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Nomencl atur e

S‘nax

S‘def

Particle Projected Area

Water Activity

GAB Model (Energy of Absorbance)
Capillary Viscous Number
Diameter

Gordon Taylor Constant
Viscosity-M/W Ratio Growth Rate Constant
Screw Speed

Particle Projected Perimeter
Maximum Pore Saturation
Deformation Number

Temperature

Glass Transition Temperature

Granule Collision Velocity

Relative Velocity

Work of Adhesion

Moisture Content (Wet Basis)

GAB Model (Monolayer Moisture Value)
Granule Dynamic Yield Strength
Fraction of Component A

Fraction of Component B



Greek Letters

Deformation Value
Shear Rate
Minimum Porosity
Binder Viscosity
Granule Density
Liquid Density
Particle Density
Shear Stress

Ribbon Porosity

Abbreviati ons

DE

FBG
HSG

HSWG
L/S
MgSt
M/W
PIV

TSG
RC

BET

Dextrose Equivalent
Fluidised Bed Granulator
High Shear Granulator

High Shear Wet Granulation
Liquid to Solid

Magnesium Stearate
Maltodextrin/Water

Particle Image Velocimetry
Twin Screw Granulator
Roller Compactor

BrunauetEmmettTeller
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The work presented in this thesis centres on th

current granul ation practices can beThedeaegtoad ,t &
suitable starting point to del wehaitntics tGriasnut ap

Granul athaosi ze enl argement process wheretfoine, p
form | arger structures known as granules. This &
bi ndernsec hhaingihc al stresses or applied heat.

The next rel ewWhaynti squGrsatniuolna Grsanui ap ipo ep@tw@ant
process across a diverse range of industries frr
focuses on the application of Grvahneurlea t Groaan uplraotcie

carried fooutl ofwdrngt hreeasons:

T I mpr bavreddl i ng -@r el pastritoinescan be used to increas:
both of which, improve particle flowability
T I mproved hodnogegeigtryanul ation different comp

togepgtheventi ng any downstream segregation an:

T Consumer atceephamge i nspafacel emosphel agyg res
tproduct col whiirerdahnadn cteesx tiutrse appeal t o consume
Thereoanalddssi onal reasocmns rwéeylc lipmagas olvanigopr oduc
| idreeln a migpeci al functigoptl i mtiees ndifsosroliuntsitoann creat e
releasewpiodubtghlights the i mportance of granul
To complete the overview into gr athouw aitsi oGir,a ntuhlea tr

carri ehiout 2 here are a wide variety of granul at
either wet granulation or dry granul ati on. I n we
l iquid binder, while ini drtyymiraalullyata oxnt,r drhgg aoam

two different pathways for aggl omeration wil/ b e
NKO=JqW] | ¢cUzsidc¢caqRYU

Wet Granul ation describbendea apddedes ® whmeradfhd ak ied
l iquid forms imdegipmgtpoweerbrpageiscl es to adher

generally divided into three distinct stages wh



ot her depending on t hWe tgt&dwngill @atoiron Twlei Ehrdeésestia
where a liquid drop is first introduced into the
to form a | iquid richi snu@dredolgirdaantuilen & h@o anlexsc &
the granules experience densification which squ
granul e sucduwuxiemggesckner of separate graeules a
size. The final st avpé chs dAastcri bieen theBbeazhkh&kge o

dutedest rfucrtdevse i nsi de the granul at oFi gIlfelsile st ag:¢

(1) Wetting & Nucleation

(i1) Attrition & Breakage
« ®
. . .. ’ "
B B8,
. 2 - (“ .
®

Fi gulrtTehtehr ee main stages of wet granulation. The Wetting at
the |liquid droplet and the powder to form a nuclei granu
densi ficati on nmwmadl eir ogmtahn wlfe st htehsreough coal escence. The At

breakage experienced by the granul seudétfelcl]ese I mpact wi't

NIOSIKNg q RUNWE UT W e HGWE qRYU

During wetting, the binder droplet first contact
as the wetting zone. The binder then penetrates
of weak, porous, bieddegreehtouwhiechgwanhuieg.odhb

bet ween the binder and the powdeThewha cahr @ st vao udii

mechani sms under which the for Datitom baoimietv.isa wen n L



The primary factor t hat determines the nucleati
nucl eation occurs when the binder droplet size |
I n this scenario bindeondrlhel susf gcadaohl pbyi macwy
surfaces of these particles are sufficiently we
| mmer sion nucleation occurs when the Dbinder dro
t his, ctahsee bi mdnener deseplaemtd absorbs primary partic
gr anul . @d@3e dependence between binder droplnet si z
Fi glh2[el]

a. O ‘0 @ o
®) e O —>
05° Tee® 0o°
Solid Binder Distribution Coalescence

Fi gl e S$étohve dependence between binder droplet size and nucl
when the binder droplet size is similar in size or smaller
the binder ldaogértthanmulgd] pri mary particles
Al ternatively, nucleation can be described as ei
controlled nucleation occurs when the spray fl ux
bed. Under these cehdigbiesnsnone liondieonér oplc!| ei

di stribution reflects the droplet size distribut
fluxes and when dropl et penetration ismail ew. Ui
together on theThewthéexi bgdcendifBicens present wi
dominate the dispersion of this binder and wil/l

nucl eati on mechanibsent aiuss ed riotp |l eeta dcso nttor oal Bodr € con

NO=93=Ut YOG RT ¢ qRYUWec UT W9 YecaWt #YUHRDIW

Once created, the nuclei granule starts to exper
forces can come from a multitude of imparcdeesviiimc
granul atorcompre Rl ean ammder the powder bed wei gt

par tiinc ltelset grmowd ei nwards which squeezes the mor e
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rface. This densificati oMdTpeooeds svarsg kooemens

sults in the granule surface becoming wetter e
l'1ide resulting in adhesion and the formation
e liquid | ayer ore tclag adr &n wlfeencdrwryfi godd itmuges ttc o |
icker the | iqdi dssithgmse ehleliiggpbetber, i Consol i da
anule to best utili g iatcs i migndeer rteam epvr d haet é i aa
rfakesuccessful collision between two similar

coal escence while the successful cokhiossihon be
|l ayering. As these stages repeatedly cycl e,

nsolidation happens toilnegdheamdalidaadidn tegxtodntl
ridaoe@ping below the critical amount needed fo

nder available to promote growWtlH and no furt he
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a granule experiences growth due to coal escel

e a result of the agitative fgarameud airn coohéi gi

ui pgmeanntul e col | i si onhse. glrfantuhlee biosn dniontg swirtohnign etn
rces, then breakage occurs. This results in ¢t}
agrmdigt s

rthermore, depending on the granul ator and t he

anul eisndgr ryd enrgg @ | o n g(ssi wdeeh garsa niunl atthieo nk | Urihd iss ed yB en
sults in the decreaseAidedrin gasidndgi midrede wi d¢dnthe
ss deafnodr nvatbbdl kee m¢ amie mp riet siussbepakdpBstbwacti ve fo
the [gtlanul ator

N HO=20In RUN

Af
ev
br
st

as

gr

ter the granul ation step, the granufl@&]s Aare t
aporation occurs from the |iquid bridges, the
idges between particles. This drying step is ¢
ickier, which werséees imedowhandleiamgppoocpss. |
it commardlspsiust ih gaamdl| a dedudweadttsdamifcd ol
ownhess the water is removed
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Al wet granulators wutilise a |liquidthiendemnetral
wet granul ati on Spatthway 1lpr2es elrhteednaiim di fference
the agitation that i s used to Thaibidle rhees epnotwsd etrh eb e
granul ators represented in this swhuflyegB[d7]t he ac
presents a schemaegircandilbagrodimgbf Sbaamherwam@ | Bwiom s
utilise amgeicthaatniiocnalt o achi eve mi)XxGirmg.yl lantotrihse ac arsoet
i mpeller while in tGheangyaddtdest -atohpea i Trwinpef as Bcooheewhse. ,

thé&l ui Bede@r anun aupwamnudse sflaow of air to flaidise
in |l ocal air velocity and rebound effects from

particl es.

Tabllle Granul ators studied in this thesis alongside the sour
We Gr anul at or Agitation Ty
Hi gh Gharaul at or |l mpel l er
Twin Scaeawl at or CeRot ating Scre
Fl ui di Gean Bleat or Fl ui di si ng Ai
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|l @onttroaswet granul ati on, dry granul ation does nc
adhesion process. Instead, strong mechanical for
particl es. This densi fi cadti loenr ptulsdhte st hdhei mparmda e
forces and the mechanical interl|l &dliggg nlygeti e eom e
bat ch, dry granulation where slugs or tablets &
compabat i s formed then undergoes mill[ighlg to

Comparativel vy, Rol |l er Compaction is by far t he

continuous nature. A schematriecs edrii agdi[aed] no fRoRd lelrer
Compaction, the powder i s f ewhibceht waepepnl itewso ac osuunftf
compressive force to produce a ribbon compact. T
by a flake crusher. T h e s eb rferaakgsm etnhtjgsmotahosws . ejnotaenru |
Granule size is smeehaglsyededtnertrhienend |By ntghes ystem

Compaction Crushing

Hopper emptying

Rollers

Screw feeder

Ribbon

Figlu4« eSchematic overview of the Roller Compaction process
powder particles t form a ribbon. This is followed by Cr
t

0 o
figure, he diMialll isn@agef inlveod[@lef | akes to form gr é

rr 4
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Sustainability is an aspect of food production t
by increased soci al awareness by the public ant
governance of natur al rersboaur c e ;i sassi owmes| It oa sf irgend

Sustainabifatcgted taopnud tand t here are many ways

energy consumption with a higher energy consumpt

7



production costs. Another relevant metric i s mat
of natur al resources, polilhctrieaskdad o csdvactt ieo g e
made mor e scuosmbasimmd lelre aby waste by increasing gran
stage. Granul ation can alpoodguecanmssticelct or et berpt
degradation during storage and reduce material \
produwaé egrams the final metric by which sustainab

granules faster result in the more efficient use
NIOPR Gt LWt TOD HIYER 2Idé JWN G It R
N FOP KB\ 1

The overall aim of this thesis is tobyecbascdesus
both the procelshss samd Itlhebepraocdhucetved by meeting t

T Comprehensietdley savadalaioata b ie kg raadn wlkahteidon t echnol
appl i edntdo mos esittsuirted v ehowdBPeser mi ni ng which te
are the most sustainabl e wildl hel p food man
choosing production pathways.

1 Deevl tpowl edge of how uncontroll wdt agghomkatt
Uncontrolled aggl omeration ( knewan dasmociaskti unrge
sensamowvpephowder s adwer wpadrmenutlaati on, which res
and high | evels of material waste.

f Pr opnoosvgerlanul e microstructures that are more I
during storage. This is aimed at preventing
mor e sugt anporhoadduect s wihteh.fallidmrger

T Evalaanewly proposed granul ation technology a
route for amorphous food powdé¢mugdihTelyifse aesviabliula
of the process with amorphous food powders a

established granul ation technol ogi es

NHPNG=IJt Rt W8 21J1 2 RIS

This section presents an outline of the thesis v

contributes dt cswartas nearbh d n dBl e ans et hneo tfeo otdh a tn deuasct hr

written i nFpgpive sfudrloivestdashe di fferent experi ment e
ot her .

Chaptwirl 12 present the literatuiatreduowpefigdt ketsh jpd
amor phousppowtiecal | g, it wiltlhGhiagb!| Tghnhst heonmpe

8



which is a key <consideratimmmi nichiepflitenses tshtesdgr arbu

technol ogies wildl be presented in depth by disci
sustainability Iliterature covering eTalcer Ilgirtaenrud tau
review will itdemticfoynmich ggtdtehdygaps in the | iteratu
47 7 .

Chaptewi | B present t he wor king principles behi

characterising equipment used throughout the the

Chapterl 14 present the work carried oeustt aebv a lsitheetdi
granul ation technologies by considering their e
product attributes such as fl €walpitleirt y4 odd nscslou
recommesrdiem@l t ool s t as hsdlpe dtootdh enamptf idrmcatsverger o d u
onprocess sustainabil it $usatnadi nfgibni: idiektng i f v n cstuisd mad |

granul ati on rt efcohondo | porgoi deusc tfioo n

Chapdwipdesent the development of the first High
the Glass Trang) tgamametmpre.r afhuirse r(elgi me map i s ai
regi onc onnhterroel | ed aggl omarkatnigon( wham hoé sura &redg cau
can be Swsotiadield n?. 1l @ i e/n t materi al waste due to wur

during granul ation

Chapteevel oped a novel met hod to produce a mul ti
The benefayesr efmitchroossulneuek teadi md tghe naul elsf dluirfi en
and preventing humias teyv 8lud veeond i Diglhviztlywtpimemt of o

humi dity resistant granule structures to prevent

Chaptwirl |17 present the appbipbdsliom Sdr eaw v@ranuleateir
ommor phous .fThhedappyoedrd at uat e processvselfepsti béeliirmrys
map for a Dry Twin Scifee Gegihembiamepheippbeseislsl e m
and an Oidealf@®ropeireabplreo druecg.iiadnmt onfi | doacd nigcth ardel dsy
sustainability of ttohitshepreostals!| iSsuhsetdae |nsatbniohnd £ g g |

Eval uatioew, sustainable granulation technologi e
Chaptwirl 18 concl uvadredutmmea rfiisred itatfgest hii gh It ihgelsti s .

ChaptweduYgest futurethhatnuaenr bd expleared to furt

and theories presented in this worKk



Chapter 4 highlighted High Shear Granulation as the
most energy efficient wet granulator. Chapter 5 aims
to solve the major issue of powder caking in the unit

Chapter 4
Selecting the Optimal
Granulation Pathway by
Considering Sustainability
and Suitability

The most energy efficient
granulation technologies identified
in Chapter 4 were used to develop a
layered granule microstructure that
extends shelf life during storage

Comparing a novel new type of granulation to
the traditional methods evaluated in Chapter 4

Fi gl eVisualises t

Chapter 5

Development of a High Shear Wet Granulation
Regime Map to Avoid Caking in Heat Sensitive

Amorphous Food Powders

Chapter 6

Layered Granulation to Extend the Shelf Life of

Granular Systems

Chapter 7

Binderless Twin Screw Granulation for
Amorphous Food Powders

he

rel

at

ionship between

10
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A suitable starting point for the I|iteragure re
specifically f oesuswhaidehen pMa Imsaw &€ dptorwdrefirthea rse ft dhrees,i ¢
t hisgcti on wi || outline t he key properties of

Mal todextrins, which can i mpact t hwei |Idgr annutlraotd uoche

princirpdgei mendmaps asevalgatbddivat hoRBhha bndhantol ogmmo

metric ulsweat et opreovcae ss sustainability is the ene
review wil|l al so cover the existing |literature
t echnoHiogdleley.,| i t er atcome byawingw fwiilnlg t he exi stin
and state in which chapter they are addressed.

ZHNU0T 31 qeUT RUNDW GY!I G6Yet WAYsT 1JI 4

There are two main categories that are uéded to d
showiki gBf,e a crystalline powder possesses a well
ordenegedicture maxi mises the attractive intermol e
are required to disrupt it. weHlied inmeidde sn gCrpyositnatl Im
them temperature i nsensThtei vtei guhntt ipla ctkhiaatg tpoot enttla i s
reduces the solubility and hygroscopicity of the
mo | e csuulcehs as o wp & dveetarnanthanioe phous powders have a r
amangemnments. lawad&ketroand | esisn etf i @ cinathe r Gooamrpdasrinegdu ctt
Crystalline powddres inmgdidcihn gh apecei desatmm ut her e of Amo
powders means t hatastelmpye i drca dbeaelelsyu asldfyt etnhi s soft
them to transition from a gbbhasBhebréempeéeratstnmne e
transition occurs i s known ag Thader &hdem Jreanaoest
Amorphous powder also all ows small, foreign mol
structure which | eads thd ddy gquwisclopdicssgl ufTihoms thi
i mportant because farwhtoes pomweater 8t e § mo weaklears
bonds and reduces the mat rliD2T6s sGima&kesTit hdrsii nii d
conditions very important when dAntoerrpnhionuisn gp otwhdee
during gAsnshaFRvngodlliye mi x edalfpoasns iibsl e where a mat e

Crystalline and Amorphous component s.
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Amorphous region

o O o O
00000 AN o & " i
00000 .. 0
60 876009 06000 O
00000 00 6 4 o 6 %
00000 070800 gl
Crystalline O O
00000 e D 6 e © 6 6°
Crystalline form Mixed form Amorphous form
(Ordered molecular arrangement) (Coexistence of amorphous and crystalline regions) (Randomly molecular arrangement)

of crystalline, amorpho

Fi g2alr e Example mol ecul ar structures
t he Amoarprhaorugsddfidonrtm s hows a

a regubaderwedl l attice while

Mal todextrin is the generic umbrella name given
from eiacher orhenzymatic controlled hyldouodyesiwsniotf
which are cd4dmgdeacctossd dbhby (dInkagse twolgyimer sd of wvar
mol ecul alrhewgDEg kt r 0 s e nHoulrievparleesnetnN)t s t he reducing
Mal todextrin. aPDEe n8S8maechoha® while Gl,andse ha
Mal t odextrinndedrmweep|l 23HdAd it haegPE nlhmbawnweirmgree amoé
wei ght decreases as the galigymevascltaindis rimedo hg 4|
aJ 1,3vho | ooked at the composition of several Mal t
that the composition of high molecular weight ol

decreased.
= FON KNG N 1 el HRIGRSYID ¢ e | 1J

The most i mportant characteristic of amorphous |
the process temperature and wateFi g@he Ant .| owhi
temperatures and | ow moisture contents, t he mai
conditions the materi al viiss cnoattse rsitailc kfyl caw.d Aesx ptee
i ncreashsednol ecul es gain sufficient energy to ove
them in place and begin to move. The temperat ul
Transition(Jamgetid at riees umaaserninal wvirsacscsuast Blogheg t

moi sture contents mean more water mol ecul es ar e

mol ecul es bond to the amorrepploamse apdodwadl ee x i fatmidn @ sn &
of intermolecular bonds. This reduces the activa
the structure. This | davdg ht onoti Is¢ I# BT cdoang mehatderc r
increase in powderGl a&samerietmpogne a taroev,e tihes more p
viscous fl owhibeciomeseasediwni saocueafsledwstamcki agsl
i ncreaselliemebsxsc essuwvege ainded aggl omdurnt hgngoanthat

12



which is knédwnvaesychkpghgtemperatures and moi stu

bet ween particles fuse and the physical[ B4Jructur

Liguid flow

Temperature

Glassy State

Water Content

Figaz el mpact of system temperature and water content on t
l'iquid flow) deaf ladrhor phous pow

The rel atweersht pebmoi sture compemat awae | I$ amarTil &I
using theaylGmde¢drimhT ch i s Egeaéhoheéd mondeli awdy i ni
devel oped to prediearpetrrag uGlea 0§ Thrianmsiyt'YaamdTp ho u s
Yo are the ¢assmpdctpiuvee Tcomphoch&mdad ar & éamad sB f acti on
components A and B imaytllne mioxntsuraeat Tk Gor deomrdT a
accounts for the tswaemgtthe otf wa nhiere@ coo momo meht §y. O
using rubber pio$ ywiedsliyhtihtcesacanioudrdeb e e na ppwew ¢ n t too
model t he ch@lngses i Tregrpseidiaitaur eT due t o dhid@Mmgi ng mc
In this, scempore@mtelsé& nssr @ powder while component
Gl ass Treampseirtaitoinesell oafmbwae mts @ 0 ensn® u i-ly3 StAAMBdipn as
l'iterature.

y © Yy QY
@ D

EquaZ2l on

Literanetikeest éfgn rdt her than T;hed@tfd mmda svtatl huee)s
domi nantthdtacdsbdtheerhneivnieour of amor phaosagiapeorivdetf sal F
determtnéedet daf or matailotno doeexntarviino uprarofi cMes was de
bet wteheen system teTgpatrheéwur ehlgdv)allwedsacdfu t hose par ¢
Pal 4@t ermined t hoaltTot beer plaataencd t we | | with the coc
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amor ploavders dur jwhg Istdadp el itghnlgi ght ed theTO mport ar
deter mmoir ppougr powbaeti on behaviourhaeuchamggiRod | £t
of amorphous powders from glassy to viscous is |
the granul ation process whare tcompeéeraattdrye iand]| mc

rr g
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Generally, an increasing DE number correl ates wi
Figla3 eThis I ewbBPEanember Maltodextrins are comp!
These |l ong chain polymers form a much more exte

hi gh DE Mawhiocdhe xdme nsloomtedc i aibmwp ®IEy nvearl g logdae xt r i
experience significambfernangyhempbfielengegamogaea
chai ned pcoaluysheer breakage of the bondi ng Intest wiomr k

| ow DE Mal t oddxgtnriifn sc abasVv iantghisg med aT moi st ure cor
count grpaT2eed ef fect of DE grade whl IGIl besomeanmphbd
wh e mp atrhienggr anul ati on of these powders heocause

each oottt htemsystaem t eGepneerrastburrpeghhous powders show t

observed here with Maltodextrins, where materi a
mol ecul ar chains possess |l ower Glass Transition
450
@ DES
¢ DEI2
400F, "~ = DE21
i,y Mg S A DE29
50k THe e Nae * DE38
7~~~ ~\\ L \\.\ \‘.\\\
o0 ~ % < N "
\\ -~ \N‘I\\\\\
= 300} sy X LN
Pt TUE 2T P g S
250 ™ Wy gy S Sy
e gt S, ol B
A s llrne
200 1 1 1 L 1 =
0 0.05 0.1 0.15 0.2 0.25 0.3
Y, )
Fi g2 el mpact of moisture content on the Gl asKi ghabBEi ti on
Mal t odextri ngdsdidsupel ayo Itohweerr Tcomposi ti on including shorte
entangl ement and[R&}Ye weaker bonding
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The high solubility of Maltodextrin powder means
with varying properties based on Edr oHFamupumdeer &
24i ndi cates that t hewatiercomiixtyurods Mad t.oafeaxm dte hme
concentrati &ngB4(esOuai)ge/ddni scosity appears to dec
with increagi2ZfdTIDEs naghiem can be explained by <co
of | ow DE Mal todextrins. When added to water, t !
boewli t h the water molecules and experience great
a more orderegplossagsiceurae oguhe wthen, resebat anog to a
[ 28he Maltodextrin concentratioshoiwRi g3beFeing xrteur e
25di spl ays visabentvumil d ® deearassd mtgr ati on wi th | ow I
showing the staomhéstarnéemeasesaseThinsvi scossty wi't
attributed to the disproportionate increase 1in
bonding that occurs as the Mahitsodleexadds nt a oancreori li
the resistance to {Ré6w2d8hd therefore viscosity
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5 10 15 20 DE
Fig2ad el mpact of DE n uNMmebletro doeoxntereisnt oat tHPn( e n&0@l § ydmt her e |
relationship between DEomauemftdrajtainadn vi scosi ty at
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Fi g25 e | mpMealtt codceoxntcreinnt r at i on ofncaref & e igo fa dwis conscietnyt r at i on i
so does the effective viscosity. Low DE Maltodefx®25iQn show

ZIONKEY | G6Yet WGYsT I WHRUT RUNWGAGIWAG ¢ URY G

The unique phase changes displayed by amorphous

di fferent amaeemaniFsmEdeienThe first mechani sm is t
bridges during wet ,ghenwhaeronn Dhereiseg bdi Yigeg e
solid precipitatediaddhdraasni sbesd@hbégadBes mechani
formation of sinter bmatdedreisadeTlait sr ectbgwbisavth p@as s
causes Glass Transition to. oEleeaul andgt hesmausr b
into the gaps between particles | eads to the for
mechani s#wliastvicsde fiocrlneast iaorne acso npparrets sed t oget her
area bet weenalpsardtuicd Ineggs tvhtei Idée st ance bet ween parti
increased Van der Waal forces of attraction and
Compa¢®i3doR9]
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dryin N
R HC i
e
PRy s ; : visco-elastic
liquid bridge dried liquid bridge sinter bridge dofaiics

FigagcRossi bdenlg mechani sms .f olrh éamfooibrnpghieoeuma tpioovrd ead tshdatyyui d br i

to form s(owhidchriisdgtelse primary bondi Themsekamids msf o hewé tor gn

bridges due to gviasscso us afnlsaw i ofn mantdeurcieadl . The final bindir

Waal s attracti veel asotricce sd edfuoer maot i(vavhsicdbhr i sgt bempr é snairgnbondi
dry gramnald3lati on)

ZHOERNGMEGNE2 G ¢ qRY U

The High Shear Gr anubgatteohrul(aHS®@)n iusnia wehti ch achi
rotatinghi mpa@gl laeld.lussttkrirgtiid@gsehteynpi c al Hi gh Shear We

( HSWG) process first involves a dry mixing stag
|l iquid binder is added, and i mpeller speed is al
The finathpnotdakeéewmswmald yWdriimeda yYyrRIrgi dios @d oBleudt eD t he
This section wildl introduce the current regi me

|l iterature on the energy efficiency of the proce
SSRGS WES el W) 1 ¢VUeti¢qRYUWANNRG W~ ¢ Gt

Thmo svte | | adompreallreengsiimee map f or Hi gh Shear Gr ani
l veson ahdalhdtesepFeéga@neeldhei maepmhareact eri ses t he
behaviour depehdi mgt ioamd KermkkeerMaxi mum nBor eT h&at ur
Deformati oempNaembrtrs the extent of deformation ex
on the gr @9)ul grdaemnugiet ¥ @)l lainsd otnh ev eglroacni utlye dy na mi c
Me a n whiel eMfla xtt mum Pore Saturation represents the
the L/S ratio {sw), mpmirmi e caches igtihyey (Jifi Fgiuvied kdeeyn s i
regions are evident in this map: The dry free f

regi ognr,ameee h region and the slurry region.

I n drhye free f | owhmwmygSsweititmer e i s insufficient Dbinc
nucl ei gr anuwleesso.n Adlmdhdolusgthat €r t hat t he formati on ¢
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i's possi bl ef icohmplaice i raangeisdhn @ s emfoiuagiheat thley Viamc de a <
Waal s forces of attr actbioatnb g et haehrb.o iMemprt ti EEpwpir yn par |
there is sufficient binder to form nuslubefageantbl
the guabkeperoduced i n tghriasn uleeg igorno vitoh pdnucamiotemes c 0o a |l
region, the stresses applied on the granule are
by vtYdey ®kef or mat i).n MNhuimberesults inntbt Adngeakagal
t hat exi st 3i0n this region

Thg anurloewtgh c@mgiloe described as steady, i nductio
Def or mati.on INunmbheer gr abDef es mhtv,enanNdnecdaetuirng t hat

eastihegn t hey voitlelardywpBhri pgc8owtaldy d@r anul es under
deformation and consolidati daridsr i mg g idnetd @ewregerana v u |
granaundssqueezes |liquid to the granule surface.

suref agpcr omot es bondi ng and sctaeuasdeitslhyglirhamse Itey psei zoef tgor
is typically shown by coarse, narrow amndedowar:t
surface de@Grsanwl ebsi nt hat deform | ess and consol i
Deformati pnumNdenbgo rlonwdlmectiingn I@ducti on Gr owt h, [
undearmgoi miduicpalh avlreer e t he gr anuloempsalacwldyt hkee d a ngeusi
gr adwsaluleyezed ouwt f.dicetto et hger oswt h e t d wrdsu @dhiarsiren gt |
Event aalkl sl ow omarksecsl itdhaet i gmanul e sur f aceanwet en (
granul e si ze |liemmdri enags et so. gAespd kdh g raonwotuhnt of bi nder
duration of the i.ndikits onypdhasekt deowkehsées assoc
binders withAa hogh sasoopattgn appr oraecgeersd |1e0s0s%, o
t heef or mati aa OHlumbeles become,lseuardfiancge twe ta vreapyi d
granul e sjeamd uddlowevarpoint st ormachedi gwhéedei nheih
can | ead to excessive |liqgqguid bridge formation in
whi ckhndas®ver wettlitng an afl sroma te® aurwrbygmraatnhud ees bec o

satur at eadn dietlhoksi gubstdr uctur al i[n3t0ejgr ity |l eading toc

Tkl veson 4gmdeélgiitmatherap i s Ppireg2sibeas ebdeen validated
studneBl8SG ad2] drum [g3 a.ndikhiat a lfsuor tbheeern dlevveesl conp eedt bay
[ 3690 better establidhrthkRrachouredameg conditi ons
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Dry” | “Crumb” |
Free- . Slurry/
F;OWIng ______________ j ....... ........----u---c-i-n-”'----”:: Over.wet
Powder:.-' : Steady : Mass
: Growth Rapid '1_.
. : . Growth:
IncreaS!r.Ig  Increasing Growth Rate .
Deformation| .- Nycleation SN
Number, | Only
2 ] §
De =p U'/Y, Induction  *.
“._Decreasing Induction Time ™.
0 100%

Maximum Pore Saturation,
srrnu = Wp 3(1- min)/ p ﬁmin

Fi g2 eHi gh Sheaegn@ran udiastploanyiRng di fferent mix behaviours ¢

Maxi mum pore saturation. KDeryy rReeggiioonns, hNugchlleiagthitoend Qnnlcyl uRdeeg ito
Region and Gregn pld&] Gr owt h R

Sant oma[sdpitedduacled a regi me mapambarsyesdt aolnl ignrea nsuu gaat
wi t h whaitcehr i si Ppire23etmé dt @ar It We ma pl we sogm sagnddo blyi t st
t hDeef or mati pinn Nuimbercasye ipseseadetdo aseP@BPtesent t h
of the granul es. However, in this case€pitlhlearpyor i
Vi scMWuunsber (Ca*) whi ch HBqsu akédwohnadeiels atclteo r lii mdje t ov i s

is the relatjisvethel worky odnadadWesi on.

. . — 0
6 &b ——
w

Equatd on

The regi me map [b3biSeMmltiognatsso tetatalt he gr owt h mech
Ca* value -dwgan hmi MCCr es. At Capillary Viscous N
via a steady growth mechanism. While at Capillar
via an inducti ohhgrrmoaed hMn@ cehiame s dhcoown ttahiinciknegni ng |
sugars suchadaser astneoh dtyhegr owt h tmeacshe nc & mg avihn il rec
thickening power asdlgearred stucchtwiaee cSpueco idshi®esc aiuss e

l iquid bridges in mixes with high thickeandig pow
thereforteher dsoulgiradmamwinb aotf def orm and c.dms el meatnes t

an induction pesgodnubksestn®egdtdcdswfrf itdieent [Ay wet f
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Ca* value of 1 indicates the boundary condition

point where viscobss fwopcks hdgml nghes the i mpor
granul ation which is a key variabl&0fhat is omit
1.0E+0g |
- Crumb regime : @® Sucrose
_______________ | R P e
Tardos et al. (1998) : B Sorbitol
1'0E-1§ < I ¥ Mannitol
'Vv : < Xylitol
1.0E 2‘ . :
OE-2F e
— - Steady growth I Viscous forces
= [ regime < | dominating
3 | |
0 OB === L e N oo Qs st i PR
4 : Capillary forces | F
dominating : < 8
i i @
1.0E-4¢ i
E Induction : - L,
- regime :
1.0E-5—— i e e
0.01 0.1 1 10 100
ca’ [-]

Fi g28& e Hi gh Sheari nte dmaglhd tiigcdhnt imegg t he i mportance of viscosi
Systenmsagwrshof high(tShicclesr®i n®oppnvedoc ea nvdi sXcyd u stwlesit i f f | i q
granul ated M™iitsh rwadwreaes the deformation experienced by grar
growtMeanwhil e | ow t((hNMarkmsintisatlg mzo werodsicgar more deformabl e g

quick consolidationwah36lexperienced steady gr

The issue with these regime maps can be expl ai
devel opment. This igerecamlulsyapap lriecga lmee mamp titse po
to prodeg@&le&sGi tregihme maps were developed via expe

materials and many of the experiments insliterat
mat eri al s i nclausdeusgddashsy blajd 8 84t iramyah ri LaipaB slee r o n
Ore fines haanldc opF@EreyretGl | i aeohwpndiadisde cM ystalline

[ 3.6]Therebappkicahel rty when consi daemoirmpphotucsghby s
i's in doubt.

Z0=B@=t q¢ RU¢ ARGORq! WRUWc RNSWESWe! W] 1 ¢Ued

Whitlke energy consumption during High Shear Gr a’
usually done with the aim of optimising pmocess

fact the | ink bet weperno cpeoswse rb echHoS8nGsi tonaiprtsioonns tahnedh g t h
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[ 31 ates that it is tHher pirnPsspa mi AT adtloatl ed otr h 1SS
consumed in the HSG with the ai m dffeaindvBrettief, yeitng
al] 39boked at changing trends in power consumpti o
its sui amipirloicteyssf eaontrblurneeomér eps woarkdi es hav

the Iink between tplheveab icloinksguymtpgiri aorownliagnag 442 ] ty at
However, none of t he shaudimetsi oanppwiotaltiher d mle@e gg )
sustainability perspective.

pe "s ,r

ZHO0s RUWEHI Ws W] I ¢Uedc¢caqRYU

ThEBwiScr@mwanul at or is composed of a | onmgotbhatrirred
scraws!| ustFri gt ®h eé nbhasrfriesgrui ppedmwit bated temper at
which enable them to heat and coolThtehes tproewdgetrh noi
TSG is in the versatility of the screw configur
of possible screw el ement saswltsibogrhvge2®vehh € hi ralabd @c
a great deal ofutprotesheséeeypiobisli bi g. eDement s,
Kneadliemmeret s ( EYyomment hedmase the only t.wyphls of
the nameConggyisn ga red epmreinmhasr i |y used to transport
thepyoMiede mi xi ng «ro mplaeodphogtrpeesl eonidMea s wKnkadi ng

El e meamptpd y sat rhenstls génerate a vemytihBerpowdel Xxi hlge £4d
El e meanrtes attached t ogeltohceks t bo f a mml Khmei axdihnagg r aBeetf if ce
of the kneading block increases with block | engt
Simultanddheslicyonveying action of the kneading bl
angl &hi s means that at one extreme, an offset P>
mi xbog rwislull t i n poweitAd d drev eanihreg f o 8t eegmegl/ded o f
provide a | essemrenmianicreg t édpfofweeatn alegti nhigiel passage of
mat erlinalbse.t webelhhe g rheees eqf f set s can be achieved to
mi xi ng andg 48odvéyi
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Fi g2% eVarious possi kclhe isnccrl euvd ee |Coomeyratys evgi icd te meahn édiBY SAn g E
Cutter Elementsl|l e@epnt €ombBE) BMimKnke @ NBEg ow Toloetneendt FNE,w iStg E
Mi xing El ements | (0@G)KEadBH Kneadi ng B

As vVvi siumilgis3@mr i ng t he process, powder i s added a
along by the motion of the screwwhd&eetitiguxesiw
powdeirni ttiheet emset granul ation process. The shear
configured in the screw generate the driving for

batch granul ators where the girnmMiwdieat Socnewt &gas ul

the stages are spatially separated and can be

nucl eation occurs near the |ignaatli agdiztoinen i phrath
conveying el ements. Granule consolidation and gr
kneading el ement s. Breakage and attrition are al
of kneading elatmeonnt.s Aannodt hfear ntuolnveyi ng section

granul es[ 446] the exi't

The subsescgurdrtonsulbwi |l | introduce the existing TS
l'iterature. It wi Il al so introduce a recently de
of granulating amorphousr poiwdeers. in the absence

ZIOONGNRULWEHI Us W] I ¢eUedecqRYUWANUNROGUDW~¢ G

Dhengd 4t oaluTcweidn aScr ew Granul ation Regi mduMap wh
(ba)gai nst ther mundoiBailines eorft YL /dBsF i sglar@n Tlee m on t he
axibyepresents the deformation experikEquazd dry t he
as the stress awitdendd boyn tthhee hperaasniullees sdtiaethign ¢p . o i
basedioending the torque by the maoditimad f 00bommme
compressibap tesmiong. the x axis twhbs ncdh onsge haebhi € ci at uys
' iquid to i nkilsuelmicredigmgwahti.l iTty ofttbe | iquid dE

vi scoosri tiynstFance, the more | ilg/uSad iion ttthee nmgirxe a(teg
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saturation and the Mmanelylrledi i@l elv r G\ad ggEorsoosdiutayemn. st r ¢

' i gui dwiirc dgressul ts in the formation of stronger
‘Under '," ' ’
wetted ‘: Over wetted/Paste
powder’ ‘Crumb’ \
(B =0.0192) \

-

’,"'Granules'
(B=0.0096 to
0.0158) Bigger ‘Granules’ \

hY
(B=0.0071 to 0.0075) \

L/S x Binder viscosity (Pa-S) e———

Fi g2ar6e Twin Screw Granulation regime map for a two kneadin
regi mesve(tundcarumb, granule and pastlkhndepbedmonigt opl ehef DEf
Binder NM#WStosity

Yo Qb QEMD hE 6aQ
Ol we Yo Qe "Qo

Equat2d on

The descri phengéuvbdddbyg cr i bbee ht ahwei Falugidr @i hranraky
similarities Iwdashon hamd®ijlwisteshtoddryn maps i ncluding

crbm granule and over wit xr eBiinedoeors iIA¥ y 6v ev & | ulesw t

predominantly in the under wet r egiieomt whoerree stuhle
granul adi$ ox. BAmdeorsi Yy o6t hsimbnecerreegasoend begn ntshitso d«
region, the | iquid bindinngr abwkteery, Hishe uestgrsardl

and crumble eastlrgeswikeni axsp ¢ adnhietosg sgarnauniualteo rg.r oTw

that only ssmalel pgroamnuwleme iuns et ha fs 6 iBretge rBrmesdd @ast ieV y 0

values facilitates the good granul &iS omn Bifndtelre
Vi scoisnictryeabsies remg &Isl. y F t hedlssre Bisdesée¥yidveal ues
the liquid has too great a bindingThbBIl rteygi nea thi
is onl ythgealt ed €Comfsiegut @t pomwmduhde ictaseohisalmnismg etwy
kneading Bhosks$s because changes in screw conf|
considerable extent. For example, the inclusion

el ement wbhé¢filoramdteirad htdhenbsetresses actimggeanetrhe
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and the produced strength Anf exlaenpgeami| & hwi Irlega
conveying el ement only conf i gurl[adid$o np rwehBi ecghtt ewda si nd
1A tihne Aptpe niiigh!l i ght the i mportance of screw col
Dhengd 4t aales that it is the almost i nficminte tyr
go into the designt hdt amalce ew dtloong meyetr iadfi dan r e g i
Twiaor &vanul ation very difficult.

Tu ¢M4gdlbducedegnommeheap for Twin Screw Grasulatio
depending on s.cécigRlriBoepl gysat henex pbeyr iThug¢ detrd la Imat
to evprlaucadses behaviour based on cahasncgiemng csocnrfeiwg us
with a | kmeaa®meg!| elT he cboerhraevst pooartdsi weggr e obser ved
combination of aprreocprerseb ipgaftkedimeitier se key zones in
bl ocked zone, the granullan itome zlmlnec keend 2z dhree ,e xtt hr a
exceeded the safety rating of the motor and the
and the scfé@pat st lddoaktmlefaadri n gc csnefgingetnhitae s i b ended
occutrhesdiroavw cfPOeddmurm t o the hi ghthé¢ cbnadriwteiloni i | |
increased the requilmed htehrgauaghhud watt i foomr czeo n e, t he
measured which showed the distribution narrowed
increasing L/S ratio. The | ast zone wasytlae ext
L/'S ratiobéls)xgrkatet héeéhmhx bethhanaspdedd adepasi bedW
teRPobhl and K48bnghtgtdecal | o eTut cett ad i ncoher ent

fi guwrroes . nshteanucsee of | pwgh(exr)e axn di sft(al poegh(axu)a)et ei z g e t
ax(iads expHiag2aw@ma kens it hard to draw conclusions |
the process parameters used. This |l eads to a co
maps to their descriptors in the text and | imits
E-_. L ~—~~~|EO||EO4 }——~|EO7|E|0 } e b

3 K o : :

g L P : ;
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[ | 1

06 07 08 09 | |
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Experiment

R LS ratio (w/w)
indicators

Figalrle The L/ S ratides eandt usad @dWyab ylpadnugk estiandg Inegs csreegame n t

configbaahiemtry represents an experiment al condi tion. F

experi meatatrewdB8@etepgdmoand L/ S ratio of 0.6. This above m
showing the regime descoinpdi[itdo70s sat each of the |
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Fi g2r2e Proposed Twin Screw Granulation regime map for a sci
for the granulation of MCC PH 102 and PEG. ThFsghlaleri x cor
ifor example, the top |l eft graph represents Experiment EOL1

coordinate refers to the |l og of the granule aperture si ze
funcotfiackn® aéé®@ where x is the @Wranuhe mpsstimaetrviabefmdt ke i
top si zeiTohfe ibnltoecrkvead r egi on indicates the conditions where
and shutdown occurred. The extrudate region indicates the

remaining graphs rsohwvih trheeyi gorna muwnlda ttihcen tgypi cal gfé4nhl e si ze

ZoEe= qc RUCHROR! WRUWI WaqWNs RUWEHI s W] |
Simi tarityhwe Hi gh 8keateisparncthhat dwi n 8afseowbnBedh nul a
evaluating power <consumpti on ,Rysc haa epfrdoBckeds| sa Act cendt r
power consumption as a tool t[ o5 @npor nkietdo ro ng raa naud rer
bet ween power consumption and granule shape. Li
point of power <toairats mymp iroenl i dabrliengi ndi cat or for
achilyedbur]t helrwmonr eScr ew Granulation I|iterature f
describe power conTsaunmpgetbi@dad.d R chre dxeamp iseclrueam € otahde
effect of for mul atnidons, crleiwTu$ pds ei dng reawtaislo osaadiiakt ¢f caelr
function of torque and power[ bclopbnoskuendp taito nt. h eMei anmpwa
process parameters such aspescrepmavasgreeedrf & thpt ho o
the unit. The abdencenefr gybsdnl ufthes8 jwdolrikesi§ &rt | eTta na |
highlights a trend in TSG | iterat urseu bwhieertremseen er g

This makesuthseeasehoto evaluate process sustaine
Z 00200 WNs RUWEHI Us W] I ¢Uead¢cqRYU

A recent, novel advancement in the field of Twi n
of Mi s.siTsisiisppdesebopimenfeddf dh tah @okad&ielm#t k u[oSf&ah det al
Ye dth.6gdgfilreece hmningoé Dey Tiwenr aSculeamt iGon o ff oa npuH aart maocne
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containing an APl component and a carrier compon
transi tpiroonc.esBhebegiowslewi tmheathed ngs it passes th
Howewearr,e is taken to ensure the barrel temper a
temperature odotme apgMpomemdtsi oMsodcdrer sniixm utrlei ¢ 1
kneading block, the str dedys tdared kemnregpdgonvgi deg setmsaofrf st
energycdnori ehecompga@lenit ng oonwngleass transition. T

process converts the carrier albimpwsneint totbumcti

which f@rahultatiesn in this region. Magnes, um St ¢
wheractigs as a |l ubricant and prevent[sh.@Exicetsisn ¢ e
l'itehatghdi e ghts the importéaagamplfe teéwwal awartreide rc ar

Hydroxypropyl Cell ulwistelaramide rEtt hatl e fCied H suil oaslel)y d
easily and have a better bindiogmpagWltiilog sgiemiull &

to melt granul ati on, this technology uses far
degradation of sehS§86bilbréyp TAWINn cSocrmpéosn eGit gl ly a tnioore |
of fersi al proitvealt to Roller Compaction for the dry
Existing research into this new techniqgue has

degradbhté&d®hi ng the process and evaluating the pe

tabletting. Therefor e, i nformation on the effect
and key granul e attrirbeutiess Iliismistpeadr siler fe aHtormeetivi eosnc r
configuration, screw ampeéegr amul ¢ hsiozghput on yi e

S ncedrtyhigsr gpmwlcetsisorn s driven by the kneading bl o
tbavet maongon mpapyioeleE®er i nstance, the presence ¢
found to increase the granular yield. This was a
di stri bunoiren pamdedatn megd or gl ass transition of th
the kneadialgb ddmd kt ovalbes cxaiugrei fgircaannutl es f or med i n
undvemtr ushhegcbnveying el ements after Wared e floeg a&di

it was beneficial to place the kneadamd ibhorc&kassae
granulas5.Mgapewide | gt 6dlat esp drhadonftt daeggeded gr anul es de
as the number of kneading blocks is increased d

pass thrbughhéeéhgmanule yieldshaeddbgeanuled i pedc ar
would have |l ed to yield decreasing as the numb
Kal | aku[n55a Ténti salhi ghl i ghts how the effect of proc

depending on the size classification of the yiel

Meanwhcirleew sspeed was found to decrease thde granu

residence time at high screw speeds resulting in
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and allowing |l ess ti[me5,f500h gtrlreenudtat e ronhdmd,ocicuc
increased yield due to the higher compdphisomnsstr
supported by t h[eb6@whoor ksionfi | Yaer | ¢t falund t hat the f
increasing bamoma@riiilcll ell ewadle ndguwcd bptoaneH ieg kmegrg | mamrerr ea
temper ataursenu nwdlerteo result in a higher yield due t
sinter bridges[&6]high temperatures

KNG e RT R T W7T W] 1 ¢UetdcqRYU

A FlseieBGr anul at or i s sthyappiactlacl hl ygaaa ndud ra tesargri& tee d i n
Powder is first pshtaicend cmhmamber of Thédre d |l ueatied ai
chamber through a distributor plate at the bott

powdemoa®si wapnwdaredxsi ts t hrough a fine filter at t
the vessel while containing the powder inside. L
through a spray system which iematedtmerat drhe ofett
means that granuwlrast iion taamd edr windr ceac h ot her. T

the HSG and TSG wherarseprpam wmlt &t ipafoscewidti chrgy sd S G
t he TSG, this section wil/ present the relevant
associ at Eldwawdatdhe a threol ogy.

ZHOMKiNe RT RY DT W7 T W1 ¢U0etd¢caqRYUWANNDRGWW-~¢

The first regime map for Fluidieted&Bwhd Groan uli aetdi
t heweson gdmdAiljlgihe&®r eanul ati @amp oRdgitmexMer Il ment sledda
Bedr ahulTahhei an sreecgoinmle map for Fluidi sedBBedegrpnul
et[ a8hd ittheussewper ficial gas velocity and the bi
zone for good gr dowkbasemexntt hmal ewartti ngegi me maps
t hesis ar e btyhalsjz28phkle d-Aeieldep5®hi als hamweri IgRlr 3

ankEi gRrse espectTliesd yi s becausdl usbhdBe dr a m g liwemte ieona p s
produced througmoepgheusampdo isinewoosl ve t he concept (
Temper atBwortd maps use pr osdyuscite mf veinptea cad ug et iabned ptrh
behavid®dbe | iquid contentsdhfe tdhg gnasttem % (dve § dr
percentages representing[RB8dgHdewamer s t gAve V cetsy telt g t
al59]In both cases, three key regions are ident
powdef 2B¢dI[i JWwhidch occurs at high temperatures
matter percentdgss zone the | iquhdgamantexice safi v
aggl omeration starts to otclceurf drnmatthieo np oowd ec a kbeedc
defl ui di satofont h(é&iobka@rpsk) qui d contents al so de
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Temperature of the bed as the water acts as a pl

f
a
0
t

- - T O

n o Q@ < N 9 @

r

or Glass Transition to occur which increases tl
ggl omeration | eading ,ttlbe bteadmperl d tayprsee . b Clomdaergy ea
ccurs decreases aishilg2qrentli gaindddet mi ddt eagesne r e
he active zone for granulGhasenTaadsi wminadm hThemme
ol | apse tFeingRéri@astturcekyi npoi nki g2lmlp elhnisuezene, t he
article surface is viscous enough f psrheadfglsotnaebrla
egi Bnglrdr gtagisngBIrse This occurs at [loovww moi st
emperatur es. Under these apomaidgr amwsl, e tdreo wtolwdea
ndicated by the cydliigrfatth gllyd hlei g Wieiad h tpg d ciers

mor phous particl e @rnadneurlfgdctiiimago IFVM ausd dd crefma dBteidb b & we
nd a wat el nadr @ flesaertstmiodTlhd sr whcoht phaces it within
ormetdhe high moi stdecerradselyanatk i agt € htto mat er i al n
ndergo glass transition. This produces a stick:
rowth via coal,edieermdoe.i ngOwernt i ohme f the FBG ca
ecrease and thetreefiomer @ ahxee .maTleird abr iTn g/ss htenlef gr ¢
table zone where it begins trhet &rytc| we totnicreg agrad n
s to facilitate gr obwadlo ewwhinlog dreswmen @ vietrleeed r amu
e gi mep rneaspesiFti g BamkEi gR¥4dare very wuseful in under s

mechabhewm, do not gdsracphyameteizenTeither axis.

b

e applspeditfoct peowder s ,whsiecdh tios pMaol it Go@dhedxt t@kionc oBsEl

syrup [REBZnld t hleirmiftos et hewhre nu saepfpullineeds st o t he gr a

a

mor phous powder s.
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150 ;

— calculated glass transition temp. (eq. 1) ? S
e measured glass transition temp. , U U I._l
130 1 _,__ calculated coltapse point (eq. (6): t=0.1 s) F 4
o measured collapse points
110 {4 A powder bulk during agglomeration
90 Product totally agglomerated
L .
© 70
=
s 50 o f
% lapse ofdthe s .
i powder be - = A A . .
08 m u_ agglomerated®, typical fluidised bed
& powder agglomeration process
109
-10 A
Product shelf stable
'30 _— 1 1 1)
80 85 90 95 100
Dry matter / %
Fi g2r3 |l ui di sed Bed Granulation Regi me Map for amorphous D
temperature and dry matter percentage in theomit[gZ3]eower dr
Locally wetparticle surface aw 1
180
170
160 4
150 +
140 A Liquid state
130 4
120 A
1104 ,
S 100+ Glassy state 3
< 901 :
~ agglomerate
f= 80~ ¥, Sticky zone wett{ng
70 4 {rubbery state) r
60'.:':'? ........................................................ CF S AU R Al REIL
50 - d
40+ . - - - —
304 Twater | 1 repetition
T @
0 aw 0,14 v - y v " b '
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00
aw

5.31 6.22 7.35 8.89 1117 1495 2248 g
Fi g2lrde Fl ui di sed RBeed me&r avtawpl adtoiromas eddentthe HELLem temper :

activity of Hilgdhhepamwtaitelre acti vities represent higher moi st
orange zone where the system temperature isempkp@d®lhe stic

29



ZHOMBe=t qc RUCHRGOR! WRUW[ GeRTRY JT W77 W1 ¢
Exi stingfodoi ttemathilrei di SecisBpoawaedr anad sadt mghnit by f oc L
on ways to reduce the Eaerrgwstdamala@gd tnred kteh sptr ota
energy consumption of thempuogy@pasatciondg dt be grean
dryi ngi ssepa benchmark experiment was carried ou
A series of experiments were then carried out wi
for liquid addition and thanefateonhhecdurati dhei
processing time (compared to the benchmasrpk ag/xper
in). The powder bedasuevabuahfeldu iiddni ysbendgthastt®lppa c k e ¢
separation of the granulation and drying stages
off iaxnowd st ur e contMemtn wha k seis k@ ibfeMt ¢/satli gat ed t he us.
absorbing materiadsbaudi nwignd BGeodvmeitee g ntcoasd mpt
Literature harmodilfsyi ngnveguiipgmdrtd components such
consumption|[®&f2]t he process

SHORkYGOU!l WOYGGeHqRYU

Rol |l er Compaction describes a dry granul ation me
compressive pressures onto primary bpootwide rp @wad eari c
particles to form a ribbon. This compressive st.:

phenomena which includef @ramatiicekr a @iethlr pilalgleynent ,

fracacatndr @ nt.erTlhoec kfiinrgst st age is particle rearrang
are forcadcohmsbobuigbttinfege diongmeomne and into the r
amount of space available for the particles to c
cl oser Tthoeg emiohsetr .i mport ant parameters for the pal
shape and size. The compacti on paretsistulrees ad toisreg

and through timereabkkerisn. thhei sapplied pressure c
deformation will be elastic initially but wild.l

pl astic deformation increases the ceondactease ai
particle distance during compressi on, resul ts i
attraction. Further more, this bmiegk agpplained fpragsn

This fragmentati omnglenelrcateeass ersew hssurtfoacads cont ac

the Van der Waal s ffragomesntocf pawaculcandi acamlnl fhient er |

to further increase the strength of the compact.
size to flakes by a crusher. These fl akg6.3] hen e
This section wild@ introduce the existing Roller
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could be found which evaluated the energy consun

this |iterature review.
ZIOPAONG Gl WOYAGGeHqRYUWANNRAOWW-~¢ G

Despite being a dry granulation process, t he i
Compaction process when granul ati ng amoarbpshoorubs p o
moi sture from thearyemygi mo nhseevae eb efdona $sehnotwsn t o al -
compacti omnpmr aprepratcitest he Rol | e&ror Cofhsphaooptini@o6ne ftp raolc e
found that the ribbon strength increased with mo
wel | depending on compacti dhegpeesbhangeandemei bt
par ameéeTgewi th hi gher compaction pressures resulted
moi sture cont engvsalrikesaunlwhe d ei,h 6@npasve uestgeadl t he i mpo
conditioning amorphous powders under the same en
the effect of moisture .tcooteasedropmi sexpeei ment al
severe process i samnue siasksinégs asn6 d ifpdy Jriceddicesny Rol | er
Compacting amoTipéroafsompeo,wdkaspi te being a dry gra
is a key variable to consider when determining

Compactor.

Os bo[r2ndehFdr i e § 6 @ eak notneldg gtihnee map f or Roll er Compa
di fferent bonding Tpagameset havtdr@qdso 39 [h e aviyi2id 5

Thi s i ncl ypsairoanmeotfert hwehiTch account s floartdtinceecmatr er |
makes it particularly relevant Thostmapghagtl agi

domi nant bonding mechanism depending on({lalke proc

an indicator to differentiate between the mechal
too |l ow and the material too glassy to result in
stress is i reor etahsee dVafnurdtenrerWatal s f orces become ¢
porous ribbon withbtOalmaeresisi wghehweaor @l stress
possi dependesg oni Thhe vfail rusti ©ifs ST whew, Twhere t he
consequently display a high tendency for rubber:
the materi al in this state wil!/ cause it to trar
as pcreodd va ndommddteiron cannot oicttyar whéeéhet fidcomt uev e
highd therefore glass transi ttihoen nbaetceormeasl uwillilk ed

isintering. Thesehtectngfaltbngsimierohe higher pr
ri bbon B20%eehnbreasing the nor mal stress higher
sinter flow in the material whderhsiftigdsr intmb am ywi\

a porosahy5Wwes3heéehextent of sintering at t hese
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become indistinguiWhiabéethir ®ommapchsotbesi der ed
existing regime map for Roller Compaction, it he
t he specifi onuwpsreod etsocs, pcracdduveed | i dansd tthgeé nntubmeb emat er i
used in it[s4.8level opment

Line Key: x - Van der Waals, M - Micro-sintering, \ & Sintering and A-Tg

80 0

70 Powder; L

60 - / Porous B

Ribbon :
Ribbon
50 - -
Sintered
— 40 n i -
G | L e Ribbon
~ — 0
k30 - ®=~50% i
- ’ e
®=~0%
20 - B
10 Viscous i
Paste
0 ¥ T T T T
0 100 200 300 400
Maximum normal stress (MPa)

Fi g2ar5 Rol | er R&ogmpreec tMaaaprr ploous powgdé&ranbdashd omaxTmum nor mal
di fferent regimes arel)bhiseld osn ¢c¢bereli dbbed wporlbs8Btlkey modes

der Waals Bontesjinlli g®baseriTngnandi Dawp.Aduced Vviscous

STHKZEct RUNWY NW GY!I G6Yet WAYsT It

One of the biwggeistpreomelsilse mgges powder s i s their |
describes thanscenhnoli beavhagegl omerati on occurs a
l umps called cake whiamd rmatuerisalt hef fgitdinead ay gfe ¢
in material sticking to granulator internals whi
cases. For amorphous material, this caking phenc
initi atGéd hslsy Tplhecse ¢ $§ dwhs cihn rtetseu p osetdiearkdp 8 ¢ 0 ms n g
Thi s i ncr eatshepdn osntoithceksi nntersosl | ed aggt akiCmgkt ingn claea
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occur within the granulation process and also d

l'iterature studying the ogakinugrdfi 9dhmoragRo eI VP 0 W
ZHOZKONG + + WINT ¢ UBRGRYVDIWRIVURIZ WOMMa ¢ qRY U

Literature investigating the caking phenomenon ¢
Bed Granulator. This |iterature | ooks at the cor
inside Fboe é&B&mpl i ghlhiedrhvigpéidk®aa nBi g4 denti fies t
moi sture and temperature constraints at which t
Compared to the Flbedéesed Beti Gedniyltbatabapdt ealdi
within Roll &@heCompgcsitoadyMdhhmaad] éahsiagdhhladtuadfed t h
effectompéacti on sbDIEESS caking acrosvhi ahodi deedr ar
Mal t odext rMiarh maAEeBéwu nal t hat ri bbon temperature i nj
I f the ribbon temperatur ematnecg(icaalgeTdtthe nab gmeir @t wk
a high adklhaxsiecomfbet ween t hleeadibbg.nt Boatklioe gMal tsac
DE6 used in thatstshnadydfhMPaowbuchedaased a rib
Unf ortungdfeltyhi ¢ hBRES powder was not provided by

Thereomplatk of | iterature discussingfoheHIGlass
Shear and Twin.SHoeweve@ranuahatieoms | i mit(endkonavail
gl ass trancdkiimgh prradaomasts)p hf ooursw hpooownhd ecrasn  gi ve i nsi

caking phiemomeeaoeae.Igr amlué aHo g SBreiaan sGragmelOl]ad @ & n
hi ghlighted t-bhp o0hcrae ashdidgchb diiatypded | er speeds. Thi
significant creenrtatiedugaatl hfiogrhccirstngpeel ¢ eir akbk pee dish ahlb c
and pesanodr i alAstrwislaad capxred | ayer would form which
in the granul ator and Imi ndheer eTdwi enf fS&er1eiem [eGa®drnautl ual t

showed the i mportance( nogfh asscsr etw acnosa ki io gogirc adyris avael nd) m
Lactose .arFbrMCGist ance, the inclusion of more kn
the barrel. This was attributed to the increase
experience more consolidation,swhiabesqmakized mb
sur f acevhd tcihc lpir @mo tMed nivaaksitregpf ta conveying el emen
(no kmeadiements wutilised) meant that the use of
to an increased. |TIkledddwssteh o a f thki mggressive mi
kneading el ements there would only be a |imited
powderThaeaslsi mited spreapgiofg ianded athel bowal dsed

“toxtiEc + + WRI ¢ Ut RgRYUW?1 R21IUW9 ¢t RUNW?el R

33



During storage, amor phous ipmiwglke r su mibdiotryp enov isrt ail

causes their Glass Transition Temperature to de

then the material ,undWkimglhesatgbkagdhet vamsgiotuison | o
parttimdtesf orms solid bridges and | eads to | umpi
attributes, making them unsuitable for use. The

-

epr es drteeldlp dryamet er with T refl ectgrred ltelce i sgort
torage[ Aaupdudirteynt | i terature focuses on prevent
uring storage througlakhagtagebdhbsoptahn kZaspn’gl pe to ra |
nd Kumar pigev i sarad different packaging mate

Q o u

ami nated polyethylene pouches provided the bec:
ttributed to it forming an heX el Imeanitnttad mr iaerl o
nvironmemit shabhy moi sture. adesamwh ifloed hfd INm r thtaa i p
nd R&6%tabl i sheakihogv aaghent s el iakned ccaalcciiuumm ssitleiacr:
aking by reducing the hygroscopic activity of

- 0O o 0O 9

orming a thin hydrophobic zmart ppnaygutoi nc ttehaet i diwgri fsa
repels mbisdeaone phwds powder f.O6 me abasko tnibgi nagy emmoti ss ty
by for mi bgarpthpagsdsceant bri dging or outcompelti ng ot

SKHz2G00c¢!l ! WeUT WuUYsaGWI nw] ¢ Gt

There are numerous gaps in the existing literat
The fitrlse lirsecskermorfch i nto the energy cowbsumpt hen
aim of evaluating Fproceexsasmpsest aniintahbi Roltlyer Con
investigating the energy usage of the process coc

[ the HSGf manus ef[SGgn itthe use of energy consumpt.i

—

n
haswaay to eval uaTle sdaattai habmlitthye.s et ostawalewsa tce:
u

sust aieniatbhielri tbyecause they often regyxriddeanty ttheiranse
a per clehnet argees.ul ting | ack of data in terms of dir
di f fAcdiiltti.onal ly, many of these studies approxin
or screw torque. Whil eentehregrye ciosn sau ngpotti toenl aatirdag nt eobr e
not r elpeg esreeitgyt consumed by t hies umott a sf ai rwhwdrei
investigate energy consumption. Most i mportantly

consumpti on of di ffereNéei tghrea’enubaéei arhet ec hsntauldag
ustainability of these granul ation Theéshmwadlldgibee

addressed in Chapter 4 of this thesis.

34



The second res@awuchabapi iy adfaetuhat ewnstriemg mé/e tm
granul ati on of .Faomwo ripniisotuass) cped,veddarrsegamet ma@sHf ol nt
Shear GrawdulTai ar Scrwew eGrparnoudluacteodr t hheatghi aspasi fr

powders. Amor phous powder s hdiad p |li apsoesndsei rdsi.avleT tkee yma
di fference is in the Gl azasn Troam fiattieonpr Oemper abt e
phenomena | iike noakiancege oaumd eVdh ifloer tbhye trhétgsi éndein ampeash. s

Bed Granul ation consider s, hiate Gl aosustesdirdaes £a ft | tome
materials used@his torEendd®@cdos @80t gpianrca nuedtee rt haes Ta v a
either axis and therefore the domiafiinc bonatharairale su
devel opht femesearch gap will be addressed in Ch:
map tfheer gh Shear Wet Gr anul amhiiacrh stfrmegpearapited leg . p A
hghlighted 2by. Badetrieon s no existingdrliivteenr ad aik ien
phenomenon in the High Shear Granulator. This wi

regi me map on caking and identifying an operabl e

Thirdly as hi gahl@.géhurerde bty rSeescd a roadhu rii mtgd eprroesvaegret i
on the use of plasti-calkinig mageaeht packlaigs nigs omotani
seekmi niomias & augsiemgl si mpl i fy recipes by removing
significant opportunities to restructure partic
Therefore, i tn oi = x93 81t p magsnilvriegdd tintgdattr d | that granul
in preventing caking daudrdirnegs ss ttohriasg ehy QCsagpa perrt i6n
granul ati on pmt ktoemp otnce npgr, o d tadyaertree dmogrrea nruel seisst ant

based caking.

The final research gap identified in this Iliter
Screw GrBnyl awioeonScrew Granul ation i s a process
as a competitor btecc aRislel @rt Gopspaithia eopngtr emwil &1 st o u
suited for food apprlhdeceas s onrsd e rDetsgn dien g hadiss Dry T
i mmature anbebasikei nEbieahicd® new techniqguel has be
i ndustry which hasvaldiumaininlgy tfhedunmstérded @dgPrla ddau ri ior
granul at iaonnd ptraobcleests properties afb$si WHIilsf miotmedt he

knowl edge of pirsocheisgsh Imegchhtaend cbsy t he f ety Thwan t h

Screw Gramiutcltiena hall mark offhgoedipr ad eds amnc
information outlining the i mpact of process par
applied to food specific powders. This research
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Mal todextrin was the primary hmatferoidali ndued riyn
commoanddyed as a bul king and carrier agent due t c
alter product texture and viscosity. Meanwhi | e i
antdhi ckenemsmetic products and as amuckihteidpstiny | e
funct ihamsalsieteynw Mal t odextrins establish a | arge gl
preogted to increase, with current projedtZi9dns pu
This makes the knowledge devel opment of key ©pr

Mal todextrins important.

Mal t odexatrreiemy sgood mbdet emaéeésentl amowifghro s fffeadk
DE grades correlating to other common food powde
to skimmed mil k powder causinmakes ttohdedhawvel uai c
work not only apppgdwddulte ttoo aMawli tded evxatrriiet y of ami

Five grades of MaftotheRbgurtiver € Fsanceg and ar e
These include Glucidex | T6, | T12, | T2 1, | T29 anc
of Mahlet odextri n. aFsora elxBE mpu neb, e rl Toef h6 . I n this th
| T47 are referred to as dDEGI s DHEHHIRt, e rddaEtdull, e .D ET2h0e apn:
di stribution,acf nmelesue emplowd/eras,iCampi ¢ Fa bY1eRdt s h, U
evidenykEiedBte the raw Maltodextrin particles are
appearing highly spherical whil e otphewdsaIrarne e x|

di splay holes of wvarying sizes on the particle s

Tab3ldarticle size dviad ttroidlewttira mso fustelde imawhi s study

Particle Size (um)

DE6 DE12 DE21 DE29 DE47
di0 144 +9 153 +14 141+ 20 143+17 55+ 2
d50 292+21 27120 270+15 255+19 153+ 1
doo 651+ 30 569 + 37 547 +25 455+19 248+ 9
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Fi g3l eThe raw Maltodextrin powders wused in this stud

O FONKGY=9 1 1

Il nstant Coddedk avagrahsgloati on powder in Chapter ¢
most well recognized food powder s, having appl ic
and nutraceutical industries. Thd bnsNastl| €EoREs

(Switzdthleanpda)r.ti cle size distas bumeiacnur ed bhheal
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( Ret sc¢ihs UKh®davB2eAss howrri lgR2 et hi s powder appears a
particles which have adhered together to form ag

Tab32ear tsiizlee di st mialwutlinen amft tClod f ee used in this study

Particle Size (um)
d10 d50 doo
Instant Coffee 332 126+ 7 287+ 46

Fi g8 eThe raw Instant Coffee powder wused in this stu

O=q6 VT 1

OIO=CHRN 6 WES eI W] 1 ¢UeteqVl

The High Shear Grhesi sstiwasclhared 1i HitglhiESheah GmbHYy
Germany). This granul Bt g83aénsd dsicshpelndayt g @4ad iTdhwea Inl y
granul ator consists of a spinmotigoift chaelr. e8Ts5h irsp nb o v
Mo d e) or 170depm [(Rastle Mthe granulator there is
l ocated eccentrically to the bowwlapgedmhibebhe Tdhxe din
bl ades equally distributed around the disk. on
This irmpahl eotate @@ rspreeasdbe2@aemep®t wo operati
the gran@Qdratent: dro CoufCtuer e@ur rMofdleger IttheCatmpse cl
while the bowl al so rotates <clockwise. Meanwhi |
anticlwhiklwe sthe bowlThetaharsgicipckiwi st i on i n wh
rotated iby hilgdl ¢ghoeded arrowisg®BheWherae it bheal o¢
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mounted scraper which scrapes any powder or gr aft
|l id possesses a viewing port which is ushd for

process within.

Fi g3x*hows an external (1 ef tE)i rancch iEntle rHn aglh (Srhiegahrt )Grvaineuw ad fo
granul ator consists of a spinning bowl (A) which contains
viewing port (D) which can be easthle t®r @mbwsleatver .t he p

Impeller
Motor Viewing port

Impeller

——

Side View Top View

Fi g84& eSchematic representation of the Eirich Ehd howhuil at @1
in a clockwise motion as shown by the | arge red arrow. The
arrow) or anticlockwise motion (blue arrow

r - . -

O=NE=RUWEHI Ws W] | ¢cUzstc¢qRYU

The Twin Screw Granul atThhrermepé€&dshermnFws omsiSaldyg v
(Ther moFi sherTIsgrianuliabtiaocry ehlpksh)#ad @ t immad a a oed )e r o f
16 ifmesulat iLn d).lofco2rS5por ated into the TSG system
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Powder FereadrerSd&Ker, Switzerland). The Twin Screw
present edrFivgidraiead | syc h ennfra tgiBlbcael TThye iTrwi n Screw Gr anul
be broken down into 6 compartments, each of whi
di fferent set points. The temperature control i s
ocooling functionsheéeatimge UPpmpeveir & draipe lotvh &rea by
heating el ements which can be uyts@do0.tABehaendwieh itl hee, ct
cooling function inbyha wuvppef abadr €l owsotreabeéed
external | CO5C Water ChHihlel dr1 owl ©$ Gdadls Ermer gy,g |
the Twin Screw Granmueé dGtitne compamotl memgtsst thmmpg eor at u |
Powddrdi s n through a powder inlet chute while t|
The | ocation of this powder and | iquid inlet col
For the work presentedoinre twhiss i thh &€imp,art hme np o vd e
zone was i n ComparRkimelbbenlRi @86 Tevoersomtndltéidmgnn scr e ws

were housed inside the barrel whi ch .c oTuhled shcer eono
el ements avail able for this worKhevemeaxicroonmegcn
conveying speed is 1000 rpm and the maxiln2um t or
Nm. The screw tipitondh.&rrel wall <cl earance

Fi g85 eVisual depiction of the Twin Sttcwewi@drdéwefl a)oandswdt h!
screws .i nTh(er iTgshG )system composes of a Loss in Weight Twin
Granul ator which can be split into an Upper Barrel (B) and

Liquid Entry Por tUp(pEe)r aBrae rseilt.u altheed Socrr etwh eConf i gurati on (F)
Lower Barrel.
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Powder Inlet Liquid Inlet

/ Port / Port

Upper
Barrel

Lower
Barrel

Screw Motor

6 Independent, Temperature Controlled Compartments

Fi g8t eSchematic representation of the Twin Screw Granul ato

| owercomalafi ns heating el ements which facilitates the heatin
devices which cool the barrel down to a given setpoint wus
separatetpant mefts. The temperature of each compart mer

OKI[HKiCe RT Rt DT W7 WIT W] 1 ¢Uestcaqyl

The FlBeéedli Geranul at or usGddtitn FGIPICIGBi seddpBewaéGhat't
A visual representati olmi 8% whh d eg raa nsuclhaetnoart iics rselp
showwigB8 e As sFkRowf8 én he granul ator can be brok
compartments: Lower, Middle and Upper whllteh each
Lower compartment houseansi tthhea mmeesshh .dsiilstteriiabfutt® ro2nu g
di stribution plate that the hébadtedifl cadi benpeai
temperatur®heofdilsOtorA.uti on plate ensures an eve
granul ator. The mesh also acts as aMepahnywshiiclael, btah
Mi ddl e compardusetnd ns hbougisletsntay spray nozzl e. Dur i
this nozzle sprays téiendpi adeat o mit »a ttiilke nbapidhendse u r
wets the fluidized powder anki nal ltpjpaetrtetsceotniipea r w ante
houses a bag filter. The bag filter allows the a
t he chlehrebearct i ve granul ation zone is within the
heights of 200 mm and 260 mm respectively.
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Fi g83%*hows the external (| ef@l)atatn dGIRWIGHE rsreadl B(erdi qufstel Vv ine vi hc

Fluidised Bed Granulator can be split into an Upper (A), I

through the Air Generation Unit (D) and binder is fed in 1

LoweormpCart ment houses the Distributor Plate (F), the Middl e
Compartment houses the Bag Filter (H).

Upper
Compartment | P NTT  Bag Filter

—
N~
Middle gr— Side Entry
Compartment Spray Nozzle

Lower

Compartment Distribution

Plate

Fi g8& eSchematic diagram of the Fluidised Bed

Granul ator sh
the key component of each.
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OHZANT G I WOYGGeHqYI

The Roller Compactor wused in this project was a
(Al exander wer k THWIGs Belrmamy Comparmwri dr gBd8eawnidsual |
schematiniaki g8ks@dhw Roll er Campacet broken down i
Compaction etnidonMi.l ITimegt FSmendicroqppt &%i ns a powveder hop
and -aerdeti on wunit. Powdepgpeis | npadded theohoppef e
i mpell er which agitates the addmdt poivderfrodomet sk
to the compaction ar ea.aeDuartiinogn tshyisst etnt arnesnpoovretsa tai
to i mprove td ddmp potwakeirl. € ¢Tyhieo nCoinmpcalcutd eosn tShe r ¢
crusher. The sRowdrekr shavseeda iIn2 tchmh di ameter and a
finish. The powder throughipanuabhnobeaaobomadl ted
mode, the screw feeder speed i s specilflieerd gaanpd iks
speciThieedcrew feeder spdeadc giesd thtyern hau tRmmd teir c &lolm
gap constant when other paramet emspeaerde wohud rdg @ ch.c
t he

e

c

u

f e

amount of mat emisalant engew iletf eaytaepfoa Kteat nh eraocslclreerw s
der speed would inhoremasetaombga®th ms tt ehd tsg hwpour tk
machine was operatedeigpgmpaueéomanéeés moderedunktirogl
Il d be al té4r mth. beTiweehydraulic pressures poss.i
whil ot bredblslpesednged from 3 rpmptrodl@8edpimy Thenpe
bet ween thewaswobrobéherir at & fbll aakdeesd uUdiarkge crusher

vertically under gravitygsencttoi otnh ei smiddmpnags esde cafi

al gnednpraocttdrs mi Tatrees eencl osed by mesh screens. Or
broken down due to i mpact with nsheamd |duwt, afhetyhse

chute as granul es.
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Feeding Section
Compaction Section
Milling Section

Fi g3% eVi sual depdieat iCompaafc ttohr ee leRdofpdndgti, igd@ntpiarc®e ctobmediFIM i ng

Sect.i okney components ihfl ade 65beeWwe Bede thegp pseo2n), ( iRw0 [tlheer sF ( 3)

Crusher (4) in thedCbmpacti bMnl Sec{bpnal ong with the Upper
Milling Section.

3: Counter
Rotating Rollers

4: Flake Crusher

1: Feed Hopper

5: Impact Mill

6: Upper Mill
Screen

6: Lower Mill
Screen

2: Single Screw
Feeder

Fi g3lIre Schemati e Riod dream Cofmptalct or presenting the transitio

FeedBaegt ioommp.acSeicotni oinl ISiremtg Mo n . Key ceoentpboencetanirttednei i etelde h®pper e

singl e s,crwehw IfemgeccdoetiniCon sest lHaldrlod Icrusher . Ficnalolny, iitn itst
t huepper and | ower mil |l s.
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Sieving was used throughouteirtzlaits otnhe sTihe, spreivima rsil
aRet sch Sieve Shakars AS20E YdRrdbiseni, ndKi)s one of

processes usae dnattge aci datil edgsosrtissieblen iaonsi eve shaker, s
on top of each other in order of decreasing mes
screen which all ows particl es stnmael |veerr yt hbaont ttohne,
pl actedcoll ect the finest of particles. The sievi
on the top mesh. The sieve shaker then applies v
to passet mdotrgha tplarticle to pass through, it mu
This means that as the particles pass through t
mesh screens. After shaking fearc ht v evet i merciodd ea
mass measured. The particle size of the sample c
of the total mass that was found between each si

. ) Large
. ‘ Particle
@

(X
X))
CXC)
(@) ..
Fine
e oS
®eo® Particle

Fi g3rldhe Retsch AS200 si eve wihtahk earn uisleldu sitnr athiiosn tohfe stihse (pr
(right).

A sieve shaker can al s oF bigaubdigleist yt d ee \palru dicd efbrsi g
Friabakthe tegval uated by taking particles of a know

aperture size smaller than da hki plartncéesi tayndv itk

geneshtiemmpactwhiocdsaid ts in breakage and attrition
size and allows the particles to fall wtheduagsh I
an indicator of EQuadbbohity according to
e e D OIETYQQO DABO QE &
Ol Qww Qe —77— pmm
"YE Ol i

Equa8l on
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A Shear iIXeSl.ls HSicadumae, Ger many) was used to cl
t he ffacs walswksilgiBiré&d Tihre test involves filling a s
tes(tiedMd i d is then placed on top of t(hBAnpdowdver w
crossbe€hursi ng Ap@aroatmadn.stredsontso tthleen peEwdeéer be
|l oadi 08) rTee t wo ( €Egroes stbreeamsused to apply increme
hear stress on the sample. This eventually caus
hear stress required for this inci poceendturfel ofwo ri ¢
rangermhlnstresses to evaluate how the shear str
these variables produces a |ine known as the yie
end of the yield | ocus pvhli cthl aife ealtmi dnessu h b en fmian e
strength oflgasheshpdwny d#Mede ffc value isrtahém det
bet ween the major principal plane stredgl)and the
Based on the ffc value, thei mab38e cle flowability

Q

1500

1000

&

500

s
4
A
g
T

1

1 1 1 1
0 500 1000 1500 2000 2500 3000 3500 4000
SIGMA(Pa] (|

Fi g3lr2e Thear QAISI. sRSEBtup useadanidnthli sneabesiesmepteptr) nciple
(ri.gkshows a | oadoend asineanrg ctehlel powder sampl eod BapplAi elowaawar

normal stress onto the powdEe®roesd dvehial a ogiad d oantatl aacshhesedh rc rsa
typicadlocwiselfdr Roll er CompactediBPEEPpagameutes whedht digal ¢
val ue.

Tab33e Fl ow descriptors based on ffc value

Flow Function (ffc) Classification
ffc<1 Non-flowing
1< ffe<2 Very Cohesive
2< ffc<4 Cohesive
4< ffc<10 Easy Flowing
10<ffc Free Flowing
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O=2A®t + Yie qRYUWNRG IJ

Di ssolution testing was carried out wsi pg eas ehd rew
i FRi g3Ir3A conductivity meter measures the electric
such as Malt dadexyt mied edises dlomes i nto the water whi
to conduct electricity. The conductivity probe,
di ssolution process until t he pltah etaut her g eiax hrea
release of ions into the water which indicates <c

the time taken for the conductivity to increase

Pull to release
powder

Fi g83Ir3 Visual (left) and scheéedmasiotuf¢i oghtktTuhpe uGeredu att it bintsy
Probe (A) was fitted to the beaker wusing an inbuilt side
consistent between runs. The probe was connected to a Jenw
thee ada The solution was heated and agitated using a combine
Bar (D) was insdrot eacctiintad et téhessltitrirdmg function. Powder
Frame Device (E). This device was composed of a powder hol

eheseusebuai moraendenandardi zed
spoon addition.

instantly drop the pewtdhr Tht

e
compared to

O=A0YUc¢c G RAWF Gecnw Ucd! t Rt

Dynamic Image Analysis in &€amsizer iicrotrac UK) has been used throughout this thesis to
evaluate particle size and shapbe measurement principal involves feeding the powder sample into a
chute using a vibratory feeder. The particles @ptured as they fall through the chute by ehig
resolution (Zoom) camera and adic cameras shown byigure3.14. TheZoom camera focuses on
capuring fine particles while thedsic camera captures large particheght sourcebehind the falling

particles provides a high contrast image. The edges of the particles are extracted by the software and
used to classify the particles. The particle diameter was classified as the shortest chord of the measured
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set of maximum chords of the particle projection. This definition aligns closely with the particle size

measirements obtained via sieving. Meanwhile,lser i ci t vy

i B2 (181092 7i66) where A s

4" Al

is the measured particle projection area and P is the measured particle projection circumference. For an

ideal sphere, the sphericity is expected to be 1.

Fi g3lrde Measur ement

Oro=fdd ! WNY & WUIT dlF &@'c NIIs

X-Ray

6cT 35

granul es.

and
t he

t hen

tomography
(Scanco

The

was

MX®RIAYalscaB8wiet z ¢ ol ggredch)er at e
scandlist@msiglyowhlseé Tiom&kgves kwer e

used t

(0]

gai n an

eval uat eldhius i mass ednamgese ddng el ope

porosity

changedfwlkischhguaercent age

det er mi

ned by

spacsehowhRi plr5e Powasi t gken

wa s

used

acr oss

t his

wor k

t

as

t o

h e

of

met hod

principal paotsi8loé E€ambyzeéer

i ndi

around

pi xel s

used

cation

2D <crc

t h

consi

t he

whi

gr

der s

ch

t he

ensur e

nverse

consi

of

t his

stency.
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Fi g8Ir% | mage anal g9 Bbpugartoescietdyu rues itmog | mage J

O=ZIONM RO I DUqR¢OGWERecUURUNDW9CcCGY! RGWql !

Differential Scanning Cab&cimetf( TA Wastcamenes, o
measure the Glass Transition Temperature of t h
preparing two hermetically sealed capsul es. One
an empty reference pan which is used as a contro
the evaluated temper attuhree sryangeem nmehaisluer etshoitsh eo chc
mai nt ahe constant temperature in both pans. Whe
capacity dwmertasthe increased molecular mobil it
required to heat theapaoawdedi Whi ¢ o waauwse dThiteh e nd o't
temperature at which Glass Transition occurs ca

shi ft occur s.

Fi gBl@&hotwtsan example curve for50RAE€E AR6athiddg tafngr a
of the heat flow towards the endothermic side d
red rTelge o@nset Gl ass Transition Temperature can
initial line prior to the endothermic shift and
point i sgwhtike Oapeésdnt s trhaen ssittairdim e re ot thees gG8 rats sl T
be automatically geneffhetetMi dpohgtt BGekabdSCTeahnhsiwhar
aver gvgael Ufei.s t hesi s hag/rsalwsed ot hee pOreseetntT t he GI as.

of tihheuwvwapowder s.
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Exothermic

I,

Glass Transition Temperature
Onset 69.5 °C
Midpoint 81.9°C

Onset

_— —

—==._  Midpoint
\

P —

—_—

Endothermic —_—

50 40 30 20 10 0 10 20 30 40 50 60 70 8 90 100 110 120 130 140 150 °C
Temperature (°C)

Fi g3lrée Example Glass Transition TempByatemefAnarpwi DE&@2tr d
Gl ass Transition Temperature is the intersect between t he

OI=IONM 6 1JI1galYe 2 RO 10aG IGR # IR}

TherGmoavi metric Analysis was done using a TGAS550
moi sture conFenst omeasampément capsules are prep:
sampThe .l ids of these capsules are pierced to al
then have their mass continuously measured whil
Pl atienaduiiscat e temperature ranges where the powder
ranges owlhdrueg eml oss, decomposithenMalttoderdati onp
pl ateauing point after mass drop occurs (which |

|l oss derivative curve) is taken as the temperat
moi st urte ocfontheen sampl e is then determined from t
ensure that massdrlyoisnsg drueel attoe do tphheern onnbenna i s not

ON=ZIONE Rt HYOG Jql !

Vi sco Miatl y oddenxdt rinanxesmaee asur e Mal sviemqh i hewmst €r o
(Malvern, UK). The measurement was pgRae ¢ gueduin
3. A7 cup was used rather than a plateabacagsethh
pl ate and travel outsi demlbfoft hehevaampteowoalee&at
cup. The bob then moves dD.wh5 umfiisicoshéybost onmas
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rotational steady ,shear hesemefper lappglhopnsatupPrest
mi xture by r ot aneiansgu rtehse tbhoeb .r elbfLh & H enigs s heiatry sdtr e
raite determined by dividing the mé&@a3gTuhree d hsehoenaert esr
then repeats this acrossibB00timgd hofs sampgd <he &
materi al behavior cwialmlgyerse syp ¢ hit stheavi saoei.ty

Fig3lr7deft sMawserme Ki nexus Pro rheometer used to measure Vv
(A9nd (bBe)lp s tRe mshhtows t he c 6 @il teht etdhesectcwpp fi |l 1l ed with water an
clearance of 9.15 mm. Subsequently, the bob will rotate at

rates. The resulting shear sthrassraeveli cpedeidntoeldat ieom

OI=ION@ Jq W~ R{

Jet Milling is a popular size reduct iTome tjeecth nmiglul
used in thi-30 skRludiyd whet MBddcbn{ ta¢cnottaygiyd which I
The operating mechanism oFi @8ls8pilrnalt hjiest dneislilgni,s
fed into a circuasarct imiolnllie §tehceh acmhbaem iz abrypp r & stsieglh ap
stream is tangentially injected in through mul't
vortex inside the chamber which causes particle:
circular pat hr,i etnhcee pha rgtip aviaedisz daetwanidn tgeon t i sli @ n s .

to breakage and a reduction in particle size. TI
the outer readgxe ofhitshenevans t hat as particles red:
where they | eave the mil!]l and are collected. Thi
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Grinding
Air Nozzle

Powder
Outlet

Fi g83r8 A schematic representation of the grifdhopwnchambeery)
are fed into the chamber via a feed nozzle. High pressure
nozzIles. This high pressure airTheceksuvubatetgibéegpasebietwgen
fast mpmavihgles result in size reduction. The centrifugal

extremitiparwhecl esfmoee towards the centre where they

OI=IONMRI UHqWéEGYel WEYI GqRY U

Direct Vapour Sorption (DVS) is wused to measure
under controlled environmen3RS-1BOnBotpbhnen Tasts
(ProUmi d,. Glehremamayc)hi ne contains a high prescision
sampl eT hmass smi cr obalianamemaisurlemesned tliambempwehat ar e
humi dity can be controll ed. Humi dity is wusually
thesis, humidity was altered in a stepwise manne
wi || absorb omideodbrah awateemr.ecOhrals t his process |

in mass of the sampl e.
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Abstract

Little is known about the sustainability of c¢omg
and widespread industrial processes. This study
granul ation technol ogy ®@lat hwejywdangdt ha crceosrpdeicntg tto
yi gl dSpeciofuircs/Tkigye anhd Specific Energy (kWh/ kg).
to be the moswiimaht ami alpt e fmuimc iye retl e oRo 1719¢4¢ Co mp
most ti ewittei famc opti mum Speclihfei @ nleirme cff 4 .cl emnrc/yk
i mproved in the following order: Twin Screw Gr
Granul ator and Roller Compactor. Tlremswegygehhuti
technologies due to energy expensive sub stages
Twin Screw Granulator and High Shear Granul at or
accounted for aobunhbelB&t andedé&Po gy consumed by
Comparativel vy, the drying stage accounted for a
and High Shear Granulation production pathways.
to produce granules with significantly varying p
The use tefchwnd gautelsas -pradiandteé groaphs and radar pl
met hods such as pri oriinmipyorscamrti ntgo od rse tsou ghgeel spt enda 1

optimum process pathway based on these varying s

Hi ghl i ghts

T Roll er Compaction was the most energy and ti:

T Fluidi sed Bed Granul ation was the most mater i

1T Drying step consumed far mboe weer.gyabhbhhat o©h:

1T Granule porosity and shape varied significani

f Sustainabilidrkeegndosusi dalbil it bogpst | wihuern ger haonousl i ant
This chapter forms the basis of

Y. H. Karunanayake, L. Br ¢t sch, V. Meuni e

granul ation. Chemical Engineeri n3y8 Res

https://doi.org/10.1016/j.che
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granul ation technology pathway by a@uxudtiarg f or

such as the binder pump or additional stages | ik

Further mor e, whiahe | et oad smubdi es do exi st, t hey
parameters such [82]Joasububdyatval batesg the gran
each other based on energy efficiency could be |
the optimum granul ation pathway, it is essenti a
d fferent granul ation pathways and kveyilsp rtooc ecsasr rpy
out a comprehensive study |l ooking at the proce
technologies currently useecd ipmodomdusony,patcbdmwsaiyd
process energy efficiemdy \Wipledcrigbye c(j kiBdhg epde-ra ckciolr adc
specification granules produced) factor which n
process but also its granular output .f fOdrhckab imeittr
such as Yield andsSpecofkdigrodirfamec g thi on hogaraatnsuol es p
beemnsi der ed. Key granul e c hhairlaicttyerdmsd i ¢iss ssailctht i
al so evaluated to add a quality el ement to diff
tools to help manufacturers make judgements base
materi alenedrigwye faprcéderswl)d abidl ity (judged according

together have then been proposed.
NKO=¢ qJl R¢Gt We Ul W~Daqé VYl t
MIO=~4@Ng IJ| R¢ Gt

Glucidex 1'T29 (Roquette, France) hasdweetho cthivpe
commonpl ace use of Maltodextrins .lrn Hatsh bteteen fred
to as DE29 Thepdarhtsiszlechapawfact e | BE2a®%s pboewddeerscr i be
d10 of 143 Om, d50 of 255 Om and d90 of 455 Om.
and3 2®&r 72 hours in a Memmet | N110 Humidity Cham
| ower the moisture conteédnibpeoond etrhdes pGol wadses e T radnu soiet di
andont hel powder 6s dtuen chegn gy airhael aahkoassren bi nder f or

processes was distilled water at 20
MNto=BdFe RGO I UqWwe UT W~10qé YTt

Four dgrfédeuvkeati pment were tested and evaluated t
equi pment includes t HhEBG)tuhediHiegdh BEHdSAZYtalheua Raatl obr e
Compa(cR@nd the Twin St&6Wr Geaohl avaruated granul

experiment was repeated a multiple of three ti me
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When comparing the energy efficiency of compet.

conditions used to represent each technology unc

that the technology is being represEmeéraf ome,i ttsl
process pafamptiemisze@rto maxi mize yield. This is
materi al wastage, which is another major consi di
cets and i mprove sustainability. For example, in
hi ghesapihé Si bl e wi It unrmopbitencgoapdrionpgl eoonamb g i mi ze t ot al
yield. The remaining auxiliary par ameteer sgrvaenrud et

After the process had rboecders tsa btthisgnoizzehdp uft o rwaysi eclhdo, s
pri marryamét enMmtoersetd§g hi s i s bealaaumsge wihtrho utghhep uyti,e | c
the mass of usef ul granules produced and theref
SpeckEnfeircgy (kfWha/ kpgr)ocess. For the FBG and HSG proc
0.73lkg aOn.d» .k§ respecti vely wer et hervoaul gunaptuet-ds.6 bl'ént wehee
kg/wars evaluated. This was done by activating th
3i9r pm, to change t he Itnhrtduweg iU, dfh rtolueg hprud cse .t
was evaluated. The maxi mum and minimum values fo

l' imits at which the process could be run stably.
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The FBG technol ogyGlwaatst M3PpQiGeBs eCathetd el yGea many ) wi
entry spray nozzlO.a3nBkgt ower i 2 2| o ad ppeddeech Trhesq ui inrl eec
mai ntain bed fluidizatio2 wmas®e¢kbg )w,i th. Byam/cds . (R0 .z 7
m/ skg()L A L/ S of O0.18 was used because beyond t
granular yield. A spray rate of 4.5 g/ min was us
which minimized run tiMmecomwst amtdt Ls/pA kiya tyi att @& nnrera
| arger batch sizes neededr d foenrgeegt thli ngerean aldalti it @ o r
due to the changing binderk§spr20 .kind mea2@akah) iel [ ow

40 mikgWi(ltemperature was |imited to 3CA®imegcaus
and coltlhe&ppe wafer bed. An atomization fpouesplee of
Si zel aamgde a ywhziocnhe prevented l.ocalized bed saturat.
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The HSG technol obpy was Eiepréds eEntleddiEgmh i She &mb Br

Ger many) . Bi nder waz310®dSy mi nuge nRuTpe G(rgk usrentlugl nast, i ol
DE29HSIGh was highly sensitive to batch size. At b
powder in the bowl to capture al/l bi nder dropl e
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surfaces. Thi s pr dnmohtee de qpua wadreerntc ankailngs ,on eadi ng
Conversely, at batch sizes above 0.4 kg, the rat
causing rapid abhdaoeanodooced!| cadki glgas €& sb aat crhe ssuil zte,
window could be reliably evaluated, and batch si
three |l evels: 0.2 kogw! 0s pBe e&kd ,ofanld7 0 .rdp nk ganfd a r e
900 rpm was used to give a good degree of mixin
The machine wa-suDppenvhtiecdhd emme aan sc ot he b o wl and i mp
in the sameedmireichgopan was confi gur &d hAo rLi/zSo notf:e
0.a8Mmd a spray rate of 1.5 g/ min werebd¢ hesogtwhmulm
preventing caking. TWettalmagrsa mwl a tiwioenh rhuabtuicmi sihveei zvea
t hcehanging binder Os @r,k& g2 00 inB)enksg2lb .nmf)iTHsee (r ange of b
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The RC technology was repwWRs20t #£dhabma aRo lAleerx al

( Al exanAl@er weerkmany). The roll s-Peaddnm svalownates g ov
to materi abbettvhesdgg@hp@é KH. WThe hydraulic pressur
along with a roll gap of 2 mm. A compaction pr es

pressures did not resqridrniled dnfyacmpoonvamenbosel yoi
consumption. AOmirlplmi nmogndspredd ofesh sizes of 2.45

promote t hefjrpaesdlu it itdhve desired size range.
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The TSG techaskbnggdwhy Bephkemi@®i ash8cr Ewr 6 Ther mo
Scientific, UK) . |l ncorporated into the TSG syst
Tron Soder, Switzerl and) . An | CO5C Water Chill er
cooling jackiendem wae T&S&dG.i B using a Graseby 211
screw speed of 30 rpm and L/ Sgroafnywd eard WwWefer ¢ hwa
jamming of the scatwsherlicaki dgi mivet port became
10AC was wused to mitigate the heat generation

configurcahdsesdamheasnog eofagigmneadli ement s | ed to caki

j ammi ng.
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Granules produced from the TSG and HX@ nGéama¢ tcol |
GPCG3 FlBeiddi(s@ldat t , Ger many) with the target be

content to below 2. 5%.
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The power consumption of taBecemeaecp@eunhnt wasEmMeé as
Reader ( NewFound Energy, UK) or DecDeal 1 Phas
measurement techfkigdkhes powaraldarsdumpti on of ea
granul ation pathway which is associated with the
Fi gd42dei spl ays the stages and equipment involved

technol ogi es.

Computer
v 1O
Electricity
) Mains
Equipment
t Power .
Reader
Fi g4lr e Vi sual representation of the power measurement techn
power reader and the power reader WwWhtbcbbmdmbhensec®hdedepowa
or automatically by connecting the power reade

!

Dry Powder mmmm) Fluidised Bed | gy, Dry Granule

Granulator

!

High Shear Fluidised
Dry Powder o) Granulator ) Bed Dryer m==) Dry Granule

!

Dry Powder s Twin Screw — Fluidised m==) Dry Granule

c O w >

Granulator Bed Dryer
Chiller
Dry Powder mmmm) Roller m==) Dry Granule
Compactor
Fi g4 e Granul ation pathway showing the equipment involved i
technol ogies represented are as foll ows: Fluidi sed Bed G

Granul ation (C)iaomd (Fgl.l er Compac
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The desired granule size was classed as being be
Shaker AS200 (Retsch, UK) at an amplitude of 0.4

productscl absesiOesbednmwerle mm,. 2Gman alnes 41 engns t han

classed as fines. Those between 0.5 mm and 2 mm
yield faction. Granules between 2 mm and 4 mm we
mm wesasedluampddi ti onal i nformation regar.Ri.mbg si e\
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A Shear IG&SlIls R8tcbdumae, Germany) was used to cl ac
bet ween 1 mm and 2 mm. Three repeats were condu
The nor mals hlecaard wBahs $©2nh0d0 On o r ma | |l oads at shear to
Pa, 1600 PaAdarnd i 400@al Panformation regarding mea:
Sect3i. n 6
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Di ssolution testing was carried out using a Jen
granules between 1 mm and 2 mm wasACdiAsgs alave do ni m
achieved using a magnetic stirrer at 700 rpm. T
experiment andAddiet aoralagient akmati on regarding m
found i3. Bettion
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Friability or granule strength was assessed by e
Retsch Sieve Shaker AS200 (Retmmhand Kda.smrip0 G cee do fc
a 1 mm sievenaamadpvViibbadeemdfar 2@ min. The friabild.i
the reduced faction (mass | ess than 1 mm) of the
3 times for each conAddidtiitoino naanld iannf oarvneartai goen traekgeanr.
can be fouhd2.im Secti on
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A Camsizer UKRewsshused to evaluat e-2t hnem.s pRiaenrdi ocm t

sampling was wused to select granule samples of
condition. SpheADCc(iI1tSy0 692 7o £Er e d BS ®Bhe measur e
area and P is the measured particle projection
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expectedddotbenal information regarding spherici
3.2.8
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X-RaVJomogruspmyyray ¥$canner OCT 35 (Scanco Medical,
2D i maged slices of2 gmmnullmagdrtwaesent lemmused to
of voids within the granul ar stnrlwctswerl e.ctkadr geaaamh
eval Wwaltded.i onal i nformation regarding @or2as9i ty cl
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The following section will present the energy efficiency results for each individual granulator,
discussing the effect that batch size/throughput had oS pkeific Ehergy of the process. Then the
Yield, Specific Energy (kwWh/kg) and Specific Time (Hours/kg) of the production pathways as a whole
will also be presented to allow the comparison between the technologies to determine the most
sustainableption
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Figure 4.3 shows the effect of batch size on yield, energy consumption and Specific Energy for the
Fluidized Bed GranulatoiThe yield of inrspec granules increases with batch size before reaching a
plateauing point as showsy Figure 4.3. This increase in yield can be explained by considering the
increased partickdroplet and partickparticle interactions occurring at larger batch sizes. This
increases binder droplet capture by the powder and the increased {particle interactionpromotes
coalescence and leads to better grg®8j. Similar findings were presented by Geng ef&] which

showed that increasing the proportion of powder inRhedised Bd promoted powder to powder
adhesion by increasing the collision probability. However, while increasing the collision probability
also promotes growth, it also results in higher attrition rates of dried granules due to impact and higher
breakage rates wwet granules if its yield strength is not sufficient to resist the collision faicd his

higher attrition and breakage rate could detract from the improved growth factors at high batch sizes
resulting in the observed plateauing efiedtigure4.3. It is also possible that there is a critical particle
concentration within the FBG required for good growth to occur which is achieved at a batch size of
around 0.7 kg. Increasing particle concentration beyond this point might only result in marginal
improvements in granular yield causing the plateauing effect. The snall@dtg)and largestl kg)

batch size display the greatest variation in yield. This is due to greater instability in these processes with

more caking seen at a batch size of 0.3 kg and fluidization problems observed at a batch size of 1 kg.
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Meanwhile, he energy consumption of the process increases with batch size. As shSectian

4.2.2.1 both the overall batch run time and the fluidising air velocity needed to maintain bed fluidisation
increased with batch size. Teéore, thehigher energy requirement at larger batch sizes can be linked

to this additional run time, as well as the need to generate a larger heated air flow within the unit. Despite
this increase in the energy consumption, the energy efficiency of the FBG wdsdaumprove with

batch sizes before reaching a plateauing value. This is refiadtaglire4.3 where theSpecific Energy

for the process decreased as batch size was increased. This decrease is due to the increased yield and
material throughput of the process at higher batch &aekng to the production @f greater mass of

useful granulesThis compensates for the increased energy consumption to result in a more energy
economical process.
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The energy consumed by the HSG is a very important parameter to be aware of when granulating
amorphous food powders. This is because the energy consantieid unitis almost completely
converted to heat in the wet mass, which can then become problematic when granulating heat sensitive
material[85]. As showrin Figure4.4, yield of inspec granules first increased as batch size is increased
from 0.2 kg to 0.3 kg and then decreased as batch size is further increased from 0.3 kg to 0.4 kg. This
same trend is shown kihe work of Terashita et al86], which showed that this peak where the

maximum granule yield occurs is linked to the fill level that corresponds to the best particle circulation
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and greatest particle kinetic enerfjye initial increase in yield with batch size can also be explained
by considering the higher collision tendency at higher batch sizes promoting growth through
coalescence. The higher collision tendency also increases the rate at which granules comkuidate
forcesmoreliquid to the granule surface which will promote better grol8tj. However, it must be
noted that this increase in yidbgtween a batch size of 0.2 kg and 0.3skigparginal, especially when

the magnitude of the error bars is considergkanwhile, he reduced yield at a batch size0of kg

can be attributed to the high collision tendeatiarge batch sizggomoting breakage over growth in

this case. This increased breakage along with the less uniform binder distribution at high fill levels
result in the lower yield seen hd&¥]. The Eirich granulator shares many similarities with planetary
centrifugal granulators where the mixing motion is primarily induced by the rotation of the bowl.
Studies in planetary centrifugal granulators have linked a decreased yield at higheidiidgveater
restriction of material movement occurring at high fill levels resulting in less agglomd@&gio his
samereasoning is likely to apply to the Eirich granulator, indicating that there is an optimum fill level

for mixing in the unit resulting inraoptimum granulation condition for yield.

Energy consumption increased with batch sig@resentenh Figure4.4. This is due to three factors,

the first is the increased overall run time as a larger batch size required a longer binder addition time
(since both L/S and binder addition rate were kept constant). The second is the greater load on the bowl
motor, as iheeds to suppba greater mass as it rotatebeThird is the increased load on the impeller
motor which must maintaithe impeller speed through a much larger bed mass. This is in agreement
with the work of Betz et a[39] which showed that the energy consumption in the HSG increased with
filling level in the granulatorThe lowest Specific Energy was recordgda batch size of 0.3 kg. The

0.3 kgbatch size has a lower specific energy thaf.2 kg because its higher yield and increased
throughpufproduces a greater mass of useful granuldsh offsets the increased energy consumption.
MeanwhileSpecific Energy was also lower at a batch size of 0.3 kg compared ta THikg because

at 0.4 kg, the granule yield wagsificantly lower.This meant that the increase in the mass-gpec
granules produceds batch size is increased from 0.3 kg to 0.4 kg wasifficient to offset the

associatedhcrease in energy consumption.
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The Roller Compactor was run with the Roller Ga
woul d automatically alter the powder feeder scr
speeds, more material pswhegbhi mednsotmai ptatcessth
This increasies i@montshirdoeurgahbplueth e Floo |l |li mwitraghcaver age

recorded at the ekxagl(tBatrepdk)g A Hilr Bpng & @ $(:tBr 6r.66nE) .

The effect of this change in roll speed on Yiel«
i Fi g45 e Changing r onlelglsipgeiebdl ec acuhsaendgea i n yi el d. Th
consi deriomfg Odlebwiroor gr anul at PR 1Maiintded e wtariyn ng r o
the same Rotber a€omhi sostbhdyg. sSunhiy|] athe, rol |l er

used to maint &s b olanhgkhmved da ntth agta pr.o | | speed gener a
on the ribbon strength and therefore extgnt of

mi ni mal change in bonding with increasing rollei

granul ar yield seen here.

Meanwhile, @ergy consumption increased witbller speed. This is because as roller speed is
increased, the demand on the roll motors increases as well. The power requirement of the powder screw

feeder motor also increases as it needs to produce a greater throughput to maintain the 2 mm ribbon gap

63



at higher roll speeds. This larger throughput along with the relatively stable yield means the overall
mass of useful granules produced increases significantly as roll speed is increased. Therefore, despite
the higher energy consumption, the specific epelecreases with increasing roll speed to result in a
more energy efficient process.
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|l eads to screw jamming ardrt Heree fwertévagtr baanidid xatt o torr
DE29.

The highest yield is recorded at the lowest throughput of 0.3 kg/hr. This is because at this throughput,
the granules that are produced are predominantly within the desired size range (02 mmmm). At

larger throughputs, a large portion of the granplesiuced are larger than the 2 mm upper limit. This
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means that they are classed as oversized which leads to a lespacigranular yield. This can be
explained by considering two phenomena. The first is the increased residence timer abloder

feed rateg(such as0.3 kg/h) as the throughput force is oj@9]. This increased residence time
facilitates better binder distribution and more incorporation of fine powder which leads to the preferred
granule size distributio[90,91] The second is the increased compaction forces agtigloughputs
leading to more interactions between gran(i&¥. This leads to the production of larger granules

(which are out of spec) as throughput incre§@293].

The energy consumption of the TSG increases with throughput. At larger throughputs, the material
offers more resistance to the motion of the screws meaning that more energy is required by the screw
motor to overcome this resistive force. Meanwhile, Specific Energy decreases with increasing
throughput indicatingraincrease in energy efficiencyhis is despite energy consumption increasing

and yield decreasing with increasing throughput. Similarly, to the RC, this is because the actual mass
of useful granules produced is larger at higher throughputs despite the decrease in yield. This offsets

the higher energy consumption to produce a more energy efficient process.
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When considering the affordability and sustainability of a manufacturing process there are multiple
metricsto consider Examples of these metrics include Yield, Specific Energy and Specific Time. Yield

indicatesmaterial efficiency with dower yield indicaing a less material efficient processidre
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materialwastagég Linking this to the cost of the raw materials, a lower yield therefore correlates to a
more expensive product in the case that the fines cannot be recycled. In the case that they can be
recycled, this leads to a longer processing time which reducesigtensbility and viability of the
process. As mentioned Bection4.2.2 the technologies presented in this study were optimized based
on yield to reflect its importance in deciditige economic viability of th@rocessFigure4.7 shows
thein-specyield achieved at the optimized conditions for the different technoldgleen comparing

the highest yield generated by each technology, the material efficiency was found to imctbase
following order: Twin Screw Granulator, Roller Compactor, High Shear Granulator and Fluidised Bed
Granulator. The yield of the TSG process is far below the rest which would result in a large amount of
material wastage if it were adoptadaking it the least material efficietiext, dthough the RC and

HSG have similar ranges of-8pec yields, the higher maximum yield achieved by the HSG indicates
that it is more materiatfficient than the RCFinally, the FBG had the highest yield between the

technologies at a value of 79% indicating a very material efficient process.

As displayed irFigure4.7, the TSG was an outlier compared to the other granulation technokyies

was only capable of achievingy&ld of 29% at bestlue to the incompatibility between thestted

DE29 and kneading elements. It is important to acknowledge that the poor performance of the TSG in
the yield criteria would therefore be different if the powders used in this study hatebgeeatand
moisturesensitive. If the TSG is removed from consideration, then it becomes evident that the Roller
Compactor has a lower yield than the wet granulation technologies. This is because in dry granulation
technologies, there is typically a compaction step to produwmenpact which is followed by a milfin

step to produce granules. Timdling step results in a high breakage rate which produces a lot of fines
as well as granuleBuring milling, there is no driving force for bondirgp these produceéines cannot

reform into granulesThislinear pathway which ends with a breakage step limits the maximum yields
possible in thdRoller CompactarBreakage also exists in wet granulation processes. However, unlike

in dry granulation, the fines produced through breakage in wet granulation processes are capable of
contacting binder droplets and surface wet granules to reform into granulesydicipathwayresults

in wet granulation processes typically having a higher upper limit for process yield compared to dry

granuldion processes.
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Specific Energy is the second metric for evaluating praaestsinability as it reflects energy efficiency

So far,Section4.3 has only considered the energy consumption of producing grafeiegeen 0.5

mm and 2 mm within the granulato units themselves. However, to fairly compare different
technologies, the energy consumption of the entire granulation pathway going from dry powder to dry
granule must be considered. This is because not all the granulators produce the same end gnoduct, wi
the Roller Compactor and Fluidised Bed Granulator producing dry granules, while th&iigh
Granulator and Twin Screw Granulator produce wet granules that require an additional drying stage
Figure4.8 shows theSpecific Energyof the entire granulation pathway for the different technologies
compared againsiach other. As evidenced by the decreaSipecific Energythe energgfficiencyof

the pathway improves in the following order: Twin Screw Granulator, Fluidized Bed Granulator, High

Shear Granulator and Roller Compactor.
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The least efficient technology by a considerable margin is the TSG. This can be attributed to two things,
the first is the low yield of the unit which meant that the mass-spét granules produced was very

low. The second is the energy expensive supestghat are involved in the Twin Screw Granulation
processFigure4.9 showsexampleenergy consumption distributions for the different units involved in
each granulation pathway. Each technology is represented by its most energy efficient cémdhigon.

case of the TS@Ghis is at a throughput of 0.7 kg/hr. It is evident that the actual granulation process
requires a minimal amount of energy (13%) compared to the drying stage (45%) and the energy drawn
by the chiller (41%). The chiller is necessary to counteract thdupuif frictional heat and keep the

barrel temperature low. Failing to do so means that eventually the barrel temperature increases to the
point where caking occurs leading to the jamming of the screws. The need to include soefggn e
expensive unit in the granulation progessng with the low yieldresults in a far more uneconomical
process pathway compared to the other technologies. The advantage of thecenstgyption
distributiondatashownin Figure 4.9 is thatthe energy expensive stages can be easily identified so
manufacturers are aware of what stages requine optimization when making the overall pathway
competitive from an energy efficiency perspective. For the Twin Screw Granulator, it seems that the
cooling process and the drying stage need the most attention when it comes to optiraipetgway

to be as energy efficient as possible. Alternatively, a way must be found to improve the yield so that it
can compensate for the energy intensive nature of the process.

The second most energy inefficient procgsghway was determined to be the Fluidised Bed
Granulator. This is due to tlgganulator itself being very energy intensive as it neéedgnerate and
maintain a heated air flow. Despite being very energy intensive, it produced the highest yield of all the
evaluated technologies shown by Figure 4.This high yield compensated for its high energy usage
and made it far more energy efficient than the TSG and me&pieitsfic Energy was more in line with

the HSGand RC.

The Hgh Shear Granulation pathwayas the second most energy efficigdimilarly, to the TSG, it

was found that the energy consumption by the granulator is in the minority when the production
pathway is looked at as a whole. This is because the drying stage encompasses the vast majority of the
energy cost of the productigrathway. For instanc@s showrin Figure4.9, at the 0.3 kg batch size
condition the drying step accounted for 84% of the total energy consumed. It is this drying stage that

manufacturers should focus on if the aim is to produce a more energy efficient HSG pathway.

Finally, Roller Compaction was found to be the most energy effipreduction pathway. As presented

in Figure4.2, only one uniti the Roller Compactor, was involved in the transition from dry powder to

dry granule. This makes it a rather simple pathway requiring less stages which translates to less energy
usage For instance, since it is a form of dry granulatibmeans that the energy cost associated with

spraying the liquid and the subsequent high energy cost associated with drying thegveeiuc
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granules are entirely avoidedivoiding this drying steps a luxury that the wet granulation pathways
do not have, making them far more energy expensive than the Roller Compactor.
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The finalsustainabilitynetric that competing technologies can be judged by is the rate at wisioldn
granules are producedhi§ has been classified as the Specifimd which is the hours required to
produce a kilogram of #ispec granules. A lowepecific Time means facilities need to stay active for
shorter durations of time which reduces energy and labour costs leading to a more affordable and
sustainable product. The total run time of the granulation pathway to produce dry granules was
accounted for in the tal time. Also included with the batch technologies (HSG and FBG) was the time
required to clean and reset the unit so that a new run begid This was done to help highlight the
differences between batch and continuous manufacturing technologiesegatias to time. For the

High Shear Granulator, the cleaning and reset time was 45 minutes. Whereas for the Fluidised Bed
Granulator, this was 2 hours. Cleaning time was not included for the continuous processes such as the
TSG and RC. This is because themits are capable of running indefinitely as long as the process
conditions chosen prevent significant material caking in the unit. Therefore, operating at optimum
conditions, their cleaning time compared to their overall run time is negligible or maltiyudes

smaller than the batch technologies. For this reason, the cleaning time was not included when
calculating the Specific Time for the TSG and RC. Once again, the Roller Compactor proved to be the
most efficient technology based on Specific Timeshewn by Figure 4.10. This is due to its
continuous nature, large throughput and elimination of the drying step leading to a reduction in overall
operating timeUsing the lowest Specific Time (indicating the best time efficiency) to represent each
technology the wet granulation technologies can be ranked with the TSG being the least efficient,
followed by the HSG and finally the FBG proving to be the most effici@mnilarly to when
considering Specific Energy, the poor performance of the TSG can be attribittedwothroughput

(that it could be operated at without process failure occurring) and low yield. This meant that the mass
of in-spec granules producés this technology was very low compared to technologies like the Roller
Compactor which operated at significantly higher throughputs. Howevemeas previously when
considering Yield and Specific Energy, the TSG had been a major outlier, here it proved to be more
competitive with the othewet granulatiortechnologies. This is due to the continuous nature of the
process, meaning significant savings in the cleaning time, which compensates for the low throughput

and low yield nature of the process.

71



16

| ® 0.3kghr = 0.2kg A 03kg| + 6.66 kg/hr
® 0.5 kg/hr = 03kg A 05kg| ¢ 11.6 kglhr
o (0.7 kg/hr m 04kg A 0.7kg + 16.7 kg/hr
1 o A 1.0kg
D 12 - |
= * |
0] | i
| - 1 i
> | i !
o . |
L e !
Q g )
=
=~ | A
o 4 " m
:.': £
(& ]
8 A
n 47 1
0 & o o
Twin Screw | High Shear | Fluidised Bed Roller
Granulator | Granulator Granulator Compactor
Fi galree Comparing production rates ofoft hSp édahid ffviect diin ta d roavreu |
Specific Time indicating a more time efficient process. T
process due to its continuous nature, high throughput and
technologies) Previously, when considering Yield and Speci
wet granulation technol ogies. Here the TSG is more compe:
enhancing itehrecy iofe teffd igrocess, despite its low yie

NNl ¢ UeeiRylt ARG Rq !

When choosing the optimum granulation technology, the efficiency of the process with regards to yield,
energy and time are only some of the considerations that manufacturers have to make. Other
considerations include the resultant granule charactesticgrhether those characteristics fit with the
ultimate product specification. This is an important consideration because the different technologies
produce vastly different granules. These differencebigidighted byFigure4.11which show X Ray

scans of granules collected from the different technologies at the optimized conditions. The clearest
difference is in granule porosity, with granule porosity varying significantly between the technologies.
The High Shear Granulator and thellRoCompactor had the lowest porosities that were similar to
each other. Porosity then increased going from the Twin Screw Granulator to the Fluidized Bed
Granulaor. These differences arise due to the varying extamhich granules experiencensolidation

in the different granulators. Maltodextrin granules undergo the greatest densification and consolidation

in the High Shear Granulator under the conditions evaluated isttldg This is because the tightly
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packed granules are accelerated to high velocities in the HSG where they experience a high intensity of
collisions. These high energy collisions squeeze liquid to the surface and consolidate the granules
producing a product that has a very low porosityis Th especially true for the parameters chosen for

this HSG processvhere the liquid was added slowvity prevent cakingyhich resulted in an extended

run time that provided amplepportunityfor consolidation to occur. Furthermore, the use of water
binder also results in a granule with a lower porosity. This is because the water dissolves the
Maltodextrin powder which then flows into the intergranular voids. During dryihg water
evaporates, leaving behind solidified Maltodextrin where the voids once were, which reduces the
granule porosity. The low porosity nhature of HSG granules is well documented in litd:1198]

The Roller Compactor alsogutuce high densitgranules with a similar porosity to the HSIhe high

density nature of Roller Compacted granules ocoacsiuse the basis for the bonding within the Roller
Compactor involves minimizing the distance between particles as much as possible to increase the
number of contact points and maximize the Van der Waals forces of attrd¢teonSG produced the

next most porous granulds the TSGgranules undergo densification as they are compressed between
the narrev channel width between the screws and barrel. However, the granulé@ypproducedoy

the TSGin this studyis lowerthan that typically seen from the technology. This can be attributed to the
lack of kneading elements used in this work which is where densification predominantly occurs in the
unit. Finally, the FBG produced the most porous granules by far. Thistie theslack of consolidation

and densification that occurs within the unit as there are little to no compaction forces acting within the
granulator.The highly porous nature of FBG granules has been established by literature comparing
HSG and FBG technolags [94,95]
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These differences in granule shape and porosity will significaffiytthe product granule attributes.

In order to quantify the differences between the granules produced via the different manufacturing
routes; Granule Flowability, GraradFriability and Dissolution Time were all evaluated. These are key
attributes which will critically affecsubsequentnanufacturing steps and influence the perceived
quality of the product by the customdt.is important tonote that granule attributes can vary
significantly within each technology depending on the operating conditions used to produce them. For
example, the use of a higher compaction pressure has been shown to significantlygradulee
porosity during &Roller Compactionprocesg64,66]. Similarly, Rahmanian et 4b6] and Rahmanian

et al [97] highlighted how increasing impeller speadsHigh Shear Granulatiotead to increased
compaction forces which reduce granule porosity considerdiblg. values presentetthroughout
Sectiord.4arepurely for the optimised operating conditions present&eitiord.2and are presented

to highlight the variety in granule properties that arise depending on manufacturing route taken and
process conditions used.
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As discussed in this study, there are a lot of considerations that should be accounted for when deciding
the optimum process route. These include those considerations looking at the efficiency and
sustainability of the process with regards to materialkggnand time. As important are how suitable

the product granule is to idpurpose which depends on granule characteristics such as flowability,
friability and dissolution time. Methods to help account for all of these parameters together in a logical
and sensible way are critical to the development of a coherent decision repdti@g. One possible
approach is evaluating the technologies graphicallghasvn inFigure4.15 andFigure4.16 through

the use of parallel cordinate graphs oradar graphg105]. Figure 4.15 and Figure 4.16 rank the
performance of the granulation technologies in eadtainability and suitability metrid@he ranking

is based on how desirable the performance is for an example scenario where the desired product is a
strong and quickly dissolving granulehe parallel coordinate graphs and radar graphs were made using
the data from the most energy efficient condition from each granulation pathway being used to represent
the technology. These conditions are fabows: Fluidised Bed Granulator (1 kg), High Shear
Granulator (0.3 kg), Roller Compactor (16.7 kg/hr) and Tvare® Granulator (0.7 kg/hrPlease see

Appendix Tables AJA3 for more information on how these figures were produced.
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Thesegraphicalmethods allow the data to be visualized easier which facilitates better decision making.
For example,he parallel ceordinate graplshown inFigure4.15visually classifies the performance of

each technology in the considered metrics according to the Excellent, Good and Poor regions. This
graphcanthenbe used to quickly and easily eliminate unsuitable processes fraedison making
process. For this scenafroduction of a strong and quickly dissolving granultg}y evident that the

Twin ScrewGranulatoris predominantly in the poor region across the board and is therefore highly
inappropriate as a general process option in this Easthermore it 6s ¢l ear that t he
one present within the poor region for granule friahil®jnce the scenario requires the granules to be
strong, this granulation technique can likbly disounted from further evaluation as there are better
options.Meanwhile the HSG is placed in the poor category for a quickly dissolving granular product
and so can also be discounted from furttmmsiderationThis means that for this example scenario,

the RC can quickly be identified as the most suitable option. This illustrates how Parallel Coordinate

Graphs can be used to aid the decision making process when considering different scenarios.

Meanwhile,Figure4.16 presents a radar chart which uses normalized data to rank the performance of
each technology relative to each other on a scale of 0 to 1. The closer the rank is to 1, the more desirable
the performance is. If there is one key factor that the manufagwrencerned about, then this graph

can be used to visually evaluate the performance of the technology in that Fact@xample, if
Dissolution Time is the key parameter of importance to the manufacturer, then it is clear that the
Fluidised Bed has the closest ranking to 1 and is the best option. Furthermore, if there are multiple
parameters of importance, then thearachart can be used to determine the most suitable process by
determining the area encompassed by the plot produced by those pardfoetbiesexample given in
Figure4.16, it is evident that the Roller Compactor has the largest plot area and therefore, is the most

suitable process for the example scenario.
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Figure4.16 can be used to determine the optimum granulation process for a product by calculating the
area encompassed by the plot, with a bigger area indicating a more desirable process. However, this
approach assumes that all the metrics are equally important. Tafiensnot the case with certain
metrics being more important due to their influence on production costs or product appeal to consumers.
In those situations realternative approach to the graphical methods iséoa priority scoring system.

A priority scoring systentalculats a score for each process based onRherity Weightingthe
manufacturer assigns to each parametbich isbased on their needs. An example method is presented

in Table4.1 which outlines the procedure when applied to the most energy efficient condition for the
Roller Compactofthroughput of 16.7 kg/hrjor the production of a strong and quickly dissolving

granular productThis quantification of desirability is a methodical and rational way of differencing
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between processes based on specific requirements. An important point to note is Bratritiye
Weightingused in this methotlasa significant impact on the overall process rating. Therefore, it is
important that they are chosen accordimgnappropriateationalerather thararbitrarily by the user.

An examplerationaleto basethe priority weightingon could be cost. For instance, linking the
importance of YieldSpecific EnergyandSpecific Timeto the cost of the raw materials, electricity and
laba. A potentialrationalefor evaluating granule characteristics could berthensumeiperceived
importance, as determined through targeted market research sflidéesiser assigned Priority
Weightingsare multiplied by the performance of the technology in each metric (as represented by the
Technology Coefficient irfable 4.1) to produce a Parameter Rating for each metric. Please see
Appendix Table A4A6 for a detailed breakdown on how these Technology Coefficients are produced.
Summing the Parameter Ratings produce a Total Process Rating whichpjumgss desirabilitased

on manufacturer needs and process performance. Thedesishbleprocess can be identified by
determining which process gives the most positive rating. The Total Process Rating for the Roller
Compactor was 0.255 as shownTgble4.1. Repeating this methodology to the remaingmgnulation
technologieoperating at their most energy efficient conditiothe following Total Process Ratisg

are obtained: 0.146 (Fluidised Bed Granulator), 0.249 (High Shear Granulated)3rid(Twin Screw
Granulator) as shown by Appendix Tablé-A10. By comparing the Total Process Rating, it becomes
evident that the Roller Compactor is the niedirablep r ocess based on the manuf
it narrowly beating the High Shear Granulator. Meanwhile, the Twin Screw Granulator is by far the
worst option with it possessing the only negative rating between the evaluated conditions. In this way,

proces desirabilitycan be quantified and the optimum processing route can be chosen.
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Flowability 0. 2 0. 77 0.1514
Friability 0.1 0. 26 -0.026
Dissolution Time 0.1 -0. 66 -0. 066
Total ProcessRating 0.255
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While multi-granulator studies do exist they are often limited in scale, only looking at a small number
of granulators, and narrow in scope, often choosing to focus primarily on granule attributéesthkhis

first studyto evaluate the foupredominant granulation technologibased on such wide ranging
process sustainability and granule suitability metriise sustainability of the process has been
scrutinized with regards to material, energy and time. Also looked at was the suitability of the process
to produce granules that are fit for purpose. Results showed that the granulator performance varied
between the measured attributes with no granulator appearing the clear winner in all cases. The Roller
Compactor was found to be the most efficient with regéo energy and timdeanwhile, he Fluidised

Bed Granubtor was found to be the most efficient with regards to material usage and produced the
quickestdissolving granules. The High Shear Granulator produced the best flowing and strongest

granules. THa highlights the difficulty faced by manufacturers when deciding the optimum production
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pat hhway in cases where there is no clear winner
pictured approach to the decision making process
as a bare minimum. Both visual and analyticathuds have been proposed by this study to help in

this. Utilizing them to match sustainable manufacturing technologies to products they are suited for is

key in the drive to make the food industry more sustainable and affordable.
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Abstract

Temperature and humidity induced caking of amor
granulCakimug.t bebaeavausedit results in the per man
fai MThempact of key pr oc e spshemearneemmecane HsglbnShaar c &l
was asascersossesd a range of Maltodertréeaspowdempel Fe
batchlangi zg@m otmbrhe dff aheato gener aTthreems uvilndmmigasey s he b
tempewasuf eeumpda bteo di f f er ent dNMal tvaadeyx tnrgi ne xpg ceewd esr ¢
the paowdwirt T hi gh DE Maltodextrins showiTrhg sgr eat
study al sd hlatghM®DIgFghoeextrins requirel hesenwailhbr
behavior wecohr dlhet erdat e at which the water binde
Mal todextrin powder during granulation. Hi gh DE
with incrempesi tsiobn dt tan | ow DE counterparts, p |
mobil e and adh e sciovnet, eatt hsehri egbhye r f ascoil liidt at i ng mor e
par arkemaesr model | ed to refl ect tT) sdrd Spetrkeo ntshhei np .
used to produce a caking regime map for t he Hi
del i mematopd i mal region for granulation and a regi
threshold of this dgRiohgd0e@)anhkdwasf st 0825.

Hi ghl i ghts

1 Established r egdietha nneaapt ifnogr ocpatkiinmugn oper ati ng
T Critical thr eshlogl dvsalfucer ocfa kdiGdgl eatroda (0L /08)2/5k

T The higher the DE, the more sensiative to gr al
1

Hi gh DE Maltodextrin need | ess water for gr at

This chapter forms the basis of

Y. H. Karunanayake, L. Brg¢tsch, V. DMetedios
of a high shear wet granulation regi me
amor phous food powders. Powder Tec

https://doi.org/10.21016/ ] . powt
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Gr an
prop
Il i qu
powd

ulation is a size enlargement process that

erties, extend shelf l'ife and alter reconst
id binder is addvddrcchoulanhsagnttaahedf pomwateirobed
er particl es. These bridges allow particles

gr anful esHSlgéhar Gr anwlrped pulsa i HB@Yh e ea naid iatt atri on i s

through a r dthati mgakidwp@&@@lehesirch possesses a spinni
the rotating impeller, to further ptLtompte agitat
The mechanism of wet granulation is wel/l under st
foHi ghe®etr e&Gnul(aHSWE) 0c § 8SDe 8.6, TIDB83de regi me maps
devel oped throlbhghltex pmesmeynsa@alltilvienpeop wdblFr e and repr e
behavior of the mix in ter msThef mb e olwenl lriedy i cnoen tne
is that of I[v3edshoanc hamrde plrietssetndred t he mi x behavior
(representing the | iDpdiod ntadn toenre tiNyu erebread t ti me d rhan wlc
the system). Si mi [ & 0dBho oTsaen taon du sHea ptgloedodL/ S r ati o
characterize girmntublaiti onWiielha vimel | devel oped, tr
produtbedugh experiments with insoluble or <c¢cryst
apply to amorphous powder granulation. This is &
crystallineipgnwdiefckaenrt©Omee i s in the existence o
(J . Thi s deesncpreigbhet swintéhceh an aaor phaosi madtes from
state into a rubbeapsiani saguws fscanel yThilser the
with respect to def dDowbhp kcihl icthya negneds < thiec kbienheasvsi o r
granul ati on. None of HSWE ewxi snt Inyg pamysaimiematp e
based phenomenon such as caking which highlight
powders. Furthermore, amorphous powderisnsdoilsushalev e
ocrystall iTmherpdhogtmer,reaxposed to water binders, the
into the binder to significaeslky aaldt enmobbi ndgr
|l itehasgoursei dered the effect of thlelili hemaé WwWeéende
studi es f oundt hwehiecfhf eecvta loufa tteh e ,d b elmigrephagw doeirn dbeerd p
inter,@aantitdhes granul ati on process.

One of the jmasédspheoomeida is caking. Caking des
bed t e mpreacradlugesgatnide t hea rpponvstd@ ritchres vi scous state.
i ncrease in t he powder 6s stickiness and an u i
Conseqarntbygi vpeo wdeewd earredj up ouneeeat adhesi on occur s
formation of | arge powder | umps 4gnld li]ntt ersf ecroersp aw
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to the overwetting phenomenawhdtreeo grueaihald a egidnigd c
which | eads to the produc[t3.®]nCoarfp alreaerdg e ,0 s dfet weual
formed during overwetting,ascakti nrgesiusl tasrmarn d hse rf
strong | umpcsauesgehi pmemaydamage. Furthermore, whil
be 6écorrectedd by the addition of powder otfo redu
caked materi al is an irreversible prokhesrse fwhri e,h
a thorough undemsteadredi @ oft cakiorbd@ Tpomadscadkeidnyg n t |
within granulation is an under r eFscerareaxirandpziteen,pi ¢
[ 11stjJudi ed the caking occurring ins{idOhaeBliuigdt s8¢
caking in a TwinM&8tmatw|[®&B84dndi edoca&anhndbl ens oi hha
CompactHowever, no studies ddwgbdscbkagk i fnogu npdr owheiscsh
t hHeS G.

The aim of this stiunwye stish e aft aeca noprse haef M &iGv a lmygo <x k
a range of amorTphheo uisnvpeoswdegrast ed factors include
Si ZTeh.e pmpaceasnemprds owm |dakbiengl i nked with the mat
amor pphowdgteds devel op at hHSgW@Ereo areasps fwohi ch  wi | | i de
conditions for normal operation and caking. The

and sustanwmlédtieog of amorphous powdemrathbey imilnilmmisz

PIO=¢c qll Rcidt We Ul W~WJqé6 VYTt W
PIHO=4@Ng JI R¢ Gt W

Mal todextrin powder was chosen for this.Twer k du
foll &GwiurmdMdekodext (IRmgpewdee s&E ! aefootre Jit hi $6 st ud@y2,
I T21 andThd&8219T grade is equi Vb nt ht oHpebnideef doerxtthr, o
the Maltodextrin grades wil/ be refeheomodvdeo sby
weradclondi ti onedi at MO0 RBetwy aBanMam®AC K NI1O0 2HWbmi
Chamber (Memmét prGermd o granul ati on. The Onset
powders prior to gr anulDaEt6i 8odnDE)HZ7 1MEEX1I58AdC) a sanfdo |
DE2(950AC). The particle size distributidabbé the
5.1 Pastrel di stribution measurements were carrie
UK) wusing r anadgonm rsoamplheesT hoefl k2iSmaeer ualed vha&Cs di st |
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Tabblle Particle size distribution of the raw powders classif

Particle Size (um)

DEG6 DE12 DE21 DE29
d10 144 +9 153 +14 141+20 143+17
d50 292+21 271+20 270+15 255+19
doo 651+ 30 569 + 37 547 £ 25 455+19

POZK0=¢ Uz ¢ qRYUWE+*+GUI RGWUGqt

Granul aciaoni wd<fout chnEaa Hi gh Shear Granul ator
Gras2by0 Syringe Pump (Burtons, UK) was used to
evaluated between 200 g and 400 g. A bowl speed
bet ween 450 rpm and 1800 rpmurfflreemmodge awhi¢maeé or hevak

the impeller rotate in the same direction. The 1
is OA). The L/S ratio was varied betoweemnl Wad B5 n
behaviour unidéercomtrgntng. | $Smuay ratéd wasskapt oI

rat e dmefafnetr ent L/ S ratiobs resul ted fmiarhS2ki fTher ent
wet massing ti mevaaf the rinhlnieceu irde pad d dciattiessn wer e per f
and the average taken. The powder bed temperat ul
One (FLI R, USA) thernmalght®&mer powdepr ewa@ntteahlpen at
as the average temperatureTlhé imiet ioblsepoatheér pe
granul ator temperature was 20AC in each instance

Tab5l2e Binder addition times for example L/S ratios at diffe

. Y RNE Ry ¢AY SO M

[ W R Hn 3 onn3 nn 3
nanvp H o] n
nanp c d M H
namp M 1 M p H N
ndip M N HM HY
naop MYy HT oc
naep H H oo nn
nap HC oo pH
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Thermal Camera
fpeler — 1
Motor
Viewing port

Camera
View

a7
NP2

5 Impeller \ @/ Viewing
g port
Impeller e
Side View Top View

Fi gblr eSchematic diagram of the Eirich EL1 Granulator. A t
temperature through a circular viewing port in the granul

- ~

PIOZH0Q: Ue G WWERAINWIG6¢! ¢ Halll Rt ¢ qRYU

Granule size was measured using a Retsch Sieve .
the operational settings chosen result in the g
reliable sieving dat a nagr emapsisc kianmgp lan uamp rampdr isahta
sieve shaking was carried out by breaking the b

particle passage during sieving by preventing si

to pick a high enough amplitude that it results |
high that it results in particle breakage. Break
it wi || affect the Prelvéntinudg Exhiesnt boéakCakd ngtf
mi ni mum amplitude possible which provided good p
being chosen. Preliminary sieving tests done wit
bragl. To choose an appropriate shaking time, pt
granules samples at the chosen amplitude of 0. 4F

mass distribution of the samglhanwgiet lwiin ht me t hitea |
2.5 minutes on average during these preliminary

precaution and to ensure the end point of the si

The granule yield was defined as t hreapprwoddewuc ta ntdh a
|l ess than 4 mmE6 Tthhes ymeealnds Wwas defined as produc
and 4 iDMmBEla2MbE2ilt was the product between a sieve
f OOE2i9t was defined as the product between a sie
|l ess thanrtapjvewd®® whsthbhéeassified as waaleass sainfdi erha

asakempdditi onal information rega&r.Ri.bg si eving
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For certain experiments, téalomgiheit tnhloe sd aimrtee rcto nd fe
gr agaundcesdfiner granul ation was measured. This wet
an MA37 Infrared Moisture Analyzer (Sartorius, C

temperature was set at 120AC. Thwdeqwhementt hwea <
end point occurs after the machine detects no fu

The moestontent was taken based on this end poir
P IO=24QP2 1J 0 Y GIRYUIDIdhUlil B G Y 1 W~ YT 130

Thehand@ée aiss Treanmpseirwitdeutmn emoi sbbdr eheodi €éherent Mal i
required to better understand the behaviour of t
samples were taken and conditioned at different
sol ut i2@®@mML. atThe saturated salt solutiondg heyed al
prodaced as foll ows RHLI%)h, uBotCas PH2I3dR)AdeMag e i u
Chl oRHU3eY)(Pot assi R4 B&) boBate R& BW)onandde Jodi um Ch
(RH76%) . The different relative humiwhiitcyhd sp rroedsuucl et

powder samples with different moisture contents.

After conditioning, the powder sampl-esawiame ttrhied
analysis in a TGA550 (TA I nstruments, Switzerl a
samples of ~25 mg being heat eod f2rAoQu ngi 5nA Qi ntdoe r 2 0dOr,
flow (100 mL/min). The decomposition temperatur e

according to the manufacteneur isugpphoethamatieal al
machine measuorsesd otfh et hweeisgshmplle wi th temperature.
|l oss derivative curve is used to determine the
content of the sample is then deterAddetdi dmalm

information regarding the measuremeXht2.plrl nci pl e

The Glass Transition temperature was measured

u e
(TA I nstrument s, Switzerland). A double cycl e s
erase the powderdés relaxa¢iwasensbad|l pp wmhbar &h
Powder samples of ~20 mg were used for the scan.
of 5AC/ min from 253/0CQ o etf hoer ee xt pheec tsydAtTe m Tihse tsteerm
cycle thénabegt ppoft o5ACtmimper agr B0 ACof Theegéapsct
temperature is taken as the onsfddiafi oinfaé sShéep

regarding the meagcuarne nbeen tf opudi.d2.ciiln® | See cftoiro nT
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The sample moisgdatea wemterdtdt@nmdohto the Gordon
i Equabl[2nt$i ng a root mean s g.waarnedda reerfrtolre tmednh o d

Mal t odaendlatiem t he sampTleandhs pecethiev&l mss Troafnsitio

the dry powgperEheaGleass Transition Temperature
the environmentgalncpeassunge, aswiptrles$ure increases
i ncreases, the amorphous water structure change
density amorphous structure. The cr eadiloyndrodgeri
bonding within it, meansdd glheemnpeentenesyyarepuoes
the glass trangoift ewpantapr amé$ € nt TIp3e5FC uaned (tlh ebraerf)c
value has been used throughout this work to ref/l
carried out -a35AQ0hh &s vind aure eX[pkladhcie nsalcloynmoal iy d a
|l iterature to model t he water [ &FMmanddrnyt, ikn itshea h
parameter which depends on the interactTihend ikkdtiwn

produced the following k vallks94 ofDEth)e, diiX.f %G e
(DE1) anfdE9) 98

oYy @Y

0 @

Equabl on

PIO=40Ect 2| RUNDWEéRt HYt Rq!

Viscosi MWMgalerodextrin mixtcurnetseasngtsmdanblierpdntussalbi

Kinexus Pro rheometer (Malvern, UK) . The r heome
geometry. The sample temper aituaned eursaetdu rwea so f2 0tAG t
and water used in granul ation. Tihet os hreeafrl ercatt etsh ee

rates that are tyHpSwGMelhpgugemenasedoduriancyp eval L
perfor med Aiddittriiopnlailc atnef.or mati on meas WBr.i2ngl2vi sco

PIOZAQTs | Ul WEqRHAL RUIJY |

The preparation step involved first dip coating
to produce a Mabwiodexar i~0. Bommedoaetnang thicknes:
Mal todextrin: Water ratios were produced using a
of 300 rpm and mixing time of 20 mins. Thesstick
K100 Tensiometer (Kususg,t Ger mad&g§ @ bidmTerealoaddC|w anse

connected to the measur ement probe of the tensi

pl atfor m. Step 1 involved the platform moving u
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surface of the mixture (Step 2). Afterwards, dur
500 mm/ min for a further 2 mm. This resulted in
Te 500 mm/ min mevewmsenhntspebe fastest speed that
at and reflects the high velocities under which
proclTehses . Tensi ometer wil |l carry out the movement
sensoredbtred. was nhbhethwéednngt ¢ p m& haen db eSa de pw ads, wihtel
i mmedi ately at 500 mm/ min. No holding time was u
the collision time between granules is miniscul
collision to maeigstuenmcsisisd uflar cTdheon t he bead durin
be measured by the Temaxii otrmem irl. e Ther ge.eatlke ¢he

bet ween t heurbe aidn ddindatminkg a greater stickiness.

Step 1 Step 2 Step 3 Step 4
Coated Coated Coated
Coated Bead Bead Bead
Bead
Mixture Mixture
Mixture

Mixture

1

1 !

Platform moves the Surface detection Platform moves up 2mm Tensile force on the bead
mixture up (500 mm/min) (500 mm/min), causing the measured while the
bead to penetrate 2mm platform moves
into the mixture downwards (500 mm/min)

Fi gh2 e Measupnpemdnt epto measure stickiness

PIOZAGYI qRHEGIWF G ¢NIIWEWNTYHRRGWql !

Particle | maRglgwa/el o@i meedyogt to determine the t
granul ation. A Photron 1024PCI Hi gh Speed Camer ¢
videos of the granulation bed at varybed wanpell
composed of gri@nurme swhh eethweneanrs 1t he predomi nant gr
t he sKhisgb8Me di spl ays an example snapshot of the g
process condition. The videos werlel ¢3paldedtea dni inme
particle velocity and the resulting shear rates

i Fi gb3Berepresents the motion of the powder bed.
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software. This was done to eliminate the motion
as the ykelllhogdarnd ghti &d gbh3@i dams avoid the PIV anal
those movements foThae hrad¢ c @rmhmepirdoecgefsism aggevoalseeasn d

were used. Thes@LAHEI| widtohtv &8 n\Wilednd pg] of 64 and Wi
LowasPs with a Wi nldhoewv Asuitzoet Geabrixtfruaosictt 3Son and t he Ba
Intensity subtraction function was activated. Th
focus the motion of particles. For the analysi s
with interrogation areas of 200, 100, 50 and 25.

the mixing captured by
powder bed whRicgm3Besn dcirceaatt eesd tbhye

Fi gbh3 ki gbh3Aepresents a s
di splays the motion of t
di fferent regions which the i mage can be divided into. The
the area within the blue border repregehbewddr mepi enemwmt s

motion ofOnt yethewlarea within the red border was eval

POt ctqt alWUNG Wl YOG WUIWYnWNIG Gl ¢aqel

HSWGegi me maps describe the behavior of the grar

Typically, these drivers are the liquid content
[ 30, 36, IBB$ study/ T onaitdeemrpsemédoh elrek t he ttwhoe dr i v
aggl omepr at eamatli ogemesrighovwes powders. The greater

' iquid bridges can form anf3.0Meangteempeeeiadtulve! ¢ xt
established i n | ictoerraetl tatce® hassis tlac eprieda sagned e r amor phou
[ 71, Tamhper ataibe caawvd to reflect the dedormagi on
granul ati on. This is because at hi gher temperat

|l eading to more granule deformation and therefor
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This section wildl explore the impact befiinemper
di sicutglse gl assonrbhebavioranaoftMailt ode®xmireicnhs on

phenomenon. Theestubeeguwinlt! spbesent the effect o
temperature and granular yield. These findings
granul at i oammdrephhraovi sorpowder s, particularly in rel

concl udenibnyg etxhpel ariat i onal e-T{f @h imod ed e It ddeet pteegd pgatte t t
behavi or of the system, along with the approactl

scenari o.
PIOJKING + + WNI ¢ Ut RqRYUWHWGEC2RY! WYnW~¢caqVl

Fi gb4sebhbws the fitted Gordon Taylopowdeves FDttth
carried out adc@r. ®&iomg atld S et ipoorwder s, asg the mo
decreases. This is due to the plasticizing effec
where water penetr atoefs tthhee pnoowdeecrul aamrd sftarumg ulyed
pol ymer chains. The f ordmastrevognissoif n¢ hiesteehmdlr egeina

the polymer chains giving them a greater mobil it
the materi al into the rgHd®Wer]iyt sitsatael sroe seuMitd enngt it
contents, ¢t her ana sDeHs enauldndTer wased i s in |ine with

[ 25, 2Bhis is bataosextownBPEhKVe a greater portioc
Thi s Iseaaebbnoghdi mepranent angltehpeehy shethhde nbec cmai n:
mobil e, more ther mal energy is required to overoc
in theghigher T
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A ~
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Figh4 eFitted Gordon and Tayl or sshuogwiersg ftohggwithteebh revemd et eeidim gV
moi sture content (wet basis). ¢ghaHiugheratDER mumEer moadrsrit ag |
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When a upnoodwedregpoes gl dags gtoreasn girtoimborbei ng a rigid, g

ruboenrey This increased stickiness has the poten
both desired and undesired. Desired agmdrotmealagd o
to form granules. Undesired agglomeration is whe

bed forming | arge caked | umps or whédR\ & rhteu gplolwd €
this undesired aggl omeration can become so seve
Fi gh5SFi gbhbsechows t he aftermath of severe caking th
DE29 pbBiwd®mbAdi spl ays an example of undesired aggl
so sticky due to the glass transitioning of the
This solid |ump has beefkiguf3Aeaot echphndipgpieetbe e«
the bed can cake due toWhéep ghiasscakangi ocounr phe

to the motion of the impeller increasebotamdoft
which increases the demand on the impeller motor
motor, at which point the motor shuts down, and
vi sualFiig&®8eiwhi ch shows significant amounts of ¢
which would have dramatically increased the dema
to material | oss and equipment damadeg, ngspgauaisal |

caki ngpgoiwdetrhamgtasgoingnsition which occurs depel
and temperature of the powder. This makes cakin
parameters are constantly in flux deriangdgit anulh
system.

FighteCaking ofDEM®N ttole xHrgm Shear Granulator. 4A depicts
has caked to form one singular lump | eading to thetcompl et
400 g and 900 rpm). 4Bhéepbtesthaw tbi gamakhegghasul ator i

DE29 granulated at 300 g and 1350 rpm).

P IOCE@AXH WG] YHIJt + WGe!l ¢ G Wqll + WwYOWGYsT I W
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Caking occurs when itnhcer aphocsvedsg ri Dtse niper agtruarneu | at i on

energy of the particles is conv-graedl| dtoorhefarti atu
exampl e, KristledBsEemoratnsgd tSlkkantaedlelr t he power consu
heat in the wet mass. This heat generFatgibGre | ead
presents the ther mal i mages captured of the powi
i Fi gbhh) e when granul ating DE6 at 200 g and 1800 r
emperature of the powder bed when granul ated at
detailed5id. Beet bed temperature is shown to inc
increasedimgbécetn mees .used to il lustrate the chang
during a granul ation process. During the granul
energy is converted to heat in teed goamnhlatpbomwde.
which increases its moisture congg eBveandal her af
point is reached where tgheshédi ngmpear at i ghoVv é Kk
2
Fightt e Ther mal i mages of the DE6 powder bed when granul at e

experiment and ptrhees etnotteadl breunow iensec h ipmadeé .onTlod ftihegu mpe wdliesp
could be observed by the thermal camerhRki ¢SilrTehueg hs itghneatcuirrec u
created in the powder bed by the rotating i mpeller i

Therefor e, in order to diagnose the causes of c a
bed tempeeagwdaluuoFaetgdaashsesh ows t hd edh dregnpreg at ure wi th |
anlWat cradsifder entf ob/ $ hreatviao d nGhédal ¢ Duletxs rs mew h
the temperature rise can be with bed temperaturl
Il ncreasing impeller speed resul {&8&, L aA alhly5gdatrer
i mpell er speeds, the granul ator smpswamctiniegmduce

converted into heat in the wet poswddrmemapowdelF u mi
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