleady shown on Figure 3.13 and
3.14. With the air velocity held constant, it i€sehat particles with smaller average
sizes are always stickier, as supported by thecestl (T-Tg)critica. At 10.3 m/s, there

seems to be some overlapping in the depositionectetween the bulk particle
fraction and the fraction having particle size g 45pum < d, <63 um. On the

other hand, the particle size effect seems to nger at a higher conveying air
velocity of 19.4 m/s, possibly due to an interacteffect between particle size and

impinging velocity.
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Figure 3.13 Effect of particle size distributions a the particle gun results at
10.3 m/s of air velocity and air jet 90 to plate.
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Figure 3.14 Effect of particle size distributions a the particle gun results at
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Table 3.5 summarises the (HHdiica and slope of the deposition curve for the results
obtained. A near straight line correlation is foubhdtween d(0.5) of the size

distribution and (T-J)critica @and this is shown in Figure 3.15.

Table 3.5 Effect of particle size distribution on -T g)criticar @nd slope.

Size Fraction Velocity (T-T g)critical Slope
(m/s) °C %deposition/°C
dp< 45um 10.3 8.2 1.50
45um < d, <63um 10.3 11.6 1.39
Bulk 10.3 18.6 1.67
dp< 45um 19.4 14.8 1.43
45um < d, <63um 19.4 23.5 1.49
Bulk 19.4 39.0 2.02
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Figure 3.15 Effect of particle size expressed in @G versus (T-Ty)eritical -
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As shown in Table 3.5 and Figure 3.15, the {Jailica increases with increasing
particle size distributions, even at the same cgingevelocity. This observation
confirms the hypothesis that the onset of sticlanéx skim milk powders is
controlled by the specific contact dynamics betwdenimpinging particles and the
collection plate. This contact dynamics are in taristrong function of the kinetic
energy of the impinging particles, in which botle trelocity and particle sizes play an
important part. Although no discernible trend exifdr the slope of the deposition to
vary with particle size distributions, Figure 3.48d 3.14 show that the deposition
propensity for smaller particles is always higheart that of the larger particles at a
given level of T-T. This finding has important relevance for the &awp of the
(T-Tg)eriticar cONCept in plant, as smaller particles encounteredde exhaust ducts and

cyclones will have a higher deposition tendencydigposition than the bulk particles.

Murti (2006) has found that the initial water adivof the particles has a significant
effect on the rate of stickiness development (slojpthe deposition curve). This has
been attributed to the rate of moisture transfer the particles as a rate-limiting step.
It has been shown that up to a JoF around 40°C the rate of stickiness development
remains the same for powders with different initradisture content and then starts to
differentiate. Murti (2006) has used Equation 3ahf Perry and Green (1997) for
estimating the fraction of the particle volume afézl by the air conditions in the

particle gun.

6 /Dt
ARV (3.6)

whereR is the radius of the particl® is moisture diffusivity in amorphous lactose

(m?/s) andt is time. It is seen in Equation 3.6 for the samatew diffusivity and
duration in the particle gun chute, the particlduwee affected E,) is inversely

proportional to the particle size. In other wortlge particles would have been
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conditioned to a less extent than smaller partiébgsthe same conditions in the
particle gun. The change in slope after agldlue of 40 °C reflects the fact that for
larger particles to deposit, the interior moistooatent is as equally important as the
surface condition. Smaller particles only requifeeit surface to be sticky for

deposition to occur, possibly due to their lowemnedtic energy at collision and thus

less energy to be dissipated.

3.4.4 Plate Temperature Considerations

The affect of plate temperature on % deposition &R g)criica has not been
considered in this work, nor has it been considaxedignificant factor by past
researchers. This work has assumed that a partigecting on a dry plate will have
insufficient time to change surface conditions g aignificant degree. However, this
is an area of possible future research. For therdethe plate temperature was
measured using a K type thermocouple and founchte la temperature at the centre
of 45 °C and a temperature at the periphery of@%ot an average air jet temperature

of 75 °C used in this study.

3.5 CONCLUSION

This chapter has reviewed the past works done th@lparticle gun rig. Comparison
with other test rigs for testing stickiness behavishows that the particle gun test has
the extra advantage of being able to simulate ¢heahparticle adhesion and collision
dynamics. Murti (2006) has shown the effect ofvalocity has a profound impact on
the test results. In this study, lower velocitygarand a lower H/D ratio than that used
by previous researchers has been used and thg(#d is reduced from 53.4°C to

18.6°C as velocity is reduced from 45.6 m/s to 10/3. Moreover, it has been
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demonstrated that the particle size also affecsdht results. It has been postulated
that the particle deposition mechanism of skim npitvder is ultimately controlled
by the kinetic energies of the particles during acip The deposit morphology
observed at various TgTsuggests that the deposited particles on theatwlte plate
results from a series of collision/rebound evemtsbetter study this phenomenon, it
is desirable to make use of Computational Fluid &wits. In the next chapter, the
basic principles of CFD and particle depositiomira fluid mechanic point of view
are discussed. In Chapter 5, CFD will be emplogesimulate the particle gun test in

more details.
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CHAPTER 4 - COMPUTATIONAL FLUID
DYNAMICS AND PARTICLE DEPOSITION
MECHANISMS

4.1 INTRODUCTION

It has been realized from the start of the projflat particle deposition is a two-step
process that involves the particles first arrivatghe wall surface and the subsequent
interaction results in either stick or reboundhad particles. Experimental results from
Chapter 3 show that the deposition of skim milk dewis dependent on stickiness of
the particle and the underlying fluid mechanicdsltiesirable to use Computational
Fluid Dynamics (CFD) method to further study thechenisms of particle deposition
observed experimentally with the particle gun t&slis chapter gives an overview of
CFD modelling, with a specific emphasis on the ntlodg of particle deposition. A
test case is also performed at the end of the ehaptincrease the confidence in the

modelling approach later used in Chapter 5.

4.2 COMPUTATIONAL FLUID DYNAMICS

4.2.1 Overview

Computational Fluid Dynamics refers to the numérioadelling of fluid flow and
related phenomenon such as heat transfer and lpad@position. With the rapid
increase in computational power and reducing €D has become an indispensable
tool in the design and modelling of industrial preses. Commercial CFD codes such
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as Fluent and CFX are also based on the sopheddicaimerical algorithms but are
user-friendly. They are suited for engineers anseaechers who have a good
understanding of the fluid mechanics of the proldenhand but do not want to get
trapped in the intricacies of developing their ovades. In this study, the commercial
code Fluent 6.3 and 12, and its pre-processer Gaibi are used for all the

modelling.

4.2.2 Conservation of Mass and Momentum

Figure 4.1 shows an infinitely small fluid partidiecated in a Cartesian coordinate,

with its centre at the position,(y, 2).

1%‘ y ::—“.a.

Figure 4.1 Fluid particle for derivation of laws of conservation of mass and
momentum.

It can be shown that a mass balance around thé sigfaces of the fluid elements

leads to

9p , 9(pu) L 0(pv) L 9(pW) _ ,

4.1)
ot 0X ay 0z
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wherepis the fluid densityt is time andu, v, andw are the three components of the

velocity vector. In vector form, Equation 4.1 candxpressed as

Do dp
—— =""+0OMpV =0 4.2
Dt ot P (4-2)

whereD(p)/ Dtis the material derivative of density. Equation 42the unsteady,

three-dimensional continuity equation for a comsgitds fluid. It is also one of the
key equations to be discretized and solved numrica CFD. For incompressible

fluid where the density remains constant with tiaguation 4.2 is reduced to

OV =0 (4.3)

The conservation of momentum is derived from Nevst@@cond law which states
that the rate of change of momentum of a fluidiplertequals the sum of the forces
acting on the particle. There are two types ofdsracting on a fluid particle: surface
force and body force. Figure 4.2 illustrates thfazie force, which consists of both

pressure force, normal viscous force and sheaiswgpus force.

Figure 4.2 Stress components acting on the fluideanent.
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A force balance around the fluid element showngduark 4.2 leads to

Du _ 0(—p+Tyy) + 0T yx + 07 54
Dt 0x ay 0z

+ Spix (4.4a)

Dv _ 07yy +6(—p+ Tyy) +6rzy ‘5
Dt 0x ay 0z

My (4.4b)

M:arxz_i_aryz_i_a(_p*'rzz)_i_s
Dt 0x oy 0z Mz

(4.4c)

wherep is pressure,r is the viscous stress al is a general term including all the
body forces. Equation 4.4 a, 4.4 b and 4.4 c reptebex, y, andz-component of the

momentum equations, respectively.

4.2.3 Navier-Stokes Equations

The normal and shearing viscous stresses can bessegl as

Tyy = /J%

XX ax
ov

Ty =2U—

= 2u (10.3)
0z
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Substitution of Equation 10.3 into Equation 4.4de$o the Navier-Stokes Equation in

its most useful form.

Du ap

— =40 +S 4.6a

ot 3x [{40u) + Sy (4.6a)
Du ap

—=-—+0 V)+S 4.6b
Dt dy [udv) + Syy (4.6b)
Du ap

—=—-—+0 +S 4.6¢
ot 32 W) + Sy (4.6¢c)

4.2.4 Turbulence Modelling and Reynolds AveragedviélaStokes

Equations

For laminar flows, the continuity equation and Mevier-Stokes equations presented
previously can be solved analytically or easilyhmMZFD. However, most of flow
situations encountered in engineering are turbulenmature. Turbulent flows are
characterized by random and three-dimensional eddigh a wide range of length
scales. Large eddies are dominated by inertiatsfiewd viscous effects are negligible.
They are created through a process known as vettetching and their energies are
extracted from the mean flow. These large eddiesuastable and they tend to break
up and become progressively smaller until viscdtects become dominant, and the
smallest eddies are dissipated. Turbulence is kntmagive rise to additional stress
terms known as Reynolds stresses. Turbulent floopgaties such as velocity and
pressure can be decomposed into a mean value aadialing component (e.g.

Equation 4.7) in a process known as Reynolds deositign.

u(t) =u+u't), v(t) =v+V(t), wit) =w+w(t), pi)=p+pt) 4.7)
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Replacing the pressure and velocity terms in theiddestokes equations with the

form in Equation 4.7 and subsequent averagingegtjuations lead to

e —— |2
N AV =- 1ap+umqmu)+ 0(-pu”) , 0(=pU'V) , O(-pu'w) (4.8a)
ot X P 0x ay 0z

o o - |2
Yoy =-22P 4 ooy + 2| 2R uv) | 9CAv?) , O(-pvw) (4.8b)
ot y P 0Xx ay 0z
W W = - L9P o + 1] 9CAUW) | OV W) | 3 pw’) (4.8¢)
ot z P ox oy 0z

Equation 4.8 is the Reynolds-Averaged Navier-Stokgsation. Comparison with
Equation 4.6 shows that the additional terms in ldrge bracket containing the
fluctuating components of velocity arise due to btience and Reynold’s

decomposition.

CFD offers broadly three approaches for the analysturbulent flow problem:

® Direct Numerical Simulation (DNS)
® |arge Eddy Simulation (LES)

® Reynolds Averaged Navier-Stokes (RANS) equations

In DNS, turbulence from large eddies down to thdnkagorov scale is calculated,
without any modeling assumptions. This requires siraulation of the unsteady
Navier-Stokes equations on a very fine grid. Sualtudations are highly costly in
terms of computing resources and are generallyictst to simple flows with low

Reynolds numbers.

The LES is an intermediate form of turbulence asialyln this method, the large
eddies are tracked while the smaller eddies areefteatl The need to calculate large

eddies directly arises from the fact that theyraghly anisotropic and vary greatly in
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length scales. The smaller eddies are thought tambee isotropic and have a
universal behaviour. Prior to computation, LES uaespatial filtering function to
separate the larger and smaller eddies. Duringasgigtiering information relating to
the smaller, filtered-out turbulent eddies is dmgtd. The contribution from these
filtered-out smaller eddies to turbulence is knawgnsub-grid-scale stresses and there
are various sub-grid-scale models in literature moodeling them. LES is less

computationally expensive than DNS and its poptyldras been rapidly increasing.

Turbulence models based on the Reynolds AveragetiNatokes (RANS) equations
are the most common and popular group in CFD reke#étrhas a specific emphasis
on modelling the statistically averaged mean fleeldf and only provides lower order
turbulence statistics. Due to the very differentdagor of large and small eddies and
the flow geometry dependence, a general purpose Rxbulence model suitable
for a wide range of practical applications is naaitable. CFD users need to carefully
choose from a number of available RANS models, Wwhiest suits the problem at
hand and one preferably has been validated agexmstrimental measurements.
Usually RANS turbulence models are classified y/namber of transport equations
that need to be solved in addition to the contjnaitd Navier-Stokes equation. Table
4.1 shows the common models available in Fluerdritical review of all the RANS

models is not given here in this study. Readersilshoonsult standard CFD textbooks
such asVersteeg and Malalasekra. (2007), Fluent User Gaf®5) and Wilcox

(2007), for more information.

Table 4.1. RANS turbulence models in Fluent.

Number of extra transport equations Name
One Spalart-Allmaras model
Two k —& model and variants
Two k-« model and variants
Two VA-f model
Seven Reynolds stress model

In general, the one and two-equation turbulenceatsoare based on the Boussinesq
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hypothesis, which assumes isotropy in turbulentnRils stresses. The Reynolds
stress model (RSM) is more elaborate and solvedramsport equations of the six
independent Reynolds stresses individually. Thssilte in the RSM being much more
computationally expensive than other models. Ia thesis, the RSM model has been
chosen for modelling particle deposition in a gfiiiduct, in accordance with the
work of Tian and Ahmadi (2007). For the CFD modugliof the particle gun in
Chapter 5, the Shear Stress Transport (SEF)c model is used.

4.3 PARTICLE DEPOSITION MECHANISMS

In isothermal turbulent flows, particle transpomdadeposition mechanisms are
dominated by inertial impaction, turbulent diffusjdBrownian diffusion and gravity

force (Konstandopoulos, 1991). In the presence strang temperature gradient,
thermophoretic force also affect the particle motand the mass rate of deposition

(Lin et al, 2004).

4.3.1 Inertial Impaction

Inertial impaction is caused by the inability ofetlparticles to follow exactly the
curved fluid streamlines. It takes place when tleenantum of the particle toward the
surface is large enough to overcome drag forcesdymed by fluid flow
(Konstandopoulos, 1991; McFarlaetlal, 1997). As a result, particles pass through
the boundary layer and impact the surface. Figudesdows the inertial impaction of
particles on a cylinder in a cross flow. For a giiw, the inertia effect increases
with increasing particle size. The particle deposit efficiency describes the
propensity of particles to stay on the surface upapact. Both particle and surface

properties such as surface tension and partiakiséiss will play significant roles in
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determining this capture efficiency. A more detaibliscussion regarding deposition

efficiency of dairy powders is given in Section.5.5

Inertia Impaction

Particle
Impaction

Figure 4.3 Particle deposition due to inertial impation.

4.3.2 Turbulent Impaction

Turbulent impaction occurs when fine particles riateé with and extract kinetic
energy from turbulent eddies. These eddies add mmeto the particles and cause
the particles to deviate from their mean trajectdkyclassic example of particle
deposition due to turbulent impaction involves jgéet deposition in straight pipes
and ducts. Despite the main flow and particle moiiothe axial direction of the pipe,
significant particle deposition has been observedhe side walls (Friedlander and
Johnstone, 1957; Liu & Agarwal,1974). Friedlanded dohnstone (1957) put forward

a particle free-flight model to explain this, a®wsi in Figure 4.4.

81



4l :

| Fully turbulent region
e

| r

Ug — F - Stop distance
— _| Bufferlayer __________ »
'_.'-I.I :

_.,, Laminar sub-layer

Figure 4.4 lllustration of the free-flight model of Friedlander and Johnstone
(1957), taken from Kaer (2001).

Friedlander and Johnstone (1957) postulated theicles are transported in the
inertia dominated turbulent core region due to uilebt diffusion to within one stop
distance from the boundary wall, and the partieles able to fly across the viscous
sub-layer and deposit on the wall. The free-fligifgory is interesting but is physically
incorrect. Friedlander and Johnstone (1957) hasmasd that particles begin their free
flight with a velocity approximately equal to theicfion velocity of the flow.
However, local velocity in the buffer layer andaasis sub-layer is too low to provide
the energy needed (Davies, 1965; Young and Leemi®@y). In subsequent works,
various authors have proposed that deposition éstoduhe near wall coherent eddies
and particles obtain their kinetic energy from agass known as turbulent bursts

(Owen, 1969; Fan and Ahmadi, 1993).

4.3.3 Brownian and Turbulent Diffusion

Brownian motion arises due to the random interastibetween particles and air
molecules. There is a net flux of particles fromgioas of high concentration to low
concentration (Marchioli and Soldati, 2002). Theeraf particle deposition at the wall

due to Brownian motion can be calculated througik’EiLaw of Diffusion,
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Jg =—Dg— 4.9)

whereJg is the particle flux or deposition rateg is the particle Brownian diffusivity
anddC/dy is the particle concentration gradient. Partiad@akition due to Brownian

diffusion is generally significant for sub-microanticles only (Ounigt al, 1993).

In addition to Brownian motion, turbulence also agvrise to diffusive flux of
particles. Equation 4.9 can be further expandednttude the contribution from

turbulent fluctuations.
J=—-(D; + g)d—C (4.10)
dy

wheres is the eddy diffusivity of particles and it is tgpily taken to be the same of
eddy viscosity of air (Liret al, 1953). As with Brownian motion, particle depasiti
due to turbulent diffusion also requires the preseof a concentration gradient near

the wall.

Transport of particles by turbulent diffusion igjhiy dependent on the presence of a
concentration gradient and is very efficient forrtijgée dispersion in regions of
homogenous turbulence, such as in the turbulereg obmpipe flow. However in a
region where a significant turbulence intensitydigat is present, such as within the
boundary layer of a turbulent flow, particle traody turbulent eddies will be more

dominant, which is also not dependent on a conagalr gradient.
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4.3.4 Thermophoresis

Steep temperature gradients surrounding a partite give rise to thermophoretic
forces. In general, thermophoresis acts in thectime opposite to that of the
temperature gradient and transports particles wsvaegions of lower temperature.
Like Brownian and turbulent diffusion, thermophasess only significant for

submicron particles (Zheng, 2002; lehal, 2004).

4.3.5 Eulerian versus Lagrangian Tacking of Pasicl

Numerical modeling of particle transport and deposican be developed either in
the Eulerian or Lagrangian framework (Guha, 2008 Eulerian approach is based
on the assumption that the particles are preseatsexond continuous field and the
transport equations are solved simultaneously ébin kir and the particle phase. The
Eulerian approach is suitable for a range of mége flows in which the particulate
loading is significant. A shortcoming of the Eugeriparticle transport models is that
they do not provide the information on particle aopon at the surface. Hence, in an
Eulerian framework one cannot model the particidase interactions, which limits

its usefulness in numerical particle depositiorlis.

In the Lagrangian approach, individual particlgecsory is simulated by solving the
particle’s equation of motion. Various forces apglion the particle can be included
and the momentum equation for the particles iggnatted with respect to time along
the particle pathline. To obtain statistically miegful results, typically tens of

thousands of particles are simulated all at onée Dagrangian approach is able to
provide detailed information regarding the intei@ts of particles with solid

boundary. The model is capable of accommodatingydspersed particle size and it

also allows for chemical reaction and evaporatigncally encountered in industrial
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processes. For all these reasons, the Lagrangmmagh has found more uses in

particle deposition modeling than the Eulerian apph.

To account for the effect of turbulence on partittansport and deposition, a
stochastic eddy interaction model is usually inoogped into the Langrangian model.
A velocity fluctuation is computed from the CFD Mutence models and
superimposed on the calculated mean flow field. hVimegrating the trajectory of
the particles, they are made to encounter a sefieégrbulent eddies in their path.
Each eddy is given a characteristic lifetime. Theenraction of the particle with a
particular eddy is over either when the lifetimetloé eddy is finished or the particle
leaves the eddy. The particle will then continueitgsnpath and encounter another
turbulent eddy. This is repeated many times untdaaticle is captured by a wall

surface or leaves the flow domain (Dehbi, 2008).

4.4 CFD MODELLING OF PARTICLE DEPOSTION -
TEST CASE

CFD modelling of particle deposition in a straighict was undertaken to build
understanding of the important variables that evice particle deposition in a
turbulent flow field. CFD was carried out with tkemmercial code Fluent 6.3. For
CFD validation purposes, experimental data from dlpen literature is used for
comparison with CFD results. A wide range of litara data for different duct
dimensions and particle material properties islalde. Thus, duct and particles of a

range of dimension and properties were chosenderdo remove any modeling bias.
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4.4.1 Simulation Geometry and Meshing

The meshing and modeling approach is similar to eéhgployed by Tian and Ahmadi
(2007). Figure 10.3 shows the dimension and meskihgme used for the straight
duct. The duct has a diameter of 0.02 m and a henftl m. A total of 55,000
guadrilateral cells were used for the simulatiod grid independence study showed
that the finer meshes made no difference in thaltseebtained. The cells close to the
wall, i.e. boundary layer, are made denser tharctine of the duct, with the first cell
placed at 0.0005 m from the wall. This is needelétter resolve the flow profile in
the boundary layer as well as satisfy the requirernEEnhanced Wall Treatment. 2D
simulation is sufficient for the simulation becawaseflow profile in a straight duct is

essentially two-dimensional in nature.

Figure 10.3 Geometry of 2D straight duct with mesh.

4.4.2 Continuous Phase Simulation

CFD simulation of particle deposition in this stuéigllows both the Euler and
Lagrangian approach. The continuous phase (ain) fileld is obtained by solving the
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conservation equations for mass and momentum (Equdt2 and Equation 4.8) —
Euler approach. The average velocity of air for $imaulations is 5 m/s for the 2D
straight duct. The calculated Reynolds number #56&dicating turbulent flow. Tian
and Ahmadi (2007) has shown that 2-equation RANButence model together with
the wall function approach can lead to an overesttoh particle deposition rate due to
their isotropic assumption of turbulence. For dépmsin a straight duct, the driving
force for particle deposition is the turbulencectliation in the wall direction, i.e. the
normal Reynolds stress towards the wall. Thusatteiracy of the predicted particle
deposition will depend on the resolution of therneall turbulence statistics (Kota
and Langrish, 2006). Although Direct Numerical Slation (DNS) and Large Eddy
Simulation (LES) have been used quite successtollpredict particle deposition
(Kota and Langrish, 2007), their high computatior@dts are prohibitive with current
available computing power. Tian and Ahmadi (2008veh used the 7-equation
Reynolds Stress Model together with Enhanced Wedhaiment near the wall for
particle deposition. Despite the model being mayemputationally expensive than
other 2-equation turbulence models, the significamprovement in predicted
deposition rates justifies its use. In this tesiegahe continuous flow field is solved in
steady state with the Reynolds Stress turbulencdemand the Enhanced Wall
Treatment for near wall turbulence resolution. $elcorder discretization schemes

are used for all variables.

4.4.3 Discrete Phase Simulation

The particulate phase was solved with Fluent's i2tscPhase Model in a Lagrangian
frame of reference (Fluent User’s Guide, 2005). @ispersed phase is solved by
calculating the trajectory of a representative nembf inert particles, through the
converged continuous phase flow field. In both sasé is assumed that the

inter-phase momentum exchange between the consnamd discrete phase is
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relatively small due to volume loading of the pa#ibeing less than 10% of the air
and one-way coupling is used. While the simulatednthe continuous flow field

involves the solving of the non-linear partial dintial equations by an iterative
approach, the patrticle trajectory is described bgteof ordinary differential equations

written as

dv 9.(0, - )
d_trJ:FD(\/_vp)+p—r’rJ+ F, (4.11)

The first and second term on the right hand sidécefation 4.11 is the drag force and
gravitational force, respectively. For the 2D dugrvity is not activated to keep the
simulation in line with the actual experiment whighvestigated deposition in a
vertical flow, and thus gravitational force plays significant role in particle transport
in the wall direction. The last term in EquatiodX4.F,, represents additional forces

such as Brownian and thermophoretic forces, whiemat included in this case.

The turbulent dispersion of particles is simulateth Fluent’'s Discrete Random Walk
model (DRW), which is based on a stochastic tragkipproach. The interaction of
particles with turbulent eddies can be the dommgatieposition mechanism under
some circumstances and the Discrete Random Wallelntakies this into account by
incorporating the instantaneous flow velocity itbh@ equation of particle trajectory.
The particles are made to encounter on their patls®ries of turbulence eddies
characterized by a Gaussian distributed randomcitgldluctuation and an eddy
lifetime. The velocity fluctuations ,V'andw ‘are obtained by assuming thy obey a

Gaussian probability distribution,
u'=g¢ u?, v':c\/F, W:c\/m (4.12)

where ¢ is a normally distributed random number.
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The root mean square velocity fluctuation is oldifrom the local kinetic energy.

For turbulence models assuming isotropic Reyndi@gsses, this is

Ju? = v =\w? =273 (4.13)

wherek is the turbulent kinetic energy of the local flo. Reynolds Stress model,

each of the velocity fluctuations is individualliptained from the Reynolds stresses.

The interaction between a particle and a turbuksdy will last until either the

lifetime of the eddy is over or and particle leates eddy. The characteristic lifetime

of the eddyr,, is typically defined as a constant,

3
N

(4.14)

where T, is the integral time scale, which can be taken dcth®e fluid Langragian

integral time for small particles,

T =C,

M | x

(4.15)

where C_ is a constant. The recommended value ®&ris 0.15 and 0.30 for

k —& model and RSM model respectively.

4.4.4 Boundary Conditions

A uniform velocity of magnitude of 5 m/s normalttee inlet is specified. Pressure at

the outlet is set to 0 Pa gauge. Turbulence infemsiset at 5% and the hydraulic
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diameter used in the simulation is based on thenelier of the duct used in the
literature data. For the 2D duct, 20000 partickesraleased from a point source at the
inlet center and their initial velocities are matie same to the local gas velocity.
Particle size in each simulation is constant arghsgrom 1 — 25@m with a fixed
density of 1300 kg/fh Fluent has a default option for particle traprelvound at the
wall surface. With the literature data, viscousvadls applied on the duct wall surface
to minimize particle rebound. Thus, the trap opt®specified in the simulation for

the surface.

4.4.5 Results and Discussions

The results of particle deposition studies in aight ducts are usually presented as

+

curves of dimensionless particle deposition velpcW,,,, versus dimensionless

particle relaxation time,r, (Guha, 2008).

Viep = % (4.16)

rh=1, “;2 (4.17)
Whereu* is the friction velocity and can be calculated as

u* = 02U Re™® (4.18)

whereU is the average flow velocity afReis the Reynolds number.

The friction velocity is a common term in fluid nemics for describing diffusion

and dispersion phenomena and is an alternativetridition of wall shear stress in the
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form of velocity. The particle deposition velogity,,, is the particle mass flux at

the wall surface (kg/fis) normalized by the particle concentration in gk flow

(kg/m®). The particle deposition velocity is obtained as

Vipep = el (4.19)

ep
Cp,bulk

The particle relaxation tine,, also known as particle response time, is a measiur

particle’s inertia (Guha, 2008). Small particleaddo follow the flow very closely,
with very small slip velocity and large particlent to shoot ahead or lag behind the
air flow (Friedlander and Johnstone, 1957). Foivargparticle with constant particle
density, the increase in particle relaxation tirapresents an increase in the particle

size. The particle relaxation time is defined as

d2
r, =2 (4.20)
18u

A number of experiments reported in the literatoage looked at particle deposition
from fully developed turbulent flow over the yeaBme of the experimental results

are summarized in Figure 4.6, from Young and Legnii®97).

Three regimes of particle deposition can be clededwntified in the graph. In the first,
diffusional deposition regime, there is a slightmase in the dimensionless particle
deposition velocity with increasing dimensionlesstigle relaxation time. Particles in
this regime are usually very small, with partideesless than iim. The driving force
for deposition is Brownian and turbulent diffusiomhe decrease in deposition
velocity is explained by the decrease in the Branrmdiffusivity of particles. In the
second diffusion-impaction regime, the dimensiaomlparticle deposition velocity is

seen to increase linearly over several orders ajnizde with the dimensionless
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particle relaxation time. This is attributed to tpdes with significant inertia
interacting with turbulent eddies and gaining efougpmentum to coast to the wall
(Friedlander and Johnstone, 1957; Young and Leel®g7). In the inertia moderated
regime, the very large particles are affected bgsthe turbulence and there is a slight
decrease in deposition with further increase intiger size. Although data from
different experiments have been non-dimensionalivechake them comparable, it
can be seen from Figure 4.6 that there is stilsmerable scatter among the data set.
However, the underlying trend with the three defpmsiregimes is the same in all

experiments.
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Figure 4.6 Deposition of particles from fully devebped turbulent flow in a
straight duct, taken from Young and Leeming (1997).

In this study, a procedure for analyzing partigg@aksition results from CFD has been
devised. The particle relaxation time is calculagsdusual from Equation 4.20. The
particle mass flux at the wall surfackei (kg/n¥s)is replaced by the particle number
flux at the wall,Nyai (Ng/ m?s) and the mass concentration of particles in til& b

flow, Cp buik (kg/m®) is replaced by particle number concentratidl,pux (N/ m®).
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Calculation of deposition velocity is thus obtairesd

V,, = e (4.21)

dep
Nd,bulk

It is expected that particle deposition in the 2@ight duct will mainly arise from the
interaction of particles with turbulent eddies. 38 because the main flow of air is in
the axial direction of the duct, and the partidiase to reach the side walls either by

diffusion or turbulent impaction.

As the experimental data in literature for partidieposition in the straight duct is
obtained from fully developed turbulent flow, it important to carry out the CFD
simulation under identical conditions. Figure 4Ada4.8 show the velocity and
turbulent kinetic energy profiles along the aximedtion of the flow in the 2D duct. It
can be seen that velocity magnitude reaches fudhelbped state at approximately
0.3 m downstream of the inlet, a length of aboutD15he turbulent kinetic energy
continues to develop up to the axial direction @& ®. For this reason, the region of
interest for calculating particle deposition rat@sld be at least 0.6 m away from the
inlet for the fully developed condition to be sh&d. The particle deposition velocity

and relaxation time were calculated from Equati24 and 4.20.
The results are expressed in the conventionalgbldimensionless particle deposition

velocity versus dimensionless particle relaxationetin Figure 4.9. Also shown in

Figure 4.9 is the experimental result from Liu @&ghrwal (1974).
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Figure 4.7 Plot of velocity magnitude along the with of the duct.
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Figure 4.8 Plot of turbulent kinetic energy along he width of the duct.
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Particle deposition data from Liu and Agarwal (1p74alls under the
diffusion-impaction and inertia moderated regimes, in by Figure 4.9. Their
experimental data is considered one of the bestahla in the literature and the
agreement between the CFD modeled and their reisultsry good. The simulated
particle deposition rate has slightly overestiméatesl particle deposition in the range
of 7," from 1 to 10. It has predicted the increase in digjpm velocity with increasing
particle size in the diffusion-impaction regime wewell. It has also correctly
predicted the decrease in deposition velocity Witkher increase in particle size. The
results obtained are similar to those found by Bad Ahmadi (2007), who evaluated

a range of turbulence models for particle depasiicediction purpose.
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Figure 4.9 Comparison of particle deposition resuft from CFD and
literature experimental data.
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It should be noted that while turbulence modelstam the RANS equations tend to
overestimate the deposition rate of particles, ihisonly significant forz," <1,
corresponding to a particle size of aroungh? in this study. Tian and Ahmadi (2007)
concluded that the deposition rate of particledattpan 1Qum, which falls under the
inertia-moderated regime, is affected by the tweboé fluctuation level to a lesser
extent and therefore is less sensitive to the ehofcurbulence models. Their study
has shown that even th&-¢ model has vyielded results in reasonably good

agreement with experimental data.

4.5 CONCLUSION

In this chapter, an introduction is given on theibarinciples of Computational Fluid
Dynamics together with the continuity and Navieok&s equations. Turbulence
modeling has been briefly reviewed. The main plarticansport mechanisms
responsible for particle deposition have been ifledt and discussed. A viable
method of numerical modeling of particle depositwith Fluent has been validated
and discussed with a case study of particle ddpoditom turbulent flow in a straight
duct. It needs to be pointed out that the defawalll Wwoundary condition, i.e. trap
condition, is able to predict the net collisioneratf particles with the boundary
surface in a flow domain. However, it does not take account the particle-surface
interactions. From the experimental study withpheicle gun rig reported in Chapter
3, it has been shown that particle rebound conesignificantly to the deposition
results. Therefore in the next chapter, a detadlsgtussion will be given on the
development of such a wall boundary model for mtah of skim milk powder

deposition.
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CHAPTER 5 - USE OF CFD TO MODEL
PARTICLE GUN RIG AND DEVELOPMENT
OF WALL BOUNDARY CONDITION

5.1 INTRODUCTION

In Chapter 3, parameters that affect the resultthefparticle gun test have been
studied. It has been shown that these resultsegrendlent on the specific geometry of
the equipment as well as the fluid dynamics goveytine operating conditions. Thus,
they only represent the behaviours of the depagipiarticles under certain specific
conditions. In Chapter 4, a brief review of the laggtion of Computational Fluid

Dynamics (CFD) in studying particle deposition Heeen given. This chapter now
combines the understanding from both these chapietsvelop a three dimensional
CFD model of the particle gun test, with the aimusfng the model to predict the

milk powder deposition process in pilot and indiagéscale situations.

Past works on the particle gun rig have identitiegl contributions from the effects of
air flow, such as the air velocity and H/D ratibhas been realized in this work that
the setup of the particle gun rig has all the fezdwf an impingement jet. It is hoped
that existing body of knowledge on impingementvdt help to better interpret the

particle gun results.
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5.2 PARTICLE GUN AS IMPINGEMENT JET

Operation of the particle gun rig involves the mdetladen air jet impinging
orthogonally onto the plane wall. As in pipe flouwpingement jet flow can be

classified as laminar, transitional or turbulenpeeding on its Reynolds number.

A fully turbulent impingement jet exists when theyRolds numberRe= pUD/ i)

is greater than 3000 and for 1000 < Re < 3000,fltve regime is semi-turbulent
(Viskanta, 1993). The flow regime in this numericaudy falls under the fully

turbulent state, where Re = 5670 for air veloctt§@3 m/s.

Figure 5.1 shows the schematic diagram of a typmepingement jet. The structure of
the flow can be divided into three different zonéBurwash et al, 2006;
Jambunathaet al, 1992):

(1) Free Jet Zone / Developing Zone

(2) Impingement Zone

(3) Radial Wall Jet Zone

At the exit of the long pipe, the flow profile walhave obtained that of the fully
developed flow. The center line velocity is atmaximum and the velocity falls off
rapidly in the direction of the wall due to the slgg condition. The jet from the pipe
then discharges into the ambient air and statioflargi from the surroundings is
entrained into the jet and this mixing action fertheduces velocity at the sides of the
jet. Up to H/D = 4, the free jet still has a potahtore region, which is characterized
by a more or less radially independent velocityfifgoFurther away from the pipe
exit between H/D = 4 and 8, the jet starts to widenificantly with its average
velocity declining further. In the meantime, theeating action between the fast
moving jet flow and stationary surrounding air wgive rise to turbulent eddies
known as ring vortices. Eventually the potentialecwill disappear after about H/D =

8 and the jet flow is said to be fully developed.
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Figure 5.1 Structure of an impingement jet flow, tken from Angioletti et al.
(2005).

As the jet moves towards the target wall, its motmenis reduced, accompanied by a
rise in its static pressure. The thickness of thpingement zone has a typical value
from 1.2 to 2 pipe diameters. The ring vorticesegated earlier on in the process is
still present and also strikes the wall. With tlxeeption at the jet centre, streamlines
of the jet begins to diverge and curve as the bapnthyer effect of the target wall
forces the jet flow in the radial direction. Thelia wall jet zone contains very thin
but fast-moving, accelerating boundary layers.h&t ¢entre of the impaction surface,
there is a region corresponding to about one pigmeter where the radial velocity
magnitude and turbulence level are the lowest. Tégson is termed the stagnation
zone. Away from the stagnation zone in the radiaation, the wall jet flow starts to
accelerate and turbulence level is much higher esetpto other parallel flow such as

pipe flow.

From the description of the main characteristicshaf impingement jet, it can be

concluded that the particle gun rig falls undes ttategory and should be treated as
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such. It has been discussed that the distance &ettlie pipe exit and the target wall
can have a major impact on the resultant impingéneercharacteristics. Past works
on the particle gun rig has used an H/D ratio of @@der which condition the jet
would have developed and diverged significantlyobefimpinging. This would have
resulted in a much lower average jet velocity corag@do that at the pipe exit, which
would have in turn reduced the velocity of the igles entrained in the jet. The
velocity of deposition is therefore not the velgcdt the pipe exit as generally
reported and a more detailed analysis is requvedetermine the correct deposition

velocity.

A large H/D ratio is also undesirable because thedsts a possibility that the
temperature and RH of the jet will have changethaget moves further away from
the pipe exit. This is supported by the fact tihat ambient, stationary air that would
have been entrained into the jet is also much cdkllabient air was around 15 — 18
°C). This cooling effect may be more significantr fthe lower velocity range
employed in this study, as compared to the 20 B¢ used by researchers from
Massey University. Attempts to measure the tempegabf the air close to the
impingement plate have proven to be difficult imstexperiment. Pt100 temperature
sensor has been taped onto the plate but the darfgce area of the probe in contact
with the plate may have resulted in significant theanduction, leading to results
consistently close to the ambient temperature. dwipg the design of the particle
gun rig to allow measurements of temperature ahacitg can be an area for further

research.

In terms of numerical modelling, a smaller H/D oaivould require a much smaller

mesh size and thus it is more computationally ieffic For all the above reasons, this

study has used an H/D ratio of 4 rather than 20.
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5.3 CFD MODELLING OF SINGLE-PHASE
IMPINGEMENT JET

5.3.1 Computational Domain

The commercial CFD package Fluent 12 and Gambit Hade been used for
modelling the particle gun in this study. The comapional domain used for the
investigation of the impingement jet is shown imgde 5.2. This setup resembles
closely with the experimental rig used in the [&he air jet enters the domain at the
top and issues from an 800 mm long round pipe afthnternal diameter of 11 mm.
The target wall is rectangular in shape and measléé mm x 136 mm. To properly
model the interaction of the jet flow and surroungdiambient air, it has been
recommended that the outer radial boundary of thmain should be sufficiently
large (ERCOFTAC database). In this case, the obtmundary enclosing the
impingement jet and target wall is 328 mm x 272 nomat a radial distance of
r/D = 15. This arrangement ensures that the nuadesmution is not affected by the
presence of the boundary. The spacing betweenifigegxit and the target wall is

44 mm, corresponding to an H/D ratio of 4.

5.3.2 Meshing and Grid Independence

A combination of structured and unstructured gras lbeen used for meshing the
computational domain. Figure 5.3 shows a slicehefrmesh across the x-y plane of
the domain. It is seen that the nodes are moreecwrated towards the core of the
plane as a finer mesh is required to capture thengdh in velocity gradient and

turbulence for the flow in the pipe as well as pieflow once the air exits the pipe.
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Nodes are also accumulated near the walls of e gmd target wall so that the wall
y*value is around 1. To mesh the entire domain, abe mesh shown in Figure 5.3 is

extruded in both the positive and negative Z diogst

f’
Y

\\\ /\ \\\

f

\
/

X

Figure 5.2 Computational domain of particle gun

A finer grid size is imposed for the negative Zedifon towards the target wall, as
this is the region where the most intense mixinthefjet flow and ambient air occurs.
The effect of the mesh size on the numerical smiuis investigated by varying the
grid points in the Z direction, resulting in 1,82%7, 4,351,695 and 6,011,342 cells

respectively.
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Figure 5.3 Mesh of the computational domain in th&-y plane.

5.3.3 Turbulence Models, Boundary Conditions anldtim Control

Thek — a shear stress transport (SST) model has been sklastehe turbulence
model for the present investigation. Creafftal. (1993) has investigated the modelling
accuracies of a range of turbulence models forrtingement jet flow. The popular
low-Reynolds-numbek — € model has been found to produce excessive turbelenc
energies that over-predicted experimental valuesupyto four times. The more
elaborate, 7-equation basic Reynolds-Stress mddel fared no better due to its
sub-model of “wall-reflection” term. THe—« SST model has been found to give a
reasonable prediction of the impingement jet floveldf and heat transfer
characteristics (Angiolettet al, 2005). It is also the model of choice for studyin
particle-laden impingement jet and particle depwmsitbehavior (Burwastet al,
2006).

A constant velocity profile across the pipe inketused as the inlet boundary with a
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velocity magnitude of 4.5 m/s normal to the inletda5% turbulence energy. A
pressure outlet boundary condition with gauge mresset at 0 pascal is imposed for
all the boundary surfaces enclosing the computatidomain. No-slip condition is

selected for all wall boundaries. Gravity has beeabled in the negative Y direction,

in accordance with the actual experiment.

The SIMPLE algorithm is used for Pressure-Velo€tupling. Second-order upwind
scheme is used for the spatial discretisation afner@um, turbulence kinetic energy
and specific dissipation rate and the second-@deeme is used for the pressure term.
Iteration is performed, with no specific convergemdterion imposed. The solution is
considered to have converged when the residuale bhtained a static value. The
final levels of residual are typically on the ordef 5e-08 for all terms. The

computational time for the different CFD cases useapproximately 200 CPU hours.

A CFD inlet velocity of 4.5 m/s was used rathemtiiae higher velocity of 10.3 m/s
because when the CFD modelling was done the loexgstrimental velocity was
thought to be 4.5 m/s. At the end of the projecti®la Image Velocimetry analysis of
the impingement jet was done by another researeimer,the anemometer readings
were shown to be out by a factor of 2.3, which egponds to the anemometer to jet
area ratio. Unfortunately due to time constraitite, CFD work has not been able to

be re-done for this thesis at the higher inlet e#yoof 10.3 m/s.

5.3.4 Single Phase Impingement Jet Results

Figure 5.4 and 5.5 show the velocity magnitude tanulent kinetic energy along the
jet axis for the three mesh sizes simulated. Thgiore covered is from the
impingement point to the exit of the pipe. Therengs significant difference in the

velocity profile between the three cases. The wglomagnitude has an overall
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declining trend towards the impingement plate, #nd is more pronounced up to
0.01 m above the plate, which is about one pipenetiar. In terms of the turbulent
kinetic energy, the mesh with 1.8 million cellsssen to underestimate the rapid rise

close to the plate.

Figure 5.6 and 5.7 show the velocity magnitude tambulent kinetic energy along a
line parallel to the impaction surface and at aaslice of Z = 0.1 D (0.0011 m) above
the plate. The lowest velocity magnitude and twhtikinetic are at the centre, and
this is where the stagnation point is located. Avitapyn the stagnation point, the
velocity rises rapidly due to the acceleration loé radial wall jet. High turbulent
kinetic energy is also seen to coincide with thdl ye development. It is expected
that the controlling particle deposition mechanisnthe stagnation zone is inertial
impaction due to low velocity and turbulence. Tuemt diffusion may account for
more deposition away from the impaction centras keen from Figure 5.6 and 5.7
that the case with 1.8 millions cells has undedjated both velocity and turbulence
in the central jet region. For this reason, allssgduent modelling is carried out with
the case of 4 million cells because a higher mesimtcdoes not seem to produce any

difference.
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Figure 5.4 Profile of velocity magnitude along th¢et axis from the
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Figure 5.8 and 5.9 show a contour and vector motvElocity magnitude from the
pipe exit to the impingement plate. It can be st®t the jet has developed only
slightly once exiting the pipe, with the jet widlipon impaction at less than 16 mm.
The high velocity region characterized by the retbar is the potential core, which
still makes up a significant portion of the jet.ig s expected due to the low H/D
ratio of 4. Figure 5.10 and 5.11, cross-sectiorlahgs to the surface of velocity
magnitude, further illustrates the potential cordouity is reduced as the plate is
approached. Outside the potential core at the geplipery, the impinging wall jet
starts to show curvature and develops into a raddll jet. These characteristics are
further illustrated by plots of normal and tangehtielocities to the plate surface, as
shown in Figure 5.12 and 5.13. Normal velocitiesve1m/s are common only at
radial distances of 10 mm from the centre of theepl Tangential (radial) velocities

then dominate with a maximum arising at a radiastatice of 5 mm.
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Figure 5.8 Contour of velocity magnitude (m/s) fothe impingement jet.
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Figure 5.9 Vector plot of velocity magnitude (m/sjor the impingement jet.
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Figure 5.10 Contour of velocity magnitude (m/s) ira plane parallel to the
plate at a distance of Z = 0.3 D, data extracted dm CFD impingement jet
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Figure 5.11 Contour of velocity magnitude (m/s) ira plane parallel to the
plate at a distance of Z = 0.1 D, data extracted dm CFD impingement jet
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5.4 DAIRY POWDER SURFACE CONTACT DYNAMICS

Particle-surface contact dynamics is a very impurbat often overlooked issue in the
subject of dairy powder deposition. In CFD modgjjiit is essential to prescribe a
wall boundary condition that can decide the fateaaf impinging particle. It is
important to know, under a specified condition, wipmrtion of the impinging
particles will eventually stick to the surface? Téicking probability of a single
particle-surface collision event is either 0 or KHoiistandopoulos, 2006). The
transition from particle rebound (sticking probékik 0) to particle capture (sticking
probability = 1) occurs whenever the set of paramsegoverning the underlying
collision process reaches a critical value. Whensimering an ensemble of particle
collision events such as that in the particle ggn all of these individual collision
outcomes will ultimately give rise to the % depmsitmeasured experimentally. The
particle gun experiment has shed light on the spamameters that are responsible for
skim milk powder deposition and rebound. It is dEsie to fit a model to the

experimental results and apply this model in CFQleliog.

A number of studies have looked at behaviour ofaatipn and rebound for non-dairy
particles (Bitter, 1963; Rogers and Reed, 1984;|\&tahl, 1989). It has been found
that particles rebound when the incident velocigygreater than a characteristic
critical velocity. This critical velocity is depeadt on the specific material properties
of the particles and the surface. The theory camdst explained with the help of

Equation 5.1, which is taken from Xu and Willek®9$B).

E =E —(Eq+ Epd) (5.1)

Equation 5.1 is the same as Equation 3.2, ancesepted again here. It represents the

energy balance of a particle-surface collision &ven
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Figure 5.14 Process of particle-surface collisiomdapted from Xu and
Willeke (1993).

As shown in Figure 5.14, The particle will approdlea surface with velocity yand

incoming kinetic energ¥;, E.

:%m\/iz. During the contact phase, the energy of the
particles is dissipated due to both the work ofesitin (Eg as well as plastic
deformation (fq). Plastic deformation at the particle surface ésnpanent and the
deformed particle will rebound from the surfacehmielocity V4, if it still has excess
energy left. Describing both the incoming and refzblinetic energy of the particles

in terms of their mass and velocity, Equation @f be written as

1 1
Em\/rz ZEm\/iZ - (Ead + Epd) (52)
or
2(E,,+E
V, = \/\/iz _M (5.3)
m

Equation 5.3 shows a number of important featutesn be inferred that whether the
particle sticks to or rebounds from a surface vafiult from the competition between
the available incoming kinetic energy and energgigiation mechanisms. The energy
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dissipated is increased for a higher work of adivesind plastic deformation, but
reduced for a smaller particle size or mass. Atsdnae level of energy dissipation, an

increase in particle impinging velocity will leanl & higher particle rebound velocity.

Most of the important effects uncovered from thetiple gun experiments can be
explained with Equation 5.2. The basic featurehaf particle gun result is a linear
increase in the % deposition with increasing levaIsI-Tg. It is known that with
increasing T-§ the particle surface viscosity will reduce whiatigs stronger liquid
bridges to form. This essentially increases theg@niess due to the work of adhesion,
Eas Similarly, particles with higher moisture contemé more likely to deposit (Murti,
2006). This can be explained by the increasinghesf and thus the increase in the
plasticity term Eq. It has been shown in Section 3.4.3 that an ise@garticle gun
tip velocity will increase the (TJciica @nd decrease % deposition at all levels of
T-Ty. Equation 5.2 shows that at a highgrwiile other factors are constant, the
particles are more likely to rebound. Similarlye teffect of particle size reported in
Section 3.4.4 and summarised in Figure 3.15 camtasxplained by Equation 5.3 or
5.5. With smaller diameter particles (lower ma#sg, (T-Ty)critical reduces at the same

Vi.

In the event of particle capture, wh¥fe= 0, Equation 5.3 can be reduced to

f2E +E
V, =V, = M (5.4)
m

or

%m\/j =E, +E,, OT-T, (5.5)

Equation 5.4 represents the case when the incopartgle kinetic energy is equal to

the energy dissipation. The velocity at which thesurs is termed the critical velocity
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for particle deposition, . In practice, particles will also be captured if &/ V.
When V is greater than g, rebound occurs and the greater theexteeds Y, the

higher the coefficient of restitution.

The critical velocity for particle rebound has bemeasured experimentally in a
number of cases. Walkt al. (1990) has used Laser Doppler Velocimetry for
measuring the rebound velocities of ammonium flscee particles impacting on
targets made of a variety of materials. van Betlal. (2006) studied the impact
behaviours of 5@m particles on a powdery surface with a high sppgdal camera

system (Figure 5.15).

Figure 5.15 Particle impact and rebound behaviourtsidied by high speed
camera, taken from van Beelet al. (2006).

Due to time and resource constraints in this stadyattempt has been taken to carry
out such a study. The newly acquired Particle Imgglecimetry instrument at the
University of Waikato offers a promising experima&nnethod that can be potentially
used to augment the particle gun rig for this pagodiowever, a number of problems
may exist. Experiments studying impact and rebobedaviours of particles are
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typically carried out in a vacuum column. This echuse researchers are often only
interested in the particle-surface collision praciself. The presence of air or other
gases will cause lift and drag effects that willskahe coefficient of restitution
measured. In the case of dairy powder depositiomg@um environment is not
practical as the temperature and humidity effect oaly be imparted by a gas
medium. Secondly, the critical rebound velocity h@en shown to be particle size
dependent. Practically it is difficult to obtainigapowders of a uniform particle size
distribution from manufactured powders. The sieyingcedure adopted in this study
can reduce the particle size distribution to aazedimit, but the resultant particles are
still far from uniform. Recently, researchers fradvionash University (Patel, 2008)
have reported promising results on laboratory sirsgteam particle drying procedure
that is capable of producing identical particleesizLastly, the proposed critical
velocity for dairy powder deposition will cover ange of values depending on the
T-T4 condition. This is because Equation 5.3 shows\hais directly proportional to
Ead, Which is in turn dependent on T=TAs a result the deposition of dairy powders
are more complicated as compared to non-dairy pmvdach as metal powder,
whose surface adhesion only relies on van der Waades, which are constant (Xu

and Willeke, 1993).
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5.5 DEVELOPMENT OF A SKIM MILK POWDER
DEPOSITION WALL BOUNDARY MODEL FOR CFD

5.5.1 Discrete Phase Modelling

Particles are tracked in the flow domain in the raagian framework. The Fluent
Discrete Phase Model (DPM) is used for this purpd$e particles are chosen to be
inert, with a particle density of 1140 kgfgMurti, 2006). One-way coupling between
the particle and the carrier phase is assumed.eXperimental particle feed rate of
0.05 g/s results in a particle to air volume frastof 0.01% is used in the CFD model.

These conditions fulfil the one-coupling requiremehless than 10%.

5.5.1 Default Wall Boundary Conditions in Fluent

There are a number of default wall boundary coodgifor particle-wall interactions
offered in commercial CFD packages such as FluethtGFX. These are trap, escape
and reflect. The trap and escape options are easenthe same for inert,
non-reacting particles. Once the particle touchdmanding surface with either of
these two options turned on, the calculation fo thajectory of the particle is
terminated. With the reflect option, CFD users avke to define the rebound velocity
of the particles as a function of the impingemeangla and coefficient of restitution.
In addition to these default options, users cao &smulate their own boundary

conditions through the User-Defined-Function (UDFKgred by Fluent.

The trap/escape boundary condition is in fact &ctébn of the rate of particle
collisions taking place between the particles amagnolary surface. In this case, it also

gives a good estimate for the scenario where thigcleg are infinitely sticky, i.e. at
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very high level of T-J. The use of the trap/escape condition has begntediin CFD

studies simulating particle deposition in straigipe and human airways. In such
studies, either the wall surface has been madeydiieliberately by coating adhesives
on the surface or the particles have been madkeydbig using viscous oil droplets.
However, this option is not realistic for simulaginairy powder deposition. It has
been observed experimentally in the particle gudysthat the sticking propensity (%
deposition) is a strong function of TTAccompanying this rise in % deposition with
increasing levels of T4l there is also a evolution of the deposition motpyy as

shown in Figure 3.9 in section 3.4.1. Thus, th@/@scape boundary condition only
represents the most extreme case in which thecfeaticking propensity is the

highest.

5.5.2 Improved Wall Boundary Conditions in Litenau

Recognising the limitations of the trap/escape blamyn conditions, researchers
studying dairy powder deposition have sought toeom improved models. In a CFD
study on the effect of dryer chamber configuratiamsspray drying performance,
Huanget al. (2003) has used a “reflect” condition for the dryall. In addition, the

coefficient of restitution has been set to zero both the normal and tangential
components. However, a reflect boundary conditiosams that the particles will
never be captured and thus do not deposit. Althaligbf the kinetic energies of the
impinging particles are lost, they can still extrammentum from the boundary layer
air flow and also experience the effect of gravityentually, all particles injected into
the computational domain will leave the outlet and information regarding

deposition is obtainable.

In a similar study, Harviet al. (2002) applied a wall boundary condition basedhan

sticky point concept, i.e. (TgJeiica- The value of (T-Jeitcar Chosen is 23.3 °C for
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skim milk powders, as recommended by Henmigal. (2001). This value is obtained
with the stirrer stickiness test, which records tniical T-Ty value that stops the
movement of the stirrer shaft inserted into a pawuakd and rotating at a constant
speed. Hennigst al. (2001) has recommended the incorporation of tiseltrento
CFD code to model the build up of wall depositseyhalso suggested that for
conditions resulting in T-J< 23.3 °C, the particles can be considered to teurfif
the wall but stick to the wall if T¢f> 23.3 °C. Harvieet al. (2002) have implemented
this approach in their CFD modelling of a tall fospray dryer. For T-J< 23.3 °C,
the particles are set to rebound from the walltelaldy, i.e., coefficient of restitution
=1. For T-Ty > 23.3 °C, the coefficient of restitution for inmging particles is set to
zero and if the rate of moisture evaporation fer plarticles is less than 0.00%, she
particles are considered to be captured. For allcdses Harviet al. (2002) have
simulated, on average about 300 to 400 particlée®ba total 2000 particles tracked
end up sticking to the walls of the internal chambe deposits. This amount of
deposits corresponds to 15% to 20% of the totaluthinput and Harviet al. (2002)
have concluded that this criteria based on JEridca = 23.3 °C is too pessimistic. It
has been shown in the particle gun experimentshieaT-Tg)criica ONly represents the
condition at which the % deposition starts to iase significantly. This
over-estimation in the extent of particle depositabtained by Harviet al. (2002) is
very likely due to the fact that the model stipatat 100% deposition for TP 23.3

°C, which is not the case.

Woo et al. (2008) have evaluated the accuracy of differenyingr models
implemented in CFD simulation of spray dryer. Thewe also implemented a wall
boundary condition based on the concept of critiegbcity. To the best of the
author’s knowledge, this particular study is théyame that has implemented such an
approach to determine the particle deposition pisipg Woo et al. (2008) have
prescribed a critical velocity ¢ of 0.02 m/s and 8 m/s for particles and droplets,
respectively. Particles are classified as havingpeture content less than 30%wt and
droplets have a moisture content greater than 30%iag critical velocity criteria
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used is based on the normal velocity componertiefrhpinging particles, thus it can
also be termed the critical normal velocity. Instlapproach, particles are considered
to deposit if the normal velocity is less than 0. Otherwise, the particles will
rebound from the surface with a restitution coéint of 0.8. However, Woet al.
(2008) have not given any supporting evidence & thoice of critical normal
velocity and coefficient of restitution. The matdrof interest to be spray dried in
their study is a sucrose-maltodextrin solutionhAligh it is different from skim milk,

it is believed its deposition behaviour will alse bignificantly affected by the T4T
condition (Foster, 2005), as sucrose has the saohecolar weight as lactose. Thus,
the single criterion also involves simplifying assutions as the critical normal

velocity is likely to change with varying TgT

5.5.3 Development of Wall Boundary Condition

This section seeks to develop a CFD wall boundandition for skim milk powder,
based on the results from the particle gun experimeldeally, the model should

have the following features:

(a) The model should be based on a kinetic energy balarodel for the impinging
particles.
(b) The model should be able to describe the increaspgsition propensity of SMP

particles with increasing Tyllevel.

(c) The model should be able to capture the evolvingpsié morphology observed

experimentally with increasing TyTevel.

The model is formulated according to Equation 512 &.5 and is based on the

rationale that there exists one single critical oegl for particle deposition
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corresponding to each level of TzA single particle size of 3(m is used for most of
the model development. This particle size is thaesas the ) of the sieved fraction
(< 45 um). The < 45um fraction is also fitted with a Rosin Rammler dsttion,
which is also modelled in CFD. The experimentalrapeg condition chosen for the
model development is at 10.3 m/s average air Jglodiecause sufficient
experimental data and deposit photographs are adgilfor this condition. It is
recognized that the critical velocity for depogitis likely to be a function of particle
size, even at the same §-[EBvel. However, a more detailed experimental st
looks at particle bouncing behaviour at the singkaticle level is required to
understand such a patrticle-size dependency. Thissjst accepted as a limitation of

the current model and may be an area for futurearef.

The model is written through the Fluent UDF templ&ir Discrete Phase Model
(DPM) boundary conditions. A condensed versionhef YDF is presented below for

explanation and the full detail of the UDF is shawi\ppendix 2.

Eloss = 0.5 * particlemass * Vcriticalnormal * Vcriticalnormal;
Einormal = 0.5 * particlemass * normal_velocity * normal_velocity;
Erebound = Einormal - Eloss;

Erebound = MAX (Erebound, 0);

Vreboundnormal = sqrt(2 * Erebound / particlemass);

if (Erebound == 0)

{

f1= fopen("D:\\55 walla.txt","a");

fprintf(f1,"%d %e %e %e %e %e %e \n",p->part_id,normal_velocity, tangential_velocity,P_POS(p)[0], P_POS(p)[1],
P_POS(p)[2], P_MASS(p));

fclose(fl);

p->stream_index=-1;

return PATH_ABORT,

}
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else
{
for(i=0; i<idim; i++)
p->state.V[i] *= 1; /* 1 is the tan COR, this computes rebound tan_velocity in vector form */
for(i=0; i<idim; i++)
p->state.V[i]-= Vreboundnormal * normal[i]; /* 1 is the normal COR, this computes rebound normal velocity in vector
form */
for(i=0; i<idim; i++)
p->state0.V[i] = p->state.V[il;
return PATH_ACTIVE;

}

Substitution of Equation 5.5 into Equation 5.2 k&l

1mV2 :lmvz —lmv2

2 normal,r 2 normal,i 2 normal,cr (56)
In the UDF above, a critical normal velocity (Meal normai IN UDF; Viomaler IN
Equation 5.6) is assumed for each CFD run. At thietpf particle impact, the energy
dissipated due to the critical normal velocityubsacted from the normal component
of the particle impinging kinetic energy. If thghit hand side of Equation 5.6 is equal
to or less than zero, the particle is considerede@aptured by the wall. The UDF
then writes its deposition position in the x-y atdioate to a text file and terminates its
trajectory calculation. If the right hand side afuation 5.6 is greater than zero, then a
part of the kinetic energy is not dissipated atfitiastailable for rebound. This excess
kinetic energy is converted back to the normal e#yocomponent of the rebounding
particle. In this case, the tangential velocityagsumed to retain its original value.
There are limited evidences in the literature ssggg that tangential component of

particle kinetic energy is also dissipated to sosméent (Xuet al, 1993). Upon
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impact, some particles may rotate along the surbsfere lifting off and a certain
portion of the tangential kinetic energy is expahtevards lifting part of the particle
surface to sustain its rotational motion. While #reergy dissipation mechanisms in
the normal direction have been well establishedll(\&@aal, 1990; Konstandopolus,
2006), the coefficient of restitution for the tangal component needs further
research and setting this to unity in this thesisacknowledged as a simplifying

assumption.

With the particle gun exit air velocity and the e size held constant in the CFD
model, the only variable of interest is the critinarmal velocity. It is not knowma
priori the exact relationship between the critical norweobcity and T-. However,
considering the average air velocity in the pagtigln was thought to be 4.5 m/s and
the maximum centre line velocity was thought toabeund 6 m/s, it is expected the
maximum particle impinging velocity will not excedlte maximum. The resultant %
deposition and deposit morphology for the casevefage particle size of 30m is

shown in Figure 5.16 (a) through to 5.16 (Q).

The size of the plot in Figure 5.16 correspondh&oactual size of the collection plate
used in the experiment, i.e. 164 mm x 136 mm. Tiaedying trend shown by these
figures is very distinct. As the critical normalleeity for deposition is increased from
0.1 m/s to 1.5 m/s, the % deposition also incre&ses 9.2% to 56.7% (Figure 5.17).
This trend is similar to the experimental obseatdf increasing % deposition with
increasing T-F (Figure 5.18). This supports the modelling approathusing the

critical normal velocity for deposition as a suhge for T-T,.
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Figure 5.16 (e) % deposition and deposit morphologat critical normal
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Figure 5.16 (f) % deposition and deposit morphologat critical normal
velocity = 1.25 m/s.
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Figure 5.16 (g) % deposition and deposit morphologst critical normal
velocity = 1.5 m/s.

Accompanying this increase in % deposition is theldion of the deposit
morphology. At low critical velocity (corresponding low levels of stickiness),
particles tend not to deposit at the central region the collection plate. This is
because the normal impinging jet and the radial jgaklose to the plate centre have
significant momentum, which also leads to relagMalrge particle impact velocities
there. Further away from the centre, both the tasigl jet and particle velocity will
level off and the condition becomes favourable garticle deposition. The centre
clear ring of no deposition observed in Figure 5gk8s progressively smaller with
increasing critical normal velocity until it finglldisappears at between 1.25 and
1.5 m/s. These values (1.25 m/s and 1.5 m/s) dativiedy low compared to the
average CFD jet velocity of 4.5 m/s. However, Fg&r4 shows that the velocity
along the jet axis rapidly declines to zero asplage is approached. At a distance of
0.1 D above the plate (1.1 mm) the velocity jusiwabthe stagnation zone is in range

of 1.6 m/s to 2 m/s, as shown in Figure 5.6. Plagideposited in the central region of
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the plate do not necessarily result from first ictpaThus, the CFD prediction of the
deposit clear ring disappearing at in the velocityge of 1.25 m/s to 1.5 m/s seems

reasonable.

This evolving deposit morphology is in good vis@greement with experimental
observations that have been shown in Figure 3.9 Appendix 1. For model
interpretation, the photographs of the experiméntabserved deposit morphology
for the condition of 10.3 m/s air velocity and <#4#n particle size have been
compared with the CFD simulation at 4.5 m/s. Tlze sif the clear ring from both the

CFD simulation and experiments is specifically caneal.

To derive the relationship between J-&and CFD critical normal velocity  the
respective deposition results are plotted in Figud& and Figure 5.18. The,\& 0
m/s (Figure 5.18) corresponds to the onset of déposat (T-Tg)crtca in Figure 5.17.

Both CFD and experimental results are summariz&alote 5.1.

Table 5.1 % Deposition as a function of T-§ and critical normal velocity.

Experimental CFD
T-Tg % Dep Vn % Dep
DegC m/s
14.3 19.0 0.10 9.2
15.0 8.0 0.25 16.1
19.6 12.9 0.50 26.3
21.6 7.7 0.75 35.2
25.7 30.3 1.00 42.6
28.0 30.3 1.25 49.8
31.9 39.4 1.50 56.7
33.2 28.8
35.9 48.7
36.4 44.8
37.1 45.4
40.7 46.9
41.1 52.4
46.0 52.1
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R°=0.86

60

50T

40 |

301

% Deposition

20T

107

0 10 20 30 40 50
T-Tg (DegC)

Figure 5.17 Experimental % deposition versus T-J for SMP, d(0.5) of
30 um, jet velocity 10.3 m/s, H/D ratio of 4 and (T-F)criicar Of 8.2 °C.

% DepF 7.96+33.67 Vn
R =0.99

% Deposition

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
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Figure 5.18 CFD % deposition versus Yfor 30 um particles, jet velocity 4.5
m/s and H/D ratio of 4.
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Figure 5.18 shows that the results from CFD sinmuaére similar to the particle gun
experimental results and can also be fitted wilinear regression line as a first order
approximation. The resultant fitted first order retsdfor both the experiment and

CFD simulation are

% Deposition=-12.3+1.499(T - T,) (5.7)

and

% Deposition = 7.96 + 33.6,V (5.8)

Equations 5.7 and 5.8 can be equated to match tdeglsitions experimental with

the % deposition CFD to derive, s a function of T-J.

V,=0.0445 (T-F) - 0.6 [m/s] (5.9)
Unfortunately Equation 5.9 is unlikely to be vabdcause of the different CFD and
experimental jet velocities used. It is anticipatieat a higher CFD jet velocity of 10.3
m/s would require higher particle capture velositie give CFD deposition % that
match experimental deposition %.
A relationship can also be established for the GE8ults between Mand deposit

morphology in terms the centre clean ring diamedsrshown in Figure 5.19. The

centre clear ring diameter decreases logarithnyieath increasing V.

ClearRing Diameter=10.59-37.52log(V,) (5.10)

Substituting Equation 5.9 for,\feads to

ClearRing Diameter=10.59- 37.52l0g|0.0445 T - T,) - 06| (5.11)
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Figure 5.19 Regression plot of CFD simulation restd, clear ring diameter
against V.
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Figure 5.20 Comparison of experimentally observedeposit clear ring
diameter with CFD prediction using Equation 5.11.
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The predicted clear ring diameter is shown in Feg.20 together with the
experimentally measured values assuming similagl$euf % deposition. It is seen
that the diameters predicted by the CFD boundandition are consistently lower
than the experimental values. The difference getgel then smaller with increasing
T-T4 and has a maximum of 40 mm at J-af 20 °C. At T-T, levels above 33 °C, the
difference is negligible. This difference may beda the lower average velocity used

in the CFD models compared to the experimentas test

In general, the CFD wall boundary condition hasresemated the rate of deposit
morphology evolution in the low critical velocityamge and predicted correctly the
trend of narrowing clear ring diameter with incregsT-Ty. The lack of agreement in
the clear rings absolute dimension between the rinat@nd experimental values is,

however, a limitation of the current model.

5.5.4 Angle of Impact and Wall Boundary Condition

In the current model, the energy dissipative meisinas have been assumed to be
operative only in the normal direction of impacheTltangential velocity at point of
impact is assumed to play no part in particle dejeosand rebound. Part of this
assumption is due to the scarcity of existing ditere that investigates the effect of

impact angle.

Figure 5.21 shows a selected number of particjediaries from the CFD simulation.
For demonstration purpose, the wall boundary canditas been set to “reflect” and
the lines are the path lines of the particless Been in Figure 5.21 that the first point
of particle impact is located at the centre of pkete. This is due to the inertia of the
particles and they only expand slightly within fae As a result, particles will collide

with the wall with their velocity predominantly ithe wall direction. Particles
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rebounding off the plate after first impacts arers& spread out radially due to their
entrainment in the radial wall jet. Most of the @ed impacts take place in an area
still within the corresponding area of the pipeisTis due to the rebounding particles
being caught up in the jet going in the wall direet Subsequent particle-surface
impacts still occur, with particles bouncing alaheir trajectories. Due to the change
in direction of the particle trajectories, theirgact velocities now have a higher

tangential velocity to normal velocity ratio thdrose of the first two impacts.

Particle Traces Colored by Particle ID

Figure 5.21 Particle trajectories in the impingemehzone of the particle gun,
CFD simulation, H/D 4, jet velocity 10.3 m/s.

Konstandopoulos (2006) is one of few authors testigate the criteria for particle
deposition/rebound at oblique impact, i.e. the mog particle has a significant
tangential velocity component. The author has psedothat there exists a critical

angle of incidence for particle deposition.
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n

a, = arctarE://—tj (5.12)

or

V .
(V_tj <tan(,) for deposition to occur (5.13)

n

1 <2
Ex i =5mvi

Figure 5.22 lllustration of angle of incidence foran impinging particle, Xu
and Willeke (1993).

As shown in Figure 5.22¢, is the angle of incidence relative to the normaland

V, are the tangential and normal velocity of the iotjpey particle, respectively. At

normal angle of incidenceg, equals zero and so is the ratigW4. As the angle of

impact gets more acute;/V, also increases proportionally. Motivated by a nanf
experiments that have studied particle impact onlindycal surfaces,
Konstandopoulos (2006) postulates that beyond tecalriangle of incidence (or a
critical V¢/V,, ratio), impacting particles cannot stick even tjilouts normal velocity

of impact still fulfils the criteria of ¥ < Vy, «it. The author fitted his model to the
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experimental data of Wang and John (1988), who istludhe impaction of

monodisperse ammonium fluorescein particles omlstss steel cylinders and arrived
at a value of VW, = 2.752. Similarly, a W, = 6.88 has been found to yield good
agreement with experiments involving biologicaltmdes impacting on glass rods by

Aylor and Ferrandino (1985). No experimental datavailable for milk powder.

A modification of the original UDF in the CFD sination has been made to include

the W/V, effect. Simulation has been run for the extrenseaaf case of YW,= 30,

corresponding to @ = 88°, for a number of critical normal velocity. d$if the

particle impacts the surface with @W, greater than 30, = 88°) it will rebound and

vice versa. The results are shown in Appendix 3thadnclusion of the extra criteria
does slow down the rate of deposit morphology eiaiu However, in the absence of
experimental data at low velocities and a wide eaf impact angles it is not
possible to validate the influence of the/\W; term in the CFD simulation. It is
recommended that future particle gun research tveedaout in this area using a small
plate around 20mm diameter in order to controldbetact velocity and the contact

angle.

5.5.5 Particle Size Effects

An attempt has been made to incorporate the futlgba size distribution used in the
actual particle gun experiment in the CFD simulatid-luent has a built-in

Rosin-Rammler particle distribution function foidlpurpose, which is defined by

~(dy /d,)"

Y, =e (5.14)

In Equation 5.14d is the particle sized is the size constan,is the size distribution
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parameter andy is the mass fraction of particles of diameter grethand (Fluent

User Guide). For the particle size distributionduia the CFD simulation (< 4fpm),

d andn are found to be 4fim and 2.99, respectively. The minimum and maximum

diameters of the particle size are 156 and 88um. Figure 5.23 shows the actual

particle size distribution and the fitted Rosin-Ralar distribution.

1.0 ®
0.8 ® Yd (Experimental)
— Yd (Rosin-Rammler)
06T
=
04r
02r
0.0 * * ' * * * -
10 20 30 40 50 60 70 80 90 100

Particle Size (um)

Figure 5.23 Fitted Rosin-Rammler particle size distbution.

It has been found that Fluent does not generatecaral distribution in the particle
size as dictated by the Rosin-Rammler functionh®atthe software allocates a mass
fraction to each particle representative of theiR&&ammler distribution. This results
in an equal number of particles in each size foactlt has been decided to evaluate
the contribution to the total % deposition at eéarel of V, from particles in the
different size fractions. For this purpose, thaltoiumber of particles deposited have

been divided into ten size fractions, with eactctiom having the same number of
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original injections, i.e. 1000 each. The data fus tis shown in Appendix 4. The
contribution to total % deposition for four of tken size fractions is shown in Figure

5.24 as a function of vV

ZOL
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Figure 5.24 Effect of particle size on the % deposon with increasing V.

It is seen in Figure 5.24 that the two fractionshefavier particles (particle size
>73.5um) consistently contribute less to the total % degmn at all levels of ¥.
This trend is more pronounced ag &pproaches zero, corresponding to the least
sticky state, and the two large fractions are deedrop towards 0% mass fraction
very rapidly. Interestingly, particles in the middiize fraction (51.8m < d, < 59um)
have a higher deposition propensity than that efstmallest size fraction (22u8n <

d, < 30.1pm) at intermediate levels of v The reason for this is not clear but
probably is due to the fact that small particles raore easily entrained in the wall jet
flow and carried out of the flow domain. Howevéiisttrend is reversed at low levels
of V,,, where the contribution from the 22uén < d, < 30.1um is seen to shoot up.
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This overall trend is in agreement with the expenmal observation that increasing

the particle size will lead to a lower % depositaira given particle stickiness level.

5.6 CONCLUSION

In this chapter, the particle gun has been modedigdan impingement jet setup
through CFD. It is found for the H/D ratio of 4 guded in this study, the jet undergoes
minimal development before impinging the surfacbug the temperature, RH and
velocity of the air jet will be very close to thalues measured experimentally at the
pipe exit. CFD simulation of particle depositionshalso been carried out for the
finest particle fraction. A wall boundary conditias developed with Fluent’s User
Define Function for estimating the particle stiglound behaviour at impaction
surface. The concept of a critical normal depositelocity is implemented in the
UDF and the resultant % deposition and deposit hmggy show a similar trend as
that observed experimentally. However, the moded beerestimated the rate of
deposit morphology evolution. More experimental kgoare needed in this area to
study the dependency of deposition behaviour otigasize and tangential velocity,
possibly with PIV or other particle imaging systerharger scale experiment, such as

wind tunnel study of particle deposition, is alsocammended.
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CHAPTER 6 - CONCLUSIONS AND
RECOMMENDATIONS

A review of existing stickiness testing methodsdairy powders has been given. It is
agreed by the author that the particle gun testiges the closest simulation to actual
spray drying and duct particle conveying proce$® particle gun test is based on the
adhesion dynamics of particles and is more quaiviétahan other methods. It allows
the experimentation of variables such as participact velocity through the air jet

velocity, which is difficult or not possible in @hmethods.

The (T-Tg)critical Criteria as determined from the particle gun test be an ambiguous
measure of the onset of deposition because theatioint is strongly affected by the
air jet flow dynamics and the particle size disitibn of the milk powder. However,

T-T4 is a good measure of the stickiness of the particl

Modifications of the particle gun rig have beenriear out in this work. The flow
orientation is changed from vertical to horizorttaensure that only particles stuck to
the plate are considered as deposited. The distzetogeen the Perspex pipe exit and
impingement plate has been shortened to 44 mm d&/Bnratio of 4. Higher H/D
ratios result in a more developed and cooler fethe T-Ty level and particle velocity

is significantly different from those measuredhra pipe exit.

Three velocity values below 20 m/s have been uséle experiments. It is found for
bulk skim milk powders, increasing the velocityrfrd0.3 m/s to 19.4 m/s increased
(T-Tg)eritica from 18.6 °C to 39.0 °C. Increasing the partidteesfrom a d(0.5) of
30 um to 61um increases the (Tglitica from 8.2 °C to 18.6 °C at 10.3 m/s, and from
14.8 °C to 39.0 °C for 19.4 m/s. It is concludedttim addition to the particle surface
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stickiness, the kinetic energy of particles alss & important role in determining the
outcomes of particle deposition. At higher velastithe particles have more kinetic
energy, and for the same level of stickiness andems likely to stick. Similarly, large

diameter particles have more kinetic energy, ardtmo less likely to stick.

The patrticle gun test has demonstrated that parntieposition is a two-step process.
Firstly, the particles need to arrive at the walie subsequent interaction between the
particles and the wall, depending on the surfamkisess level and particle kinetic
energy, will result in either particle stick or mind. Interesting deposit morphology
has been observed experimentally, alongside theease in % deposition. At low
stickiness levels, particles tend to deposit atpgwgphery of the collection plate, with
a relatively large clear zone at the centre. Wittreasing T-§, the location of particle
deposition gets gradually closer to the plate eerstind finally the clear zone
disappears. This means that the deposits on thectioh plate have resulted from

multiple collision and rebound events.

It has been shown that the setup of the partictergyis similar to an impingement
jet, which is characterized by the free jet zongpingement zone and radial wall jet
zone. Computational fluid dynamics (CFD) softwataelit has been employed to
model the impingement jet. The SSd-c« turbulence model together with an
appropriate mesh has been shown to model the spiggse jet flow correctly.

Fluent's Discrete Phase Model together with theyedidpersion model are used for

simulating the trajectories of the particles.

It has been realised that the default wall boundaption offered by Fluent is
insufficient for modelling purpose. Experimentaityhas been observed that particle
deposition is mainly a function of the T-level and thus CFD modelling should be
able to capture this feature. A wall boundary ctiadihas been developed through
the User Defined Function of Fluent. The conceptacoéritical normal deposition
velocity has been applied in the code as a nunieidzstitute for T-J. Results show
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that increasing the critical normal deposition eélpleads to increased % deposition,
which shows similar trends with experimental resulMoreover, the trend of
decreasing centre clear zone of no deposition kss leen captured well by the

model, although the rate of deposit evolution heenboverestimated by the model.

It is expected that the critical velocity for depims will be a function of particle size.
However, current experimental resources are insafft for this finer detail. The
Particle Imaging Velocimetry recently acquired e tUniversity of Waikato can
possibly be further employed to track individual rtiides and study their
stick/rebound behaviours in more detail. CFD maxglshould also be carried out for
wind tunnel particle deposition studies, when theesimental results become

available for comparison.

The sticky point curve has been commonly employednilk powder plants and
specifies a safe region of spray drying to avoidvger stickiness and deposition.
Results from this study show that the sticky pautve is a significant function of
both the velocity and particle size distributioms,addition to T-F. The standard
operating condition of the rig adopted by past aedeers is 20 m/s air velocity,

although this may be closer to 50 m/s.

It is recommended that plant and pilot scale datadllected and analysed for the
velocity and particle size distributions presentdifferent parts of the dryer and
exhaust ducts so more concrete conclusions can lbleemade on the optimal

conveying air velocity and duct geometry to be arat
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APPENDIX 1 - PHOTOGRAPHS OF
DEPOSIT MORPHOLOGY

Al.1 Air Velocity of 10.3 m/s and ¢g<45um Particle fraction

Figure A1l.1 Deposit morphology at air velocity of 0.3 m/s and <45um
particle fraction. T-T ; = 15 °C; % Dep = 8.0 %, Centre Clear Ring
Diameter = 80mm.
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Figure A1.2 Deposit morphology at air velocity of 0.3 m/s and <45um
particle fraction. T-T y = 14.3 °C; % Dep = 19.0 %; Centre Clear Ring
Diameter = 72 mm.

Figure A1.3 Deposit morphology at air velocity of 0.3 m/s and <45um
particle fraction. T-T ; = 19.6 °C; % Dep = 12.9 %; Centre Clear Ring
Diameter = 68 mm.
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Figure A1.4 Deposit morphology at air velocity of 0.3 m/s and <45um
particle fraction. T-T y = 25.7 °C; % Dep = 30.3 %; Centre Clear Ring
Diameter = 42 mm.

Figure A1.5 Deposit morphology at air velocity of 0.3 m/s and <45um
particle fraction. T-T ; = 31.9 °C; % Dep = 39.4 %; Centre Clear Ring
Diameter = 30 mm.
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Figure A1.6 Deposit morphology at air velocity of 0.3 m/s and <45um
particle fraction. T-T y = 35.9 °C; % Dep = 48.7 %; Centre Clear Ring
Diameter = 11.5 mm.

Figure A1.7 Deposit morphology at air velocity of 0.3 m/s and <45um
particle fraction. T-T ; = 36.4 °C; % Dep = 44.8 %; Centre Clear Ring
Diameter = 19.4 mm.
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Al.2 Air Velocity of 10.3 m/s, 4am<d,<63um Particle Size

Figure A1.8 Deposit morphology at air velocity of 0.3 m/s and
45um<d,<63um particle fraction. T-T g = 17.0 °C; % Dep = 6.39 %.

Figure A1.9 Deposit morphology at air velocity of 0.3 m/s and
45um<d,<63um particle fraction. T-T 4 = 25.1 °C; % Dep = 14.27 %.
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Figure A1.10 Deposit morphology at air velocity o.0.3 m/s and

45um<d,<63um particle fraction. T-T 4

28.8 °C; % Dep = 28.98 %.

Figure A1.11 Deposit morphology at air velocity 0fl0.3 m/s and

45um<d,<63um particle fraction. T-T 4

31.9 °C; % Dep = 32.10 %
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Figure A1.12 Deposit morphology at air velocity 0.0.3 m/s and
45um<d,<63um particle fraction. T-T g = 37.6 °C; % Dep = 34.12 %

Figure A1.13 Deposit morphology at air velocity 0.0.3 m/s and
45um<d,<63um particle fraction. T-T g = 44.6 °C; % Dep = 44.08 %
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Al1.3 Air Velocity of 10.3 m/s and Bulk Particle Sie

Figure A1.14 Deposit morphology at air velocity 0.0.3 m/s and bulk
particle fraction. T-T 4 = 20.7 °C; % Dep = 3.20 %.

-,

Figure A1.15 Deposit morphology at air velocity 0fl0.3 m/s and bulk particle
fraction. T-T y = 24.8 °C; % Dep = 5.12 %.
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Figure A1.16 Deposit morphology at air velocity o.0.3 m/s and bulk
particle fraction. T-T g = 27.2 °C; % Dep = 8.30 %.

Figure A1.17 Deposit morphology at air velocity 0.0.3 m/s and bulk
particle fraction. T-T ; = 30.5 °C; % Dep = 13.48 %.
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Figure A1.18 Deposit morphology at air velocity o.0.3 m/s and bulk
particle fraction. T-T 4 = 33.0 °C; % Dep = 12.9 %.

Figure A1.19 Deposit morphology at air velocity o.0.3 m/s and bulk
particle fraction. T-T y = 310.3 °C; % Dep = 23.27 %.
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Figure A1.20 Deposit morphology at air velocity o.0.3 m/s and bulk
particle fraction. T-T ; = 37.2 °C; % Dep = 19.20 %.

Figure A1.21 Deposit morphology at air velocity 0.0.3 m/s and bulk
particle fraction. T-T g = 42.7 °C; % Dep = 13.04 %.
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Al.4 Air Velocity of 14.8 m/s and Bulk Particle Sie

Figure A1.22 Deposit morphology at air velocity 0fLl4.8 m/s and bulk
particle fraction. T-T 4 = 15.3 °C; % Dep = 0.05 %.

Figure A1.23 Deposit morphology at air velocity 0fil4.8 m/s and bulk
particle fraction. T-T g = 21.4 °C; % Dep = 0.4 %.
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Figure A1.24 Deposit morphology at air velocity 0fil4.8 m/s and bulk
particle fraction. T-T 4 = 25.9 °C; % Dep = 1.38 %.

E

Figure A1.25 Deposit morphology at air velocity 0fl4.8 m/s and bulk
particle fraction. T-T g = 29.4 °C; % Dep = 1.47 %.
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Figure A1.26 Deposit morphology at air velocity ofL4.8 m/s and bulk
particle fraction. T-T 4 = 35.1 °C; % Dep = 3.82 %.

Figure A1.27 Deposit morphology at air velocity ofl4.8 m/s and bulk
particle fraction. T-T 4 = 37.5 °C; % Dep = 9.28 %.
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Figure A1.28 Deposit morphology at air velocity ofL4.8 m/s and bulk
particle fraction. T-T ; = 40.0 °C; % Dep = 21.13 %.

Figure A1.29 Deposit morphology at air velocity ofl4.8 m/s and bulk
particle fraction. T-T ; = 42.7 °C; % Dep = 26.07 %.
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A1.5 Air Velocity of 10.3 m/s and ¢<45um Particle Size, 45°

of Impact

Figure A1.30 Deposit morphology at air velocity ofL0.3 m/s, ¢<45um
particle size and 45° of impact. T-| = 16.6 °C; % Dep = 3.52 %.

Figure A1.31 Deposit morphology at air velocity 0f.0.3 m/s, ¢<45um
particle size and 45° of impact. T-T = 210.3 °C; % Dep = 14.23 %.
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Figure A1.32 Deposit morphology at air velocity 0fL0.3 m/s, ¢<45um
particle size and 45° of impact. T-| = 33.1 °C; % Dep = 25.51 %.

Figure A1.33 Deposit morphology at air velocity 0fL0.3 m/s, ¢<45um
particle size and 45° of impact. T- = 38.4 °C; % Dep = 37.96 %.
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@<45um
%.

; % Dep =45.74

42.9 °C;

Figure A1.34 Deposit morphology at air velocity 0.0.3 m/s

particle size and 45° of impact. T-J

@<45um
%.

=47.7 °C; % Dep = 49.47

Figure A1.35 Deposit morphology at air velocity 0.0.3 m/s

particle size and 45° of impact. T-J
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APPENDIX 2- UDF IMPLMENTED IN
FLUENT CONSIDERING ONLY THE
CRITICAL NORMAL VELOCITY FOR
DEPOSITION

/* wall boundary condition for inert particles */
#include "udf.h"

DEFINE_DPM_BC(walla,p,t,f,f _normal,dim)
{

real normal_velocity = 0.;

real tangential_velocity;

real total_absolute_velocity;

FILE * f1;

real normal[3];

inti, idim = dim;

real NV_VEC(x);

real particlemass = P_MASS(p);

real Vcriticalnormal = 2;

real Eloss;

real Erebound;

real Einormal;

real Vreboundnormal;

#if RP_2D
/* dim is always 2 in 2D compilation. Need spétiaatment for 2d
axisymmetric and swirl flows */
if (rp_axi_swirl)
{
real R = sqrt(p->state.pos[1]*p->state.pos{1]
p->state.pos[2]*p->state.pok[2]
if (R > 1.e-20)
{
idim = 3;
normal[0] = f_normal[O];

167



normal[1] = (f_normal[1]*p->state.pos[R)
normal[2] = (f_normal[1]*p->state.pos[Z})

}

else

{
for (i=0; i<idim; i++)
normal[i] = f_normal[i];

}

else
#endif

for (i=0; i<idim; i++)
normal[i] = f_normall[i];

if(p->type==DPM_TYPE_INERT)

if (NNULLP(t)) && (THREAD_TYPE(t) == THREAD F_WALL))

F_CENTROID(x,f,1);

total_absolute_velocity = NV_MAG(p->state.V);

/* next compute normal velocity. */

for(i=0; i<idim; i++)
normal_velocity += p->state.V[i]*normal[if* this produces a scalar */

/* Subtract off normal velocity to get tangentialocity */
for(i=0; i<idim; i++)
p->state.V[i] -= normal_velocity*normal[i]{*this produces a vector which is the
orginal velocity less the normal velocity */
tangential_velocity = NV_MAG(p->state.V); /* thémlculates absolute tangential velocity from
vector less normal velocity */

Eloss = 0.5 * particlemass * Vcriticalnormal * kticalnormal;

Einormal = 0.5 * particlemass * normal_velocitpédrmal_velocity;
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Erebound = Einormal - Eloss;
Erebound = MAX (Erebound, 0);

Vreboundnormal = sqrt(2 * Erebound / particlemass

if (Erebound == 0)

f1= fopen("D:\\55 walla.txt","a");

fprintf(f1,"%d  %e %e %e %e %e %e \n",p->parthajmal velocity,
tangential_velocity,P_POS(p)[0], P_POS(p)[1], P_RYI], P_MASS(p));

fclose(fl); /* close the file pointed to by f1 *

p->stream_index=-1;

return PATH_ABORT,

else
for(i=0; i<idim; i++)
p->state.V[i] *= 1; /* 1 is the tan COR, thiermputes rebound tan_velocity in vector form */
for(i=0; i<idim; i++)
p->state.VJi]-= Vreboundnormal * normal[i]; % is the normal COR, this computes rebound

normal velocity in vector form */

for(i=0; i<idim; i++)
p->state0.V[i] = p->state.V]i];

return PATH_ACTIVE; } } }
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APPENDIX 3 - CFD SIMULATION OF

PARTICLE DEPOSITION, WITH VT/VN< 30

INCLUDED

Vn=0.01 m/s, Vt/Vn<3
%Dep=6.3%
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Figure A3.1 Deposit morphology for the CFD simulawn with V, = 0.01 m/s,

V/Vn<30.
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VNn=0.05 m/s, Vt/Vn<3
%Dep=6.7%
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Figure A3.2 Deposit morphology for the CFD simulan with V, = 0.05 m/s,
V/V,<30.
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Figure A3.3 Deposit morphology for the CFD simulatn with V,, = 0.1 m/s,
V/V,<30.
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Vn = 0.25 m/s, Vt/Vn<3
%Dep = 15.2 ¢

80

Figure A3.4 Deposit morphology for the CFD simulan with V, = 0.25 m/s,
V/V,<30.

Vn=0.5 m/s, Vt/Vn<3i
%Dep=26.4°
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Figure A3.5 Deposit morphology for the CFD simulatn with V,, = 0.5 m/s,
V/V,<30.
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Vn = 0.75 m/s, Vt/Vn<3
%Dep = 35.2 ¢
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Figure A3.6 Deposit morphology for the CFD simulan with V, = 0.75 m/s,
V/V,<30.
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%Dep=41.1°
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Figure A3.7 Deposit morphology for the CFD simulatn with V,, = 1 m/s,
V/V,<30.
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Vn = 1.25 m/s, Vt/Vn<3
%Dep = 49.3¢

20T

80

Figure A3.8 Deposit morphology for the CFD simulan with V, = 1.25 m/s,
V/Vn<30.
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APPENDIX 4 - CONTRIBUTION TO THE
TOTAL %DEPOSITED PARTICLES FROM
EACH PARTICLE SIZE FRACTION

Table A4.1. Contributions to total %deposition from different particle size
classes.

\h (s 2 15 15 1 B 05 05 01 006 aaL

Tota Nunber Deposited 6530 5696 Lr71 435 I 04 AN 1ns8 o7 26

No. of <28um @l &1 55 503 44 A3 23 116 &2 3B
% 101 109 18 115 124 13 n1 100 88 128

No. o 28um<db<Viur 672 @b 55 433 48 86 16 10 80 %
% 102 106 102 99 97 95 75 86 13 186

No. o DIum<dh<F3ur 69 578 15 48 32 57 1 D0 3 &3
% 105 101 100 98 90 85 72 78 103 23

No. of 37.3um<dp<46ur 710 56 4D 452 363 0 185 1® A 3
% 108 103 100 103 101 106 84 94 133 179

No. of 446um<dp<EL8ur 798 663 5D 47 A4 318 27 107 67 z
% 122 116 11 102 101 105 103 92 95 91

No. of 5L.8um<dp<®um 70 @2 a7 B2 L4 M 2 117 76 3
% nz 116 122 126 ns 114 110 101 107 105

No.of Bum<dp<®B3un &0 633 55 549 457 3 316 1% D 19
% 104 11 12 125 »7 129 144 17 127 64

Nb. of 63um<ch<B5ur 56 81 421 30 3D A Py 13 & 7
% 80 84 85 89 100 110 128 149 120 24

No. f 735um<cp <08 56 231 38 30 A 8 2 i A 2
% 80 76 7.6 78 82 79 101 107 76 07

No. of 808um<dp<8Bum 59 436 374 21 219 1% 1% &6 % 1
% 81 7.7 75 64 61 64 71 74 37 03
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