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Abstract

The goal of this research is to develop a novel methodology that
combines experiments and modelling to help understand the physical
conditions of the coalescence and stickiness of milk particles brought
into contact in order to control the functional properties of dairy powder
and design equipment.

In this work a new method to study inter-particle behavior during
coalescence and stickiness of two individual particles is presented. A
two individual particles drying Kkinetics device is successfully
implemented and particles contact tests were performed. A tip with two
filaments is used for the drying experiments with contact test. For each
experiment, two individual particles of initial weight of about 2 mg are
dried individually until a certain water content is reached. After that the
chamber was closed to the air flow for 30 seconds and the particles were
put into contact by bringing close the tips using tweezers, drying was then
continued until the particles was dried. Experiments were performed at the
air temperature of 50, 70 and 90 °C, and air velocity of 1m/s.

In order to select the direction of the air flow during drying of two particles,
drying kinetics of a single particle (case 1) was compared with drying
kinetics of two particles in orthogonal (case Il1) and parallel position (case
I11) respect to the air flow. Comparing drying kinetics of case Il and 111
with case | it was possible to see that case Il is slower than case | instead
case Il showed the same drying kinetics of case I. Also the morphology of
particles is different: in the case | and case Il the air flow meet at the same
time the droplets and they show the same morphology change; instead in
the case 111 the particle that meets the air flow first is dryer than the second
one. For this reason, the drying kinetics of case 11 is slower than the case
I and Il. These preventive tests are allowed to choose which position of
particles would give us the same morphology and the same drying kinetics
of a single particle. It was decided to perform the experiments placing the
particles orthogonally to the air flow direction (case I1).

[VI]
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Experiments were performed for skim and whole milk. Comparing the
drying kinetics of skim milk and whole milk, which have the similar initial
water content, the results showed that whole milk have a longer drying
time than skim milk. The only difference between skim milk and whole
milk is the fat presence that slow the drying time of the particle.

Particles contact tests, both for skim and whole milk, showed that it was
possible to distinguish between three major mechanisms: coalescence,
stickiness and non-stickiness. Coalescence occurs when during the contact
a particle is transferred to another particle and they can merge forming a
larger spherical particle. Stickiness occurs when after contact the particles
change their shapes, necking appears at the interphase particle-particle
while separating, which can cause deformation or breakage of particles.
Non stickiness occurs when the particles after contact can separate without
necking formation, and their shapes do not change. Four different cases
of stickiness were observed, for a total of six particles contact cases,
including coalescence and non-stickiness. Differences between cases
could be related to adhesion and cohesion forces. Adhesion forces fully
dominated during coalescence and gradually reduced until non-
stickiness was observed, at this point cohesive forces dominated the
mechanism, hence surface of particles are considered being non-sticky.
Measurements of drying kinetics of particles after contact tests have
showed that the device was able to capture differences in drying time.
Drying kinetics particles were evaluated only for skim milk particles.
Whole milk particles after contact test showed a shape and size
differently than before the contact for this reason the drying rate was
not considered. Skim milk particles when showed a coalescence
mechanism exhibited a lower drying rate after contact test, if compared
with sticky and non-sticky particles. In fact, coalescence leaded to the
formation of a bigger spherical particle, which has a longer drying time.
Stickiness and non-stickiness, instead, leaded to the formation of two
particles with a shape and size similar to the initial particles, therefor
drying rates are comparable with drying rate of a single particle.

The evaluation of the conditions of coalescence and agglomeration was
carried out by associating the experimental tests to dimensionless
number (Oh?), evaluated taking into account the surface condition and
the glass transition temperature (Tg). A validated drying kinetics model
was used to simulate surface conditions of particles during milk drying.
Contact tests were showed that particles, which exhibited coalescence
had a calculated Oh?surace lower than 1. This validated the theoretical
criteria, which is used for modelling collision of particles during spray
drying using CFD; Oh? has to be calculated as a function of the surface
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conditions of the particles and not as a function of average conditions.
In contrast, particles that showed stickiness and non-stickiness behavior
had a calculated Ohsyrrace? greater than 1. Calculation of A Tsyrface = (T —
Tg)surface Showed that particle coalesced for ATsurface > 140°C and they
were sticky for ATsurface > 30°C, which is in agreement with literature
results of stickiness of amorphous materials, for which sticky point is
between 20 and 40°C.

The experimental results combined with the validated drying kinetics
model can be used for modelling the spray drying process. The
suggested approach can be used to support the design and scale-up of
the spray dryer and to enhance and control final product properties.
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Riassunto

L’obiettivo di questo lavoro di tesi € stato quello di sviluppare una
metodologia innovativa che combini gli esperimenti con la
modellazione per aiutare a comprendere le condizioni fisiche di
coalescenza e agglomerazione di particelle di latte messe in contatto al
fine di controllare le proprieta funzionali del latte in polvere e il design
delle apparecchiature.

In questo lavoro € presentato un nuovo metodo di studio per valutare il
comportamento interparticellare  durante la coalescenza e
I’agglomerazione di due particelle. Il test di contatto tra le due particelle
viene eseguito usando un puntale con due filamenti sui quali vengono
disposte le gocce di latte. Per ogni esperimento due gocce, del peso
iniziale di circa 2 mg, sono essiccate singolarmente fino al
raggiungimento di un certo contenuto di acqua. Dopo che il contenuto
di acqua desiderato e stato raggiunto la camera di essiccamento e stata
chiusa al flusso di aria per circa 30 secondi e le particelle sono state
messe in contatto portando vicino i due filamenti utilizzando
un’apposita pinza, dopodiché é stato riaperto il flusso di aria per poter
terminare il processo di essiccamento. Le condizioni operative dell’aria
sono state: temperatura di 50, 70 e 90°C e velocita di 1m/s.

Test preliminari sono stati necessari per poter selezionare la posizione
delle gocce rispetto alla direzione del flusso: la cinetica di essiccamento
di una singola particella (caso I) e stata confrontata con la cinetica di
essiccamento delle due particelle, posizionate in direzione ortogonale
(caso 1) e parallela (caso Il1) rispetto al flusso d'aria. Confrontando la
cinetica del caso Il e 11l con il caso | é stato possibile vedere che il caso
I11 e piu lento rispetto al caso I, invece il caso 1l mostra la stessa cinetica
di essiccamento del caso I. Anche la morfologia delle particelle e
diversa: nel caso | e nel caso Il il flusso di aria incontra le due gocce
allo stesso momento e mostrano la stessa morfologia, invece nel caso

[X1]
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I11 la particella che incontra prima il flusso di aria € piu secca rispetto
alla seconda. Per questo motivo, la cinetica di essiccamento delle gocce
posizionate in parallelo € piu lenta rispetto a quelle in direzione
ortogonale. Queste prove preventive hanno permesso di scegliere quale
delle due disposizioni avrebbe restituito la stessa morfologia e la stessa
cinetica di essiccamento di una singola particella. In tal modo si e deciso
di effettuare gli esperimenti ponendo le particelle ortogonalmente alla
direzione del flusso d'aria (caso II).

Gli esperimenti sono stati condotti su latte fresco scremato e intero.
Confrontando le cinetiche di essiccamento del latte scremato con quelle
del latte intero, che hanno un simile contenuto iniziale di acqua, i
risultati hanno dimostrato che il latte intero si essicca piu lentamente
rispetto al latte scremato. Cio e dovuto alla presenza dei grassi, nel latte
intero, che ostacola I’evaporazione dell’acqua.

I risultati dei test di contatto sia per latte scremato che per latte intero,
corrispondono a tre comportamenti principali: coalescenza, adesione, e
non adesione. La coalescenza si verifica quando durante il contatto una
particella viene trasferita su un’altra e si possono unire formando una
particella sferica piu grande. L’adesione si verifica quando, dopo il
contatto, le particelle cambiano la loro forma in quanto si puo avere il
trasferimento di materiale da una particella all’altra senza che pero vi
sia la formazione di un’unica particella sferica, il materiale rimane cosi
come si e deformato, continuando I’essiccamento senza cambiare
forma. La non adesione si verifica quando le particelle, dopo il contatto,
si possono separare senza che vi sia una strizione e le loro forme non
cambiano. Sono stati osservati quattro diversi casi di adesione, per un
totale di sei casi di contatto, compresi la coalescenza e la non adesione.
Le differenze tra i casi potrebbero essere correlate alle forze di adesione
e/o coesione. Le forze di adesione dominano completamente durante la
coalescenza, gradualmente vengono sostituite dalle forze di coesione
fino a quando viene raggiunta la condizione di non adesione. A questo
punto le forze coesive dominano il meccanismo, quindi la superficie
delle particelle e considerata non aderente e quindi secca.

Le misure di cinetica di essiccamento delle particelle dopo il test di
contatto hanno dimostrato che il dispositivo € in grado di catturare le
differenze di tempo di essiccamento. Le cinetiche di essiccamento delle
particelle sono state valutate solo per il latte scremato. Le particelle di
latte intero dopo il test di contatto hanno mostrato una grande
deformazione rispetto alla forma iniziale per questo motivo le velocita
di essiccamento non sono state considerate. Confrontando i tre
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comportamenti, il latte scremato a seguito della prova di contatto, in
condizioni di coalescenza, ha mostrato un rallentamento della velocita
di essiccamento piu marcato rispetto al comportamento di adesione e
non adesione. Questo é dovuto al fatto che a causa della coalescenza si
é formata una goccia di dimensioni maggiori che ha un tempo di
essiccazione piu lungo. Gli altri due comportamenti, invece, hanno
portato alla formazione di due particelle con forme e dimensioni simili
alle particelle iniziali, pertanto le velocita di essiccazione sono
comparabili con quelle delle particelle essiccate senza effettuare il test.
La valutazione delle condizioni di coalescenza e agglomerazione ¢ stata
effettuata associando i dati sperimentali al calcolo del numero di
Ohnesorge, (Oh?), calcolato tenendo in considerazione le condizioni
superficiali e alla temperatura di transizione vetrosa (Tg). Al fine di
simulare le condizioni di superficie delle particelle & stato usato un
modello gia validato precedentemente per descrivere la cinetica di
essiccamento del latte.

| test di contatto hanno dimostrato che le particelle che coalescono
hanno un Oh?surace inferiore a 1. Cid risulta essere in accordo con i
criteri teorici, che vengono utilizzati per la modellazione delle collisioni
delle particelle durante I'essiccamento nello spray dryer. Invece, le
particelle che hanno mostrato un comportamento adesivo e non adesivo
avevano un thsurface maggiore dl 1. ” ATsurface: (Tparticle - Tg)surface ha
mostrato che la coalescenza delle particelle si ha per ATsurface > 140°C
ed esse sono adesive per ATsurface > 30°C, il che & in accordo con risultati
di letteratura, che mostrano che il punto di adesivita dei materiali amorfi
risulta essere compreso tra i 20 e i 40°C.

| risultati sperimentali combinati con il modello della cinetica di
essiccamento possono essere usati per modellare il processo di
essiccamento nello spray dryer. L'approccio suggerito pud essere
utilizzato per supportare la progettazione e lo scale-up
dell’apparecchiatura, in modo tale da migliorare e controllare le
proprieta del prodotto finale.
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This work presents a methodology, which combines experiments and modelling, for investigating the
coalescence and agglomeration ability of a product and to support the modelling of product properties
during spray drying. Two particles were dried simultaneously and contact tests were performed along
the drying time. A validated mathematical model describing the drying kinetics of milk particles was
used to predict surface conditions during contact tests. Three major mechanisms were observed, coa-

lescence, stickiness, and non-stickiness, which were related to adhesion and cohesion forces. The

simulation model allowed evaluation of the surface Ohnesorge dimensionless number and surface glass

:;“;gﬂ::ys'mg transition temperature, which showed to be good parameters for predicting contact mechanisms. The
Stickiness model was also used to predict shell formation in drying particles. Wet and dry shell formation was
Dairy simulated over the drying time, to improve understanding of observed contact behaviour.

Shell formation © 2015 Elsevier Ltd. All rights reserved.
Modelling

Single drop

1. Introduction

Spray drying is a unique drying technique, involving both par-
ticle formation and drying, in which powders are produced by
introducing atomized liquid feed into a hot air stream. Spray drying
can be considered a suspended particle processing system, as
drying is performed while particles are suspended in air (Masters,
1991). It is a common process used for producing a large variety
of pharmaceutical and food powders, including dairy powders. The
functional properties of spray-dried powders, such as flowability
and foaming, are difficult to control due to lack of knowledge of
how product properties form and are changed during the spray-
drying process.

Modelling is an important tool when designing and scaling up
industrial spray-drying equipment, in order to reduce development
time and costs. However, model validation is needed in order to
achieve accurate predictions; this is a challenging task due to the
dynamic (i.e., non-stationary) nature of the spray-drying process

* Corresponding author. Foed and Bioscience, SP Technical Research Institute of
Sweden, Gothenburg, Sweden.
E-mail address: lilia.ahrne@sp se (L Ahmé).

http://dx.doi.org/10.1016fj ffocdeng. 2015.11.021
0260-8774/@ 2015 Elsevier Ltd. All rights reserved.

and difficulties in sampling and monitoring particle changes during
the drying process (Norton and Sun, 2006). In addition to changes
in each particle, wall-particle and particle—particle collisions
occur, which strongly affect the performance of the drying process
and influence the morphology of the final powder and conse-
quently functional properties. Collision between particles may lead
to coalescence, agglomeration, or rebound, depending on the
physical properties of individual particles at the time of collision.
Coalescence occurs between liquid particles; agglomeration and
rebound depend on the stickiness of the particle material, though
their occurrence during spray drying is not completely understood.
Some authors have modelled these mechanisms based on calcu-
lations of the physical conditions of particles (Verdurmen et al.,
2004). In modelling coalescence phenomena during spray drying,
the physical conditions are calculated based on theoretical
assumption only, and experimental set-up for validating these as-
sumptions has not been implemented. In modelling agglomeration
phenomena, the physical conditions used are based on experi-
mental results. Various measurement methods have been devel-
oped to characterize the agglomeration of food powders in terms of
their stickiness after drying (Boonyai et al., 2004); however, there is
a need for a methodology allowing the investigation of coalescence
and agglomeration during spray drying.
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Nomenclature u maximum water mass fraction on a solid weight basis
(kgkg ")
Cort external vapour concentration (kg m %) X water mass fraction on a total weight basis (kg kg !}
Coat vapour concentration on the surface (kg m *) z solid fixed coordinate (kg)
G specific heat (J kg 'K ') A,y latent heat of water evaporation (] kg ')
d pure density (kg m %)
D diffusion coefficient (m?s ') Greek alphabet
F flux of water leaving the surface (kg m tg 3 p density (kg m 3)
Heoxr external heat transfer coefficient (Wm 2K ') m viscosity (Pa s}
thermal conductivity (Wm 'K 1) W minimum viscosity for wet shell formation (Pa s)
Fexr external mass transfer coefficient (m s ') a surface tension (N m ')
M molecular weight of water (g mol ')
Nu Nusselt dimensionless number (—) Subscripts
Oh Ohnescrge dimensionless number a initial value
P vapour pressure (Pa} 1 Case 1
r radius coordinate (m} n Case Il
R radius of the particle (m) eff effective
R ideal gas constant (] K ' mol ') ext external
Sh Sherwood dimensionless number (—) b3 glass transition
t time (s) max maximum value
T temperature (K) s solid
is percentage of total solids (%) surf particle surface
u water mass fraction on a selid weight basis (kg kg ') w water
Adhikari et al. {2003) developed a probe tack test to determine
the stickiness of individual particles on a surface during convective
drying, and Haider et al. (2014) used a micromanipulation particle ~ 4 _ @ (perD a”) a
tester to study the deformation of two homogenous particles. These ot oz\"* Tz
are the only two methods reported in the literature that facilitate a
better understanding of the stickiness and inter-particle forces of
individual particles. However, the probe tack tester focuses on the ICt=0;u=u (2)
stickiness of a drying particle on a surface, while the microma-
nipulation particle tester concentrates on inter-particle forces but
not during drying. au
In our view, a pure experimental approach to studying particle ~ BC.t> 0z = 0; =1 (3)
coalescence and stickiness during drying is difficult due to diffi-
culties in measuring water content and temperature profiles inside
and on the surface of particles. On the other hand, a pure modelling au F
approach cannot be used due to lack of validation of the theories Z = Zmax — Deﬁps§ =— (4)
applied. The goal of this work is therefore to develop a novel #sRest
methodolegy that combines experiments and modelling to help Heat balance
understand the physical conditions of the coalescence and sticki-
ness of two skim milk particles brought into contact. This knowl-
edge will be combined to simulate the shell formaticn in a single aT a “ aT
particle during drying and to improve our understanding of coa- ‘”CP?{E % k‘“SEE' ( PSSZ) (5)
lescence, stickiness, and non-stickiness behaviour within the spray
dryer.
1ICt=0T=Ty (6)
2. Drying-kinetics model
. —_— B “—_— BCt>0z=0; E:0 (7)
The drying-kinetics model consists of heat and mass distributed oz
parameter balances on a spherical geometry. The model was solved
in solid fixed coordinates using Multiphysics® 4.3b (COMSOL,
Stockholm, Sweden). The drying model and its validation are — il T _ hext(T — Tent) + AHe{T)F ®)
described in detail in a previous publication (Malafronte et al., = e Rexe?

2015a).

The mass and the heat balances in solid fixed coordinates,
together with the initial conditions (1.C.) and boundary conditicns
(B.C.}, are the following:

Mass balance

‘where u is the mass fraction on a solid basis, r is the real coordinate,
and ps is the solid concentration, which equals 1248 kgsgiig m 3
(Singh and Heldman, 2001). Dggis the effective diffusivity of water
in skim milk as a function of water content and temperature:
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: 1
Doy (u, T) =2.94-10 exp | 0.335 [ 1 - ————
P ”( ( 1-“—Xw>%t’-’))

1 4
up(fzﬂﬁﬂ(ffﬁ))

9)
F is the flux of water leaving the surface:
M- Pggt mine(T. €)
F ea(c(1) = ) ~ o (D o) 10y

Psay, mite 1s the saturated vapour pressure of the water in the
sample; this depends on the water activity, which is calculated
using experimental correlations reported by Lin et al. (2005). The
conductivities and specific heats of the skim milk were calculated
as functions of the water content, temperature, and composition
using the expressions reported by Singh and Heldman (2001).
AHe,{T) is the latent heat of water evaporation. gy and key are the
external canvective heat and mass transfer coefficients, which are
evaluated during drying as a function of the dimensionless Nusselt
(Nu) and Sherwood (Sh) numbers, respectively, using the empirical
correlations for stationary flow around a solid sphere {Bird et al.,
2007),

3. Materials and methods
3.1, Materials

Drying experiments were performed using fresh skim milk. The
composition of the milk on a total weight basis is 0.9 Kgwarer/Kgtotal.
0.049 Kgear atefKgeotal, 0.035 kg, [kgrotat, and 0.0012 Kgpae/
Kgtotal. For better analysis of particle contact tests pink food col-
ouring was used. The minimum amount of food colouring needed
to detect a difference in colour between particles was used and
preliminary particle contact tests have been performed without
food colouring showing that food colouring do not influence re-
sults; 10 mL of fresh milk was stained with 0.025 mL of colouring,
The fresh skim milk and food colouring were commercial products
purchased in lacal stores.

3.2 Particle contact test

The drying-kinetics device developed by Malafronte et al.
(2015a) for drying single particles was adapted for drying two in-
dividual particles at the same time. A suspended system consisting
of two metallic filaments was developed to allow the simultaneous
drying of two particles as shown in Fig. 1. For each experiment, two
particles with an initial total weight of approximately 4 mg (each
particle weighed approximately 2 mg) were created using a

Drying-kinetics device
Balance

micropipette and held at the tips of the metallic filaments. The
metallic filaments were held below a microbalance (Mettler
Toledo's XP6 Micro Balance, maximum capacity 6.1 g, readability
@1 pg and minimum weight typical 0.82 mg) and weight was
recorded with a minimum step of 0.1 s using a dedicated software
{LabX 2012 Client). Drying was performed at three different air
temperatures (ie, 50, 70, and 90 °C), an air humidity of
0.007 Kgwater/KEdry air, and an air velocity of 1 m s 1

Particles were dried individually until a certain water content
was reached, after which they were brought into contact by
bringing close the tips of the filaments using tweezers. Drying was
then continued. Particles were brought into contact at five different
average water contents, Xy, Le., 85, 80, 75, 70, and 65% (on a total
basis). The drying time needed to reach the desired average water
content was calculated using the drying-kinetics model reported by
Malafronte et al. (2015a). Experiments were performed in triplicate.

The experimental steps are the following:

. the air system is turned on until the desired air temperature is
reached;

. the balance is stabilized for a minimum of 15 min (in each

weighing experiment);

the airflow is deflected from the measurement chamber;

two individual particles are placed on at the tips of the metallic

filaments;

. the weight of the particles is recorded for 10 s without airflow;

the airflow is again directed to the measurement chamber and

the weight recording starts;

when the desired water content is reached, the airflow is

deflected from the measurement chamber;

the drying chamber is opened and the particles are brought into

contact; and

. the drying chamber is closed and the airflow is again directed to
the measurement chamber.

[§]

Lol

o v

Mmoo

©

The particle weight was recorded from steps 5 to 9, corre-
sponding to a total drying time of 1000 s. The duration of step 8 was
30s.

3.3. Analysis of particle contact test

Experimental results of particle contact tests were analysed as a
function of the glass transition temperature, T, dynamic viscosity,
1, and Ohnesorge dimensionless number, Gh. Ty, g, and oh? were
calculated as a function of the surface and average water content
and temperature of the particles during drying, which were
simulated using the drying-kinetics model.

The glass transition temperature of skim milk. Ty, is (Vuataz,
2002):

Suspension
system

Top view

e e
Air ® Air
system - Drying chamber

Fig. 1. Sketch of the drying-kinetics device.
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" (TSparccie) 101 +6.5- (100 = TSy ) - (—135)
s

(1)

TS5+-6.5- (100 - Ispdm-d,)
where TSpuicle is the percentage of solids in the particle. The dy-
namic viscosity as a function of the water content and temperature
of the particle is calculated using the following correlation valid for
amorpheus food materials (Roos, 1995):

log(p) —17.44-(T—Ty)
——r ==l (12)
Tog{ug) 516+ (T—Ty)
where yy is the viscosity at the glass transition temperature, which
is considered to equal 10" Pa s.

The Ohnesorge dimensionless number (Oh) represents the ratio
between viscous and surface tension forces (Verdurmen et al.,
2004). If Oh* < 1, particles coalesce; if Oh” > 1, particles might
agglomerate. Oh? is calculated as follows:

e s
O = TR -

where u and ¢ are the dynamic viscosity and surface tension,
respectively, of skim milk. The surface tension of skim milk is
considered constant and equal to46 x 10 * Nm ! (Whitnah, 1959).

3.4. Shell formation

Shell formaticn in a single drying particle has been simulated to
help understand the coalescence, stickiness, and non-stickiness
mechanisms. Skim milk is a skin-forming material, since solid
precipitation occurs rapidly at the beginning of the drying process
covering the whole surface of the particle. During drying time, the
skin thickens, dries-out and hardens, promoting the formation of a
solid particle (Nesic and Vodnik, 1991; Walton, 2000). Based on the
‘water content, the skin has been considered as a wet (moist) or dry
shell; a wet shell is a shell that is deformable and easily penetrated
by water, while a dry shell hinders water diffusion and the
shrinkage or collapse of particles (Handscomb et al, 200Sb).
Criteria for wet and dry shell formation have been investigated, as
described below.

The drying kinetics model of Malafronte et al. (2015a) and
summarized above has been used to simulate the average and in-
ternal water contents and temperature profiles and to calculate the
dynamic viscosity, g, as a function of the particle radius. The wet
shell is defined as the volume of a particle with a viscosity higher
than a minimum viscosity, 4 . This minimum value is defined as the
surface viscosity of a particle at which GhZ,+> 1. The dry shell is
defined as the volume of a particle with a water content below a
maximum water content, u’, Two cases of dry shell formation have
been investigated, corresponding to two maximum water content
values: 7 {Case I} and uy (Case I1). Case 1, ;, is the surface water
content at which the particle temperature exceeds the wet bulb
temperature. A rapid increase of temperature is in fact observed
due ro the formation of a dry shell, which increases the resistance to
mass transfer and thus reduces the evaporation rate (Handscomb
et al, 2009a; Nesi¢ and Veodnik, 1991). In contrast, Case II, u;p is
the surface water content at which particles are non-sticky. The
thickening of wet and dry shells occurs gradually. When the wet
shell reaches the centre of the particle, a soft core is formed. When
the dry shell reaches the centre of the particle, a solid particle is
formed.

4. Results
4.1, Behaviour of particles during the contact test

Particle contact tests were performed at five average water
contents (i.e. 85, 80, 75, 70, and 65% on a total weight basis} and at
three drying temperatures (i.e., 50, 70, and 90 °C}. The drying time
needed to reach the desired average water content was calculated
using the drying-kinetics model. The range of water contents has
been chesen based on preliminary experiments in order to inves-
tigate the transition from coalescence to non-stickiness behaviours.
The drying temperatures have been chosen based on the range of
validation of the drying-kinetics model. Table 1 shows the drying
times. Fig. 2 shows typical images of two particles before, during,
and after contact tests. The particle behaviour during the contact
tests was divided into three major mechanisms: coalescence,
stickiness, and non-stickiness. Coalescence occurs when, after
contact, a particle merges with another particle. Stickiness occurs
when, after contact, “necking” appears at the particle—particle
interface when the particles are separating. Separation can cause
particle deformation or breakage. Non-stickiness is found when,
after contact, particles separate without necking and retain their
original shape. Neck formation — expected when moist particles are
brought into contact — occurs through the formation of a liquid
bridge due to the low viscosity of the surface liquid at the parti-
cle—particle interface. As the particle dries, viscosity increases and
limits the mobility of the liquid, which cannot form bridges at the
particle—particle interface, so a neck is not formed {Schulze, 2007).
The mechanisms of coalescence, stickiness, and non-sticki
be related to the adhesion and cohesion forces (Adhikari et al,
2003). Adhesion is defined as the attraction force between two
particles that acts to hold their surfaces together. Cohesion is an
attraction force within a particle that acts to unite its parts. Hence,
coalescence can be considered a mechanism completely dominated
by adhesion forces (Case 1). Stickiness is instead characterized by
both adhesion and cohesion forces. Four cases can be observed in
the stickiness regime: adhesion-cohesion with adhesion domi-
nance, adhesion-cohesion with equal dominance, adhesion-
cohesion with cohesion dominance, and cohesion with a sticky
surface (from Cases 2 to 5). Distinguishing between the dominance
of adhesion versus cohesion can be done by observing the size of
the neck that forms at the particle—particle interface when the
particles are separating, i.e., the smaller the neck, the more cche-
sive the particles. Non-stickiness behaviour is completely domi-
nated by cohesive forces {Case 6}; it is distinguished from Case 5
because necking does not occur, so the particle surface is consid-
ered non-sticky. Fig. 3 presents an overview of the average water
content as a function of the particle contact behaviour at the three
operating temperatures. As expected, the results indicate that
particles tend to be non-sticky at lower average water contents,
while at high water contents, particles tend to coalesce.

4.2, Drying kinetics of particles before and after the contact test

Drying kinetics were measured for all particles before and after
contact tests and for particles not undergoing contact tests. Mea-
surements were performed at air temperatures of 50, 70, and 90 °C
and an air velocity of 1 m s ' Fig. 4 shows an example of the drying
rates at 90 °C. Drying rates were calculated by fitting each experi-
mental drying kinetics curve with a fourth-order polynomial witha
coefficient of determination greater than 0.99 as suggested by
Malafronte et al. (2015b]. Results indicate that particles exhibiting
coalescence behaviour have a lower drying rate after the contact
test, as contact leads to the formation of bigger particles (Fig. 2 —
Case 1). Particles that exhibit sticky or non-sticky behaviour display
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Table 1
Simulated drying times at which particle contact tests were performed.
T,[°¢] 50 70 90
Xaw, [¥] 85 80 75 70 85 85 75 70 65 85 80 75 70 65
% [s] 68 108 136 156 173 42 66 33 96 110 29 46 58 69 79
Contact
Mechanism | Case . Forces
Before Necking After
o 1 - - o
2 Adhesion-Cohesion
with adhesion dominance
3 Adhesion-Cohesion
with equal dominance
Stick‘mess - 4
Adhesion-Cohesion
4 with cohesion dominance
5 Cohesion
with sticky surface
Non- 6 Cohesion
stickiness with non-sticky surface

Fig. 2. Classification of mechanisms observed during particle contact tests.

drying rates similar to those of particles not undergoing contact
tests; stickiness and non-stickiness lead to the formation of two
individual particles whose size and shape are similar to those of
particles before contact tests and with negligible mass exchange
between them.

4.3. Simulation of coalescence and stickiness conditions

The drying-kinetics simulation model was used to predict the
surface and average water contents and temperature of the parti-
cles at the contact test experimental points. The simulation results
allow estimation of the Ohnesorge dimensionless number, Oh?,
dynamic viscosity, u, and glass transition temperature, Tg. oh? is
calculated as a function of the surface, OhZyf, and average, Dhiveﬂge.

water contents and temperature of particles. The calculated Oh,.
Veraggz is always below 1 at 50, 70, and 90 °C and in all particle
contact cases. OhZyr is shown in Fig. 5; for each particle contact
case, OhZy is shown at the three operating temperatures. The re-
sults indicate that coalescence occurs when OhZyyis below 1; in the
case of stickiness and non-stickiness, OhZ¢ always exceeds 1. OhZye
results are in agreement with a particle classification used in
maodelling particle collision during spray drying (Verdurmen et al,
2004), If Ok® < 1, particles are assumed to be dominated by surface
tension forces and particle contact results in the formation of a new
spherical particle; if Oh® > 1, particles are dominated by viscous
forces and can exhibit stickiness or non-stickiness behaviour.
Hence, evaluation of OhZ,t is needed in order to predict coalescence
mechanisms.
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Fig. 3. Particle contact test results in terms of average water content of the particle as a
function of the particle contact case.
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Fig. 4 Drying rates as a function of the water content on a solid weight basis at an air
temperature of 90 °C for particles after contact testing and for two individual particles
not contact tested.

Sticky and non-sticky amorphous particles are usually distin-
guished based on the value of AT =T — Ty (Palzer, 2009). Also in the
present case, AT is estimated as a function of the water content and
temperature calculated at the surface, AT, and as the whole
particle average, ATyverage. ATaverage T€Sults always exceed 140 *C at
the three operating temperatures and in all particle contact cases.
ATy is shown in Fig. 6; ATq,s values are shown for each particle
contact case at the three operating temperatures. Results indicate
that coalescence occurs when ATt = 140 °C; non-stickiness oc-
curs when 4Tsys < 30 °C. The AT of particles exhibiting stickiness
varies the most, from a minimum of 20 *C to a maximum of 130 °C,
Sticky particles, which have a 4T of approximately 20 °C, exhibit
a stickiness mechanism (Case 5), As skim milk is a shell-forming
material, the particle surface dries much faster than does the in-
ner part; during contact between particles, inner material might
wet the surface, causing stickiness. For this reason, a net distinction
in terms of ATyt between stickiness and non-stickiness cannot be
observed. However, 4T:s results for non-sticky particles indicate
that particles are sticky when AT+ exceeds 30 °C. ATy rresults are
in agreement with literature findings, the sticky point of

aT=50°C OT=70°C ©oT=90"C
1.E+20

1E+17

i

1E+14

1.E+11

1.E+08

Surface Oh?

1E+05 o

1.E+02 ®

oriq--t-pt—=tA L 1 L 1
1E01 O

1 2 3 4 5 ]
Non-
Stickiness

Goalescence Stickiness

Particle contactcase

Fig. 5. Surface Ohnesorge dimensionless number as a function of the particle contact
case and drying temperature.

amorphous materials varying between 20 and 40 °C; stickiness
experiments with skim milk powders obtained using a particle gun
method find a sticky point at approximately 40 “C (Paterson et al.,
2007). Hence, also in this case, evaluation of ATy is needed in
order to predict agglomeration mechanisms, and the sticky point is
obtained for AT;y> 30 °C,

4.4. Determination of shell formation during drying

The drying-kinetics modelling simulation (Malafronte et al,,
2015a) clearly demonstrates the existence of a water profile in the
particle during drying. Furthermore, when analysing particle
behaviour during the contact tests, it was observed that the inside
of the particles is more liquid than the surface, Because skim milk is
a shell-forming material (Nesi¢ and Vodnik, 1991; Walton, 2000),
the formation of a hard/dried surface (i.e., shell) is expected; this
shell increases in thickness during the drying process until it rea-
ches the centre and the particle is fully dried. This work assumes the
existence of a wet shell between the liquid core and the dry shell.

Awet shell appears when the viscosity is higher than the surface
viscosity of particles at which OhZ,i> 1. Two cases of dry shell
formation were considered: 1 (Case 1) and ugp {Case II). The
maximum surface water content, u;‘, at which the particle tem-
perature exceeds the wet bulb temperature is approximately
0.18—0.21 kgwater/KEsolids at 50, 70, and 90 °C. Hence, 0.2 Kgwater/
Kgsonids s assumed to be the maximum water content at which
particles can be considered dry. Instead, the maximum surface
water content, uy, at which particles are non-sticky is 0.11 Kgyater/
Kgsclids:

Fig. 7 shows the wet and dry shell formation at a temperature of
70 “C. The plot shows the particle radius as a function of time and
the development of the wet and dry shells over the drying time. In
this case, the dry shell criteria, uy, is applied. Shrinkage occurs
during drying, so the external particle radius decreases with time.
From O to 50 s, the particle can be considered fully liquid; at 50 s, a
wet shell appears followed by the formation of a dry shell at 90 s.
After shell formation, wet and dry shell thickening is observed.
During wet shell thickening, the particle displays a liquid core
covered by a wet shell until the wet shell reaches the centre of the
particle (t = 310 5); at this point, a soft core forms, which is covered
by a dry shell. When the dry shell reaches the centre, the particle
can be considered fully dry (t = 450 s). Microscopy of morphology
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Fig. 6. Surface AT — T — T, as a function of the particle contact case and drying
temperature.

changes over time for a single drop indicates that the particle
shrinks spherically up to 80 s and then folds between 80 and 160 s;
after 160 s, the particle morphology does not change. Morphology
changes seem to validate the hypothesis of wet and dry shell for-
mation; folding occurs when a wet shell covers the particle, and the
thicker the dry shell folding reduces. Comparing the results of
particle contact tests with the shell formation process, it is possible
to observe stickiness when a wet shell covers the liquid particle; a

pal

thin dry shell instead appears at the end of the sticky period. The
thicker the dry shell, the more non-sticky behaviour the particle
displays.

In Fig. 8 shell formation is compared with the drying rate as a
function of the average water content at the three temperatures
investigated. In this figure, the wet and dry shell radii are
normalized with the external radius of the particle. It is possible to
see that particles have two falling-drying-rate periods (i.e., Periods
1 and 2) at 50, 70, and 90 “C, the lower the drying temperature, the
lower the drying rate. In all cases, wet shell formation begins during
the first falling-drying-rate period (Period 1), a dry shell appearing
when the second falling period (Period 2) starts. Simulations also
indicate that the lower the drying rate, the thicker the wet shell, as
drying is slower and the wet shell has time to develop. At each
temperature, the wet shell thickens faster during the first than the
second falling period.

The same study was performed using uj as the maximum water
content for dry shell formation (Case II). Fig. 9 compares dry shell
formation in Cases I and II. The results indicate that in both cases
dry shell formation starts at approximately the same time and, as
expected, that a thicker dry shell forms at a high u” (Case II). Pre-
diction of shell formation within the particle is strongly dependent
on the criteria chosen for the formation of the wet and dry shells
and further validation is needed.

In addition, microscopy of a single particle during drying at
70 °C indicates that the particle shrinks spherically until 120 s,
folding occurring after this time (Fig. 7). The simulation model used
here describes the drying kinetics of a single spherical particle.
Therefore, the model more accurately predicts surface conditions in
the spherical shrinkage period, during which particle contact tests
are performed.
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Fig. 7. Simulation of shell formation in a particle drying at 70 =C.




Appendix

Pag. 67

22 L Malafronte et ai. / Journal of Food Engineering 175 (2016) 15-23
0.14 - e — - — - — 1
st
—_ 0.95
=012 ] 1 I et
= ______,_—-—-—'-——""'"""'-_ 09
T
g’ o /Eﬁl"’ 1 085
5 —
5 - 0.8
2 008 £
® - 3
§ P __P;";"L.—-—- et 0.75 é
= 0.06 — t | L o7 %
g | — e
e S |

2004 —— e e e f 055
2 : 06
£ 0.02 ; % 1
= : %—/‘ - 055

0 1 T + 05

0 0.5 1 1.5 2 25 3 35 4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9
Water content, [kgwater/kgsolid]
T=90°C Drying rate  -------- Interfaceliquid particle —wet shell — — = Interface wet shell - dry shell — - - External radius

T =70°C —— Drying rate

T=50°C Drying rate

Interfaceliquid particle —wet shell = — =

Interface liquid particle —wet shell — _ _ _

Interface wet shell- dry shell - External radius

Interface wet shell - dry shell . External radius
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terms of the normalized radius (right axis). The drying rate is shown on the left axis.
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Fig. 9. Simulated shell formation in 4 particle drying at 90 °C in twa dry shell cases:
1 = 0.2 Kguater/kgsatia (Case 1) and 1y = 011 kgwarer/kgsatia (Case 11).

5. Conclusions

This paper reports the development of a novel methodology
combining experimental and modelling approaches suitable for
advancing understanding of inter-particle coalescence, stickiness,
and non-stickiness behaviour during drying. Specifically, the tools
developed in this paper can be implemented in modelling the
spray-drying process used for designing and scaling-up the process
and for enhancing and controlling the functional properties of
powders,

In this work a drying-kinetics device was successfully used to
dry two particles of skim milk simultaneously, and to perform
particle contact tests and a validated drying-kinetics model was
used to simulate the surface conditions of particles during contact
tests. Particle contact tests demonstrated that it was possible to
distinguish between three major mechanisms, ie. coalescence,
stickiness, and non-stickiness that could be related to adhesion and

cohesion forces. Adhesion forces completely dominated during
coalescence and gradually declining until non-stickiness was
observed, at which point cohesive forces dominated the mecha-
nism. Simulated surface conditions of particles at contact test
experimental points indicated the effect of surface conditions (ie.,
water content and temperature) on the coalescence and stickiness
behaviour of the particles and underline the importance of esti-
mating the surface properties of particles when investigating coa-
lescence and stickiness conditions. Coalescence occurs when OhZyg
is below 1. In contrast, stickiness and non-stickiness occur when
OhZsexceeds 1. These results validated the theoretical criteria used
when modelling particle collision during spray drying. Calculation
of ATyt = (T = Tg)sursindicated that skim milk particles coalesced at
ATy > 140 °C and were sticky at ATy > 30 °C. Simulation of shell
formation in a drying particle indicates the existence of wet and dry
shells and that the wet shell thickening occurring during stickiness
is followed by dry shell thickening during non-stickiness.

Measurements of drying kinetics of particles after contact tests
indicated that the drying-kinetics device could capture differences
in drying time. Particles displaying a coalescence mechanism had a
lower drying rate after contact testing than sticky or non-sticky
particles. Coalescence led to the formation of bigger particles and,
consequently, to a longer drying time.
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