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A B S T R A C T

The development of a novel numerical model for droplet drying is the topic of this paper. The three main stages
of droplet drying are distinguished, viz. unhindered evaporation of a ’wet’ particle (the droplet), restricted
drying at a falling rate due to the formation of a crust around a wet core, and inert heating of the dry porous
particle. Each stage is mathematically detailed to replicate all phenomena occurring throughout the drying
process. The focus, however, is on the falling rate drying regime which is described in terms of Stefan diffusion
of water vapour through the pores of a thickening crust. To this end, the model needs the material properties.
This permits the droplet characteristics to be determined by composition rather than through single-droplet
drying experiments. Finally, the model is validated against five of such experiments from literature using skim
milk. Good agreement is found at each comparative case for the particle mass and temperature throughout
the various drying regimes providing that for good reasons in three cases a lower drying air temperature is
applied than reported for the experiments. The model is capable of predicting the entire drying process at low
computational cost and without requiring empirical input.
1. Introduction

1.1. Background

Spray drying is an old process widely used in the pharmaceutical
and food industry for converting a liquid into a powder (Cal and
Sollohub, 2010; Sollohub and Cal, 2010; Sharma et al., 2012; Shishir
and Chen, 2017). To this end, a liquid feed stock is forced through
an atomization device and sprayed from above into a large and wide
tower or chamber, while high-temperature air is fed into the tower or
chamber, either from the top or from the bottom part, to provide the
heat required for evaporating the liquid solvent, usually water. As the
droplets fall to the base of the tower or chamber, they change from
liquid droplets first into wet particles and finally into a dried powdered
product.

Although the principle of spray drying looks simple, it actually is
a complex interplay of atomization, drying air hydrodynamics, particle
motions, heat and mass transfer, and evaporation, where variations in
feed stock properties, operating conditions, and droplets varying in size
are complicating factors. In this paper, we will model and simulate the
entire drying process of a single dairy (skim milk) droplet all the way to

∗ Corresponding author at: Bernal Institute, University of Limerick, Limerick, Ireland.
E-mail address: harry.vandenakker@ul.ie (H.E.A. Van den Akker).

a dry porous particle with the view of contributing to improving spray
drying operations in the dairy industry.

Most operators of dairy plants rely on hands-on expertise gathered
over time as to how to operate their spray dryer for slightly varying
conditions. Usually, they hesitate to improve or optimize their spray
drying process stepwise, e.g. by installing an ultrasonic atomizer, as
this implies entering unexplored territory. In addition, embarking on an
experimental test program in the plant to explore improvement options
is very costly and considered risky — factors impeding innovation.

Computational modelling, more specifically Computational Fluid
Dynamics (CFD), may serve as an alternative approach allowing the
evaluation and assessment of a whole range of design variables and
operating conditions before the best one or the two most promising
options will be tested in the commercial plant, thereby reducing costs
and risks. Many studies have been reported (Kieviet and Kerkhof, 1997;
Harvie et al., 2001; Saleh, 2010; Gabites et al., 2010; Woo et al., 2012;
Mezhericher et al., 2015; Saleh and Hameed, 2016) on the air flow
patterns within spray dryers. The main challenge now is about how to
incorporate the key drying process into the CFD software for the flow
patterns of the drying air.
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While it is rather straightforward to simulate the external heat
and mass transfer to and from the droplets, the drying kinetics of
the particles is much more complex and should include the internal
resistances to heat and mass transfer which increase as the liquid
evaporates and a thickening crust around a wet core is formed. Various
approaches are reported in the literature, see e.g. the reviews by Cal
and Sollohub (2010), by Mezhericher (Mezhericher et al., 2010a, 2011,
2012) and by Shishir and Chen (2017), varying from simply using
experimental information on the overall drying rate of a droplet all the
way to explicitly solving the heat and mass transport equations within
a droplet during the drying process.

A handicap for validating computational models for dairy materials
is that very few experimental data are available in the literature,
because drying experiments are tedious and expensive (Mezhericher
et al., 2010b). A limited number of papers is reporting about drying
experiments on single skim milk droplets suspended in a hot, usually
vertical, air flow. Early experiments of this type were carried out at
the University of Wisconsin by Charlesworth and Marshall (1960) and
by Trommelen and Crosby (1970). Further experiments in essentially
the same type of test rig were reported by Sano and Keey (1982) and
by Nešić (Nešić, 1989; Nešić and Vodnik, 1991). Many more papers
on drying dairy droplets/particles were published by researchers at the
University of Auckland, New Zealand (Stevenson et al., 1998; Chen
et al., 1999; Lin and Chen, 2002; Farid, 2003). In our validation study,
experimental data reported by Lin and Chen (2002), by Chen et al.
(1999) and by Nešić (Nešić, 1989; Nešić and Vodnik, 1991) were used.

1.2. About modelling

The simplest droplet drying approach makes use of the concept of
a characteristic drying curve (CDC) which is based on the hypothesis
– see Langrish and Kockel (2001) – that the drying process for a
given material can largely be described by a linear falling rate curve
which is independent of gas temperature, humidity and velocity. This
drying rate only depends on the averaged moisture content of the
droplet (Saleh, 2010). The CDC approach exploits experimental data
obtained by measuring the drying rate of a single, rather large (1.5–
2.0 mm) droplet of the material of interest when suspended in an air
flow, as reported by some authors (Nešić, 1989; Chen et al., 1999;
Lin and Chen, 2002). The resulting CDC can be incorporated into any
CFD code. This combined CFD-CDC method is attractive in terms of
calculation time and is therefore used widely, e.g. by Saleh (2010)
and Jaskulski et al. (2018). Its universal applicability, however, is
dubious due the strongly simplified model and the use of empirical
data which may not fit the large variety in dairy products and drying
conditions.

An alternative method for predicting the drying behaviour of par-
ticles is the so-called reaction engineering approach (REA) which aims
at describing profiles of moisture and temperature versus time. In
addition to mass and heat balances along with heat and mass transfer
coefficients, the concept of an activation energy is applied that relates
the partial vapour density at the droplet surface to the saturated vapour
concentration, see e.g. Chen (2008) and Haque et al. (2016). The REA
approach can be applied in both a lumped and a spatially resolved
mode, see e.g. Chen and Putranto (2015) and Putranto and Chen
(2015), and it can be implemented as an individual Matlab code, see
e.g. Chen and Putranto (2015), or into CFD software, see e.g. Jin and
Chen (2009).

A completely deterministic approach looks at solving the various
energy, mass and species equations explicitly, not only for the gas
phase but also for the interior of the drying particles. The spatial
distributions of temperature, water concentration and solids content
within the droplet are resolved as a function of time (Mezhericher
et al., 2015). Such computational simulations should describe how fast
the moisture is transported from the interior of a particle towards its
742

surface where the evaporation takes place. After some initial phase, one
could think in terms of a wet core surrounded by a (dry) crust, with an
interface receding towards the centre of the particle. The complexity
of a moving boundary with mass transport and thermal effects creates
a significant computational task (Mezhericher et al., 2010a). While
the use of such deterministic models may provide detailed insight in
the drying dynamics of single droplets, their inherent computational
demands prohibit incorporating them into spray drying simulations of
industrial spray driers.

In this paper, we present a somewhat simplified approach for de-
scribing the drying kinetics of a dairy particle. Just like in Mezhericher’s
model, also used by Mortier et al. (2012) for single pharmaceutical
granules, and in the model proposed by Sadafi et al. (2014, 2015), the
droplet develops a porous crust surrounding a wet core and increasing
in thickness over time. Moroney and Vynnycky (2021) also used a
model involving a receding porous crust (or a shrinking core) for de-
scribing the release of an active pharmaceutical ingredient (API) from a
porous granule. The concept finds support in images obtained by time-
resolved X-ray micro-tomography with UV/visible spectrophotometry
of acetaminophen dissolution from granules (Kašpar et al., 2013).

In our approach, we ignore spatial variations in temperature inside
the drying particle. This looks as being permitted, not only thanks
to own exploratory simulations but also as Mezhericher et al. (2007)
in their simulations of drying a skim milk particle found a minor
temperature difference only between wet core and crust. This simpli-
fication substantially reduces the demanding numerical scheme of the
Mezhericher approach. The method proposed also avoids the expensive
experimentation needed in the CDC and REA methods outlined above.
The novel model for (spray) drying dairy products has been validated
with the help of experimental data from the literature on the drying of a
single droplet containing skim milk powder (SMP). This novel approach
will allow for the implementation of the pertinent code into (commer-
cial) CFD software for simulating the behaviour and performance of
industrial-scale spray dryers.

2. Model development

This section describes the various stages of drying from droplet to a
dry particle. We consider a single (stationary) SMP particle positioned
in a uniform air flow field, while for the time being we ignore the effect
of air humidity. In all stages of the drying process, the vapour – whether
formed at the particle surface or arriving from the interior – is advected
away by the air flow field, while the heat for the evaporation is supplied
from the air flow field. The mathematical model in each of these stages
is different — reason why we have to distinguish between the various
stages.

2.1. Droplet drying stages

Producing a solid dairy particle from a droplet by evaporating the
water goes through different stages, as shown in Fig. 1 that shows the
temperature profile of a droplet as a function of time. At point 0 in the
figure, the droplet is exposed to hot air and a, usually short, heating
stage sets in. As a result, the evaporation rate increases, consuming heat
to an increasing extent. Eventually, at point 1, the heat consumption
due to evaporation matches the external heat supply. The pertinent
temperature is denoted as the wet bulb temperature, always lower than
the ambient gas phase temperature, satisfying this matching condition.

In this regime, which lasts as long as the surface of the particle
remains wet (owing to supply of water from inside), the drying rate
and the (surface) temperature remain constant, determined by the
equilibrium between heat consumption through evaporation and supply
of heat from the ambient air. In this stage, the droplet shrinks.

The presence of the dairy components in the droplet may reduce the
evaporation rate as part of the droplet’s surface is occupied by solute.
In the current model, this so-called solute effect – see e.g., Rezaei and

Netz (2021) – is ignored in the pre-crust stage.
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The temperature of the droplet (surface) remains constant until a
crust starts being formed at point 2, as the rate of moisture transport
from the interior can no longer keep up with the rate of evaporation
from the surface. As the evaporation continues, the crust becomes
thicker and thicker as a result of which the resistance to evaporation
keeps increasing and the drying rate falls, while now the core is
shrinking.

In this stage of the drying process, the droplet transforms into a par-
ticle (with a solid crust and a wet core). From now on, in describing the
drying process, we will often just speak about a ‘particle’ irrespective
of how much of it is in the liquid phase.

At the end of the drying process, after a final (bounded) moisture
content has been attained at point 3, or after in our simulation the
evaporation rate in a time step has turned larger than the amount of
liquid present in the core, inert heating takes place.

In all stages of the drying process, a uniform temperature distribu-
tion within the particle is assumed on the basis of an analysis in terms
of the Biot number, Bi, which is given by

Bi =
ℎ𝐿𝑐
𝑘

(1)

where ℎ is the external convective heat coefficient between droplet and
gas flow, 𝐿𝑐 is the characteristic length of the sphere (volume over
surface area) and 𝑘 is the thermal conductivity of the droplet. This Bi
stands for the ratio of the external convective heat transport towards
the particle and the internal conductive heat transport. Typical spray
conditions and small droplet diameters (say, smaller than 1 mm) result
in Bi ≤ 0.1, as observed by several authors (Mezhericher et al., 2008;
Gopireddy and Gutheil, 2013). Then, temperature may be taken uni-
form within the droplet allowing for a lumped analysis (Deen, 1998).
[Note this is different from the case of a dissolving API (Moroney and
Vynnycky, 2021) where the dissolution takes place in a liquid and Bi
> 1.] When validating the model, this uniform particle temperature is
compared with the (average) particle temperature measured in drying
experiments on single drops in the 1 to 2 mm range.

While the stages of constant drying rate and inert heating can
readily be described by standard heat transport theory, the focus of
our paper is on the modelling and simulation of the falling drying rate
regime. Key in this regime is the increasing resistance to vapour and
heat transport due to the growing crust surrounding the liquid core.
The novelty of our paper is in the way we deal with this time-dependent
crust resistance, along with the Biot number supported assertion that
the temperature within the particle may be taken as uniform. Before
presenting all equations used in the code simulating the entire drying
process, first the basis of our novel approach of the falling rate regime
will be explained in conceptual terms, without equations.

2.2. Model assumptions for the falling drying rate

Our model is a new attempt to describe the vapour and heat trans-
port through a porous crust growing in thickness. We tried to conceive
how, in the falling rate regime, the heat penetrates through the crust,
how and where the liquid evaporates due to the arrival of heat, and
how the vapour escapes. The eventual set of conceptual propositions
that has resulted in useful and successful simulations (reported further
on) is as follows:

• The ‘particle’ is spherical, remains spherical while drying (no
implosions or outbursts), and keeps its integrity (remains intact).
Particle shrinkage as described by e.g. Jubaer et al. (2018) is
ignored.

• The only mass transport inside the particle considered is that
of water vapour; the dairy components locally precipitate when
and where the water evaporates, and they stay wherever they
precipitate. This implies that the eventual particle is porous, the
spatial structure and composition being uniform and remaining
steady.
743
Fig. 1. The various drying stages for a droplet from its introduction into hot air all the
way to the eventual porous solid particle still containing bounded moisture. Shrinkage
of the particle only takes place in the range 1 to 2 when the evaporation takes place
from the surface.
Source: Figure adapted from Farid (2003) and Mezhericher et al. (2011, 2015).

• As the particle starts evaporating at the surface and the evap-
oration proceeds faster than the transport of moisture from the
interior to the surface, at a specific moment in time, in a single
time step of the simulation, a very thin crust is formed covering
the entire surface that grows uniformly over time.

• As soon as a crust has been formed, the evaporation takes place
at the boundary between wet core and porous crust, resulting in a
shrinking wet core (Mezhericher et al., 2007; Mortier et al., 2012;
Golman and Julklang, 2013) while the porous crust increases in
thickness.

• The crust layer is of uniform porosity 𝜀 with pores homogeneously
distributed across the crust (and eventually the particle), a sub-
stantial proportion of them being oriented such that they allow for
unilateral diffusive vapour transport (according to Stefan’s law,
see e.g. Van den Akker and Mudde (2023)) through the crust
towards the particle surface.

• The effect of the tortuosity of the pores on the rate of diffusion is
taken into account by adding a factor 𝜀𝛽 , with empirical exponent
𝛽=1.9, to the expression for the Stefan diffusion flux, as done
before (Archie, 1942; Mortier et al., 2012; Golman and Julklang,
2013).

• The vapour arrives from the interior via the pores in the crust
at the particle surface and leaves from the pore mouths which
occupy part 𝜀 of the particle surface.

• The transport of heat required for the evaporation at the boundary
between wet core and crust takes place through conduction via
the solid material of the crust only, which occupies part (1− 𝜀) of
the particle surface, since the outward bounded diffusive vapour
transport through the pores may efficiently impede conduction of
heat in the vapour phase in the opposite direction.

• In the simulations, we did not include the so-called Spalding
(blowing) coefficients (Zhifu et al., 2013; Sadafi et al., 2014;
Sazhin, 2017; Strizhak et al., 2018), which are quite common
in modelling fuel droplet evaporation at high temperatures with
the view of considering Stefan mass and heat transport. Un-
der the conditions pertinent to a spray dryer with water as the
evaporating liquid, these coefficients are negligibly small.

2.3. The equations for the constant drying rate regime

The initial evaporation of a droplet after abrupt exposure to a steady
and uniform hot air flow can be described as unhindered drying. Due
to the high liquid content of the droplet and given the uniform droplet
temperature assumption (because of Bi ≤ 0.1), the following single
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equation can be used to describe the heat transfer to the droplet both in
the initial heating period and in the subsequent wet bulb temperature
regime:

d𝑇𝑝
d𝑡 = ℎ

(

𝑇𝑔 − 𝑇𝑝
)

4𝜋𝑅2
𝑝

𝑐𝑝,𝑝𝑚𝑝
−

ℎ𝑓𝑔�̇�
𝑐𝑝,𝑝𝑚𝑝

(2)

where 𝑇𝑝 is the droplet temperature, 𝑇𝑔 is the gas (air) temperature, 𝑅𝑝
is the particle radius, 𝑐𝑝,𝑝 is the specific heat of the particle and 𝑚𝑝 is the
article mass. The negative term accounts for the evaporation impact,
here ℎ𝑓𝑔 is the latent heat of evaporation and �̇� is the mass flow rate
f liquid from the particle.

The external heat transfer coefficient, ℎ, is dependent on the Nusselt
umber, Nu, obeying the well-known correlation due to Ranz and
arshall (1952):

u =
ℎ2𝑅𝑝

𝑘𝑔
= 2 + 0.6Re1∕2Pr1∕3 (3)

where 𝑘𝑔 is the thermal conductivity of the gas phase. The particle
Reynolds number, Re, and the Prandtl number, Pr, are given by:

Re =
𝜌𝑔𝑈𝑔2𝑅𝑝

𝜇𝑔
(4)

r =
𝑐𝑝,𝑔𝜇𝑔
𝑘𝑔

(5)

respectively, where 𝑈𝑔 is the relative gas velocity, 𝜌𝑔 is the gas density,
𝜇𝑔 is the gas viscosity and 𝑐𝑝,𝑔 the specific heat capacity of the gas. On
the basis of own experiments, Lin and Chen (2002) arrived at a slightly
modified correlation for Nu:

Nu =
ℎ2𝑅𝑝

𝑘𝑔
= 2.04 + 0.62Re1∕2Pr1∕3 (6)

The driving force for the evaporation is the difference between
the saturation water vapour density at the surface of the droplet and
the water vapour density in the bulk of the gas phase, 𝜌𝑣 and 𝜌∞,
respectively, resulting in the following expression for the evaporation
rate �̇�:

̇ = ℎ𝐷
(

𝜌𝑣 − 𝜌∞
)

4𝜋𝑅2
𝑝 (7)

The external mass transfer coefficient, ℎ𝐷, is calculated through the
Sherwood number obeying the correlation due to Ranz and Marshall
(1952):

Sh =
ℎ𝐷2𝑅𝑝

𝐷𝑣
= 2 + 0.6Re1∕2Sc1∕3 (8)

here 𝐷𝑣 is the diffusion coefficient of water molecules in the gas phase
nd Sc is the Schmidt number given by:

c =
𝜇𝑔

𝜌𝑔𝐷𝑣
(9)

Lin and Chen (2002) acquired a slightly modified correlation for Sh:

h =
ℎ𝐷2𝑅𝑝

𝐷𝑣
= 1.63 + 0.54Re1∕2Sc1∕3 (10)

In order to calculate 𝜌∞ and 𝜌𝑣 in Eq. (7), the ideal gas law is
nvoked. Hence, the following correlations to bulk vapour pressure,
∞(𝑇𝑔), and saturation vapour pressure, 𝑃𝑣(𝑇𝑝), can be used:

∞ =
𝑀𝑣𝑃∞(𝑇𝑔)

ℜ𝑇𝑔
(11)

𝜌𝑣 =
𝑀𝑣𝑃𝑣(𝑇𝑝)

ℜ𝑇𝑝
(12)

where 𝑀𝑣 is the molar weight of water and ℜ is the universal gas
constant.

As a result of the evaporation, the mass of the droplet decreases:
d𝑚𝑑 = −�̇� (13)
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d𝑡
where the evaporation rate �̇� is given by Eq. (7). Provided that only
the liquid water evaporates, the new radius of the droplet after a time
step 𝛥𝑡 is calculated with the help of the above mass flow rate:

𝑅𝑛+1
𝑝 =

3

√

4𝜋∕3(𝑅𝑛
𝑝)3𝜌𝑤 − �̇�𝛥𝑡

4∕3𝜋𝜌𝑤
(14)

here 𝜌𝑤 is the water density. From the new values 𝑚𝑛+1
𝑑 and 𝑅𝑛+1

𝑑 , an
pdated density, 𝜌𝑑 , is obtained:

𝑑 =
𝑚𝑑

4∕3𝜋(𝑅𝑛+1
𝑝 )3

(15)

This increase in density reflects the increase of volume fraction, 𝜙,
of the dissolved dairy material as a result of the water evaporation. This
𝜙 can be calculated from:

𝜙 =
𝜌𝑑 − 𝜌𝑤

𝜌𝑆𝑀𝑃 − 𝜌𝑤
(16)

where 𝜌𝑆𝑀𝑃 stands for the true density of the skim milk material.
The regime of unhindered evaporation lasts as long as the liquid

volume fraction (1−𝜙) remains larger than a so-called critical moisture
content. As soon as (1 − 𝜙) reaches this critical moisture content and
more water evaporates, the dissolved solids (SMP) starts precipitating,
to begin at the external surface of the droplet, forming a crust with
porosity 𝜀 equal to (1 − 𝜙). Providing that the particle dries uniformly
and no cavities are formed, this 𝜀 is equal to the porosity of the eventual
dry powder particle:

𝜀 = 1 −
𝜌𝑝

𝜌𝑆𝑀𝑃
(17)

where 𝜌𝑝 denotes the density of the crust and the eventual dry powder
particle.

2.4. The equations for the falling drying rate regime

When the critical moisture content has been reached, a crust starts
being formed. The evaporation now takes place at the interface of crust
and wet core. This crust affects the drying process in three ways:

• The surface area available for heat transfer from the air has
changed: the heat transfer from the air now only takes place to
the solids fraction, 1-𝜀, of the crust, resulting in a reduced heat
supply;

• The heat supply to the wet core is now restricted not only by the
external heat transfer coefficient but also by the conductive heat
transfer within the crust material; this is implemented by using an
overall heat exchange coefficient 𝑈 governing the heat transfer
from outside to the wet core;

• At the crust–core interface, the heat supply is via the solids
fraction, 1-𝜀, of the crust, while the vapour formed can only
escape through the pores, being fraction 𝜀 of the crust; this effect
is expressed by multiplying the evaporation rate by a factor 𝛼
given by:

𝛼 = 1 − 𝜀
𝜀

(18)

We therefore modify both terms of Eq. (2):

d𝑇𝑝
d𝑡 = 𝑈

(

𝑇𝑔 − 𝑇𝑝
)

4𝜋𝑅2
𝑝(1 − 𝜀)

𝑐𝑝,𝑝𝑚𝑝
−

ℎ𝑓𝑔�̇�𝑒𝑓𝑓𝛼
𝑐𝑝,𝑝𝑚𝑝

(19)

Here, 𝑈 is given by:

1
𝑈

= 1
ℎ
+

𝑅𝑝 − 𝑅𝑖

𝑘𝑐𝑟
(20)

in which 𝑅𝑖 is the radius of the interface between the crust and wet
core, and 𝑘𝑐𝑟 is the thermal conductivity of the crust. In the second
term of the RHS of (20) it is assumed that the crust is sufficiently thin
to be considered as a flat layer. This second term, however, may safely
be ignored anyhow, as it is small with respect 1/h given still Bi ≤ 0.1.
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Now, we assume that the diameter of the pores is much greater than
the vapour molecular mean free path. This permits us to utilize the
concept of Stefan flow as the transport mechanism of the water vapour
through the crust. At the initial stages of crust growth, the crust can
still be considered thin and the tortuosity minor, hence providing little
resistance to the mass flow from the droplet. To estimate this initial
effective mass transport, we add the factor 𝜀 to Eq. (7) – to reflect that
the pores occupy only part 𝜀 of the particle surface – and replace 𝑅2

𝑝
y 𝑅2

𝑖 :

̇ 𝑒𝑓𝑓 = ℎ𝐷(𝜌𝑣 − 𝜌∞)4𝜋𝑅2
𝑖 𝜀 (21)

As the liquid continues to evaporate from the particle, the interface
adius recedes further and further and the crust keeps thickening. As a
esult, the evaporation rate starts decreasing. The diffusive transport of
he vapour through the tortuous capillaries within the crust must then
e described in terms of Stefan diffusion (Cengel, 2002; Sadafi et al.,
014; Van den Akker and Mudde, 2023):

̇ 𝑒𝑓𝑓 =
𝑀𝑤4𝜋𝑅2

𝑖 𝑃𝑔𝜀1+𝛽𝐷𝑣

(𝑅𝑝 − 𝑅𝑖)ℜ𝑇𝑝
ln
(

1 − 𝑦∞
1 − 𝑦𝑣

)

(22)

where 𝑃𝑔 is the pressure of the gas phase, 𝑦∞ and 𝑦𝑣 are the species
molar fractions of the bulk phase and at the particle surface, respec-
tively. As soon as Eq. (22) gives a lower value for �̇�𝑒𝑓𝑓 than Eq. (21),
the code switches to the lower evaporation rate of Eq. (22). While in
the literature mostly values for the empirical exponent, 𝛽, in the range
1.8 and 2.0 have been suggested (Archie, 1942; Golman and Julklang,
2013), we used the value 1.9 in agreement with Golman and Julklang
(2013). We are not in favour of using 𝛽 as a fitting parameter to
construct a better agreement with experimental data as done by Mortier
et al. (2012).

The decrease in the interface radius as a result of the water evap-
oration follows from a mass balance for the water. With the dairy
components staying where they precipitated, we have to insert porosity
𝜀 into an equation resembling Eq. (14):

𝑅𝑛+1
𝑖 = 3

√

4𝜋∕3(𝑅𝑛
𝑖 )3𝜌𝑤𝜀 − �̇�𝑒𝑓𝑓𝛥𝑡
4𝜋∕3𝜌𝑤𝜀

(23)

The total particle mass is then calculated as the sum of the mass
f the inner wet core (denoted by the subscript co) and the dry crust
denoted by the subscript cr):

𝑝 = 4𝜋∕3𝑅3
𝑖 𝜌𝑐𝑜 + 4𝜋∕3

(

𝑅3
𝑝 − 𝑅3

𝑖

)

𝜌𝑐𝑟 (24)

here 𝜌𝑐𝑜 and 𝜌𝑐𝑟 stand for the respective densities of the wet core and
the crust, to be calculated from

𝜌𝑐𝑜 = 𝜙𝜌𝑆𝑀𝑃 + (1 − 𝜙)𝜌𝑤 (25)

nd

𝑐𝑟 = (1 − 𝜀)𝜌𝑆𝑀𝑃 (26)

We now modify Eq. (15) to account for the porosity within the
crust. This provides us with the following equation to calculate the new
averaged density of the particle (ignoring the voids within the crust):

𝜌𝑝 =
𝑚𝑝

4𝜋∕3
[

𝜀(𝑅𝑛+1
𝑖 )3 + (1 − 𝜀)𝑅3

𝑝

] (27)

From this, the moisture content can be calculated on the analogy
of Eq. (16). As soon as the mass flow rate of liquid from the parti-
cle becomes greater than the amount remaining in it, the particle is
considered to be dry and the final stage of the drying model is entered.

2.5. The equations for the inert heating regime

As the moisture content of the particle reaches the final bounded
level, inert heating begins. Since the mass flow rate of liquid from the
droplet reaches zero, no evaporative cooling is observed by the particle.
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The evaporative cooling term of Eq. (19) then vanishes and hence the
heat transfer from the gas phase just heats the porous particle, as still
Bi ≤ 0.1 :

d𝑇𝑝
d𝑡 = 𝑈

(

𝑇𝑔 − 𝑇𝑝
)

4𝜋𝑅2
𝑝(1 − 𝜀)

𝑐𝑝,𝑝𝑚𝑝
(28)

The combination of the above three drying regimes permits us to
analyse and predict the interactions between a particle and the gas
phase during drying. This model can be applied by using moderate com-
putational resources provided that composition and physical properties
of the material we are looking to dry are known.

2.6. Running simulations

The model was initially implemented and prototyped in Spyder
using the programming language Python 2.7. The code was run for
initial conditions for the droplet and ambient flow parameters esti-
mated to be equal to those in specific single droplet drying experiments.
Functions were iterated over time using a time step of 0.05s and
were stopped as soon as the simulation time had reached the recorded
time duration of the experiment. During the simulations, the (uniform)
particle temperature was tracked along with the particle mass.

In a later stage, the prototyped model was implemented into the
CFD software ANSYS/Fluent by means of a user defined function rou-
tine through C programming. The numerical domain was a duct for air
flowing over a prescribed droplet. The domain was spatially discretized
by using structured hexahedral cells and was large enough to ensure
walls or boundaries did not have an impact on the air flow around the
droplet. Comparisons between the Python model and the CFD model
showed negligible differences and hence only the results obtained with
ANSYS/Fluent are reported here.

3. Matching simulations and experimental data

3.1. Dairy properties in the simulations

Our novel drying model was validated with the help of experimental
literature data (Lin and Chen, 2002; Chen et al., 1999; Nešić, 1989;
Nešić and Vodnik, 1991) on drying a single droplet of skim milk powder
(SMP). The five experimental cases used in our validation study are
listed in Table 1. Such a validation study requires all input parameters
needed in the model are reported in these papers. Since this is not the
case, several assumptions with respect t the dairy properties had to be
made.

Lin and Chen (2002) report the gross composition of their SMP
which is reproduced in Table 2. We have used this typical composi-
tion for all our simulations since the other papers do not specify a
composition.

In Table 3, we report expressions for density, thermal conductivity
and specific heat of relevant skim milk constituents as a function of
temperature (in ◦C) taken from Choi and Okos (1986). We assume
that the data in Table 3 are representative of the SMPs used in the
experiments reported in the above papers (Lin and Chen, 2002; Chen
et al., 1999; Nešić, 1989; Nešić and Vodnik, 1991).

By using the gross composition from Table 2 and the component
properties from Table 3, composite material properties of a typical SMP
can be calculated as presented at the bottom of Table 3. These material
properties, however, are not identical to powder properties, since the
powder particles used in the experiments are porous. Their porosity 𝜀0
is needed to convert material density into powder density according to

𝜌𝑝 = (1 − 𝜀0)𝜌𝑆𝑀𝑃 (29)

which is equivalent to Eq. (17).
Lin and Chen (2002) report they used SMP purchased from a local

market to make up reconstituted milk at a certain weight percentage,
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Table 1
Experimental parameters for single droplet drying as reported by the experimentalists:
initial droplet diameter, air velocity, initial droplet temperature, and air temperature.

Case A (Lin and Chen, 2002) Diameter 1.44 mm

Velocity 0.45 m/s
Drop temp 23.4 ◦C
Air temp 67.5 ◦C

Case B (Lin and Chen, 2002) Diameter 1.44 mm
Velocity 0.45 m/s
Drop temp 28.5 ◦C
Air temp 87.1 ◦C

Case C (Lin and Chen, 2002) Diameter 1.41 mm
Velocity 0.45 m/s
Drop temp 32.0 ◦C
Air temp 106.6 ◦C

Case D (Chen et al., 1999) Diameter 2.00 mm
Velocity 1.3 m/s
Drop temp 8.5 ◦C
Air temp 70 ◦C

Case E (Nešić, 1989; Nešić and Vodnik, 1991) Diameter 1.71 mm
Velocity 0.75 m/s
Air temp 90 ◦C

Table 2
SMP gross composition (Lin and Chen, 2002).

Protein 36.5
Lactose 49.8
Fat 0.6
Minerals 9.3
Moisture 3.8

Table 3
Physical properties (density 𝜌𝑖, thermal conductivity 𝑘𝑖 and specific heat 𝑐𝑝,𝑖
of the SMP components 𝑖 present in mass fraction 𝑥𝑖) with 𝑇 in ◦C, taken
from Choi and Okos (1986), plus the composite physical properties of SMP.

Water
𝜌𝑤 = 997.18 + 3.1439 × 10−3𝑇 − 3.7574 × 10−3𝑇 2

𝑘𝑤 = 0.57109 + 1.7625 × 10−3𝑇 − 6.7036 × 10−6𝑇 2

𝑐𝑝,𝑤 = 4.1762 × 103 − 9.0864 × 10−2𝑇 + 5.4731 × 10−3𝑇 2

Protein
𝜌𝑝𝑟 = 1329.9 − 0.5185𝑇
𝑘𝑝𝑟 = 0.17881 + 1.1958 × 10−3𝑇 − 2.7178 × 10−6𝑇 2

𝑐𝑝,𝑝𝑟 = 2.0082 × 103 + 1.2089𝑇 − 1.3129 × 10−3𝑇 2

Lactose
𝜌𝑐 = 1599.1 − 0.31046𝑇
𝑘𝑐 = 0.20141 + 1.3874 × 10−3𝑇 − 4.3312 × 10−6𝑇 2

𝑐𝑝,𝑐 = 1.5488 × 103 + 1.9625𝑇 − 5.9339 × 10−3𝑇 2

Fat
𝜌𝑓 = 925.59 − 0.41757𝑇
𝑘𝑓 = 0.18071 − 2.7604 × 10−3𝑇 − 1.7749 × 10−7𝑇 2

𝑐𝑝,𝑓 = 1.9842 × 103 + 1.4733𝑇 − 4.8008 × 10−3𝑇 2

Minerals
𝜌𝑚 = 2423.8 − 0.28063𝑇
𝑘𝑚 = 0.17881 + 1.1958 × 10−3𝑇 − 2.7178 × 10−6𝑇 2

𝑐𝑝,𝑚 = 2.0082 × 103 + 1.2089𝑇 − 1.3129 × 10−3𝑇 2

SMP
1∕𝜌𝑆𝑀𝑃 = 𝑥𝑤∕𝜌𝑤 + 𝑥𝑝𝑟∕𝜌𝑝𝑟 + 𝑥𝑐∕𝜌𝑐 + 𝑥𝑓 ∕𝜌𝑓 + 𝑥𝑚∕𝜌𝑚
𝑘𝑆𝑀𝑃 = 𝑥𝑤𝑘𝑤 + 𝑥𝑝𝑟𝑘𝑝𝑟 + 𝑥𝑐𝑘𝑐 + 𝑥𝑓𝑘𝑓 + 𝑥𝑚𝑘𝑚
𝑐𝑝,𝑆𝑀𝑃 = 𝑥𝑤𝑐𝑝,𝑤 + 𝑥𝑝𝑟𝑐𝑝,𝑝𝑟 + 𝑥𝑐𝑐𝑝,𝑐 + 𝑥𝑓 𝑐𝑝,𝑓 + 𝑥𝑚𝑐𝑝,𝑚

viz. 20%. Since our model is in terms of volume fractions, their mass
fraction has to be converted in a volume fractions. Let 𝑥0 (=0.20) be
the mass fraction of SMP in their solution (denoted by subscript sol)
obtained by dissolving a volumetric quantity 𝑉𝑝𝑜𝑤𝑑𝑒𝑟 of SMP to give a
volume 𝑉𝑠𝑜𝑙 of the solution. This 𝑥0 follows from

𝑥0 =
𝜌𝑆𝑀𝑃 (1 − 𝜀0)𝑉𝑝𝑜𝑤𝑑𝑒𝑟 (30)
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𝜌𝑠𝑜𝑙𝑉𝑠𝑜𝑙
By defining

𝜙0 =
𝑉𝑝𝑜𝑤𝑑𝑒𝑟

𝑉𝑠𝑜𝑙
(31)

the density of the dairy solution can be written as:

𝜌𝑠𝑜𝑙 = 𝜙0(1 − 𝜀0)𝜌𝑆𝑀𝑃 + (1 − 𝜙0)𝜌𝑤 (32)

Substituting Eq. (32) into Eq. (30) and rearranging gives an equation
for 𝜙0 :

𝜙−1
0 = 1 +

(1 − 𝜀0)(1 − 𝑥0)
𝑥0

𝜌𝑆𝑀𝑃
𝜌𝑤

(33)

showing that we need a value for porosity 𝜀0. Unfortunately, neither the
value of 𝜀0 nor a value for 𝜙0 was reported in the above papers (Lin and
Chen, 2002; Chen et al., 1999; Nešić, 1989; Nešić and Vodnik, 1991).

An estimated value of 𝜙0 can be obtained, however, by dividing
the reported particle mass at the end of the drying experiment by the
reported initial mass of the droplet. For the experiments used in this
validation study, this ratio is in the range 0.25–0.285. Given Eq. (33),
the corresponding values of 𝜀0 are then in the range 0.5–0.6.

Given the uncertainty in these estimated 𝜙0 and 𝜀0 values, sim-
lations were carried out for just two fixed values of these input
arameters: 𝜀0 = 0.55 (with 𝜙0 = 0.27) and 𝜀0 = 0.60 (with 𝜙0 = 0.294).

While in general powder porosity may depend on the drying condi-
ions, such as the rate of drying and the temperature of the drying air, it
s assumed – for lack of further information or evidence – that porosity
s independent of such conditions. This implies that in our simulations
he porosity 𝜀 of the crust was assumed to be equal to 𝜀0 of the original
MP.

The thermal conductivity and the specific heat of the solution are
alculated by means of:

𝑘𝑠𝑜𝑙 = 𝜙0𝑘𝑆𝑀𝑃 + (1 − 𝜙0)𝑘𝑤 (34)

𝑝,𝑠𝑜𝑙 = 𝜙0𝑐𝑝,𝑆𝑀𝑃 + (1 − 𝜙0)𝑐𝑝,𝑤 (35)

Throughout the simulation, Eqs. (32), (34) and (35) though with 𝜙
rather than with 𝜙0 are updated in every time step by using Eq. (16)
in order to keep track of the increasing solid content due to the liquid
evaporation.

3.2. Experimental issues

Before we turn to the results of our validation study, we have to
communicate some observations about the drying experiments reported
by Lin and Chen (2002). These observations were triggered by our
finding that we had to assume a lower air temperature than reported by
Lin and Chen to get a good overall agreement between our simulation
results and the experimental data on both particle temperature and
mass as a function of time.

In addition, the particle temperatures in the Lin and Chen experi-
ments all exhibit a drop at the start of the experiments and then stay
lower for some 30 to 40 s. This initial temperature decay is indicative of
a lower air temperature such that much of the heat for the evaporation
was taken from the droplet (see also the first paragraph of Section 2.1).
In our simulations, the droplet temperature remains constant or in-
creases, indicating the heat for the evaporation is provided by the
air.

Lin and Chen describe extensively how they operated their test
rig which contained a bypass used to keep the hot air running while
positioning the glass filament and the droplet attached to it in the
actual drying compartment. They had to wait until the droplet had
reached a stable position, before restoring the hot air flow to the drying
compartment to start the experiment.

Our interpretation of their temperature data is that, due to the
interruption of the air flow and the instalment of filament and droplet,
the (air in the) drying compartment was no longer at the targeted tem-
perature at the start of the drying process. In all cases, it took some 50 s
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Fig. 2. Particle mass (left panel) and particle temperature (right panel) for Case A both as a function of time; the model was run for four different constant air temperatures
(340.5 K, 338 K, 335.5 K, 333 K) and with 𝜀0 = 0.55, 𝜙0 = 0.27 (see Eq. (31) for definition of 𝜙0).
before the droplet was at its initial temperature again. Note the entire
drying process took sone 200 s only. Still in our interpretation, only
after the initial 50 s, air temperature in the drying compartment was
high enough to provide the heat for the evaporation. This temperature
recovery could easily take another 50 s or more. Since we do not have
the option of a variable air temperature in our code, we carried out
simulations for several lower average air temperatures to explore and
demonstrate the above observations.

The experiments reported by Chen et al. (1999) were carried out in
an earlier version of the test rig, given the description in Stevenson
et al. (1998). The same remarks as above with respect to the data
reported by Lin and Chen (2002) may apply here as well.

4. Validation of the drying model

As Lin and Chen (2002) report more details and conditions of their
experiments than the other authors, and their experimental procedure
look most sophisticated (in spite of the above observations), we first
simulated a few of their experiments (Cases A, B and C of Table 1) with
the view to validating our model. Afterwards, we used data reported
by Chen et al. (1999) and by Nešić (Nešić, 1989; Nešić and Vodnik,
1991) in the validation Cases D and E, respectively.

4.1. Case A

Fig. 2 shows for Case A, with 𝜀0 = 0.55, 𝜙0 = 0.27, how during the
drying process, according to our model and in the experiment, particle
mass decreases with time and particle temperature mostly increases
with time. In our model, four different constant air temperatures were
applied, to explore and demonstrate the effect of different air tempera-
tures as discussed in section 3.2. All four temperature profiles in Fig. 2
exhibit kinks which signal transitions in drying regime: after some 55 s,
the constant drying rate regime is over, while Stefan diffusion becomes
the rate determining step after about 90 s, and after 200 s the inert
heating regime is entered. Only the first transition is clearly visible in
the plots of particle mass versus time as at that moment in time the
crust starts affecting the evaporation rate.

Fig. 2 shows that the lower particle temperature during the first, say,
30 s of the experiment is not reproduced by the simulations. In addition,
using the air temperature of 340.5 K (67.5 ◦C) reported in Lin and Chen
(2002) as input to the simulation results in a distinct over-prediction
of particle temperatures in the falling rate regime. Both findings gave
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rise to the conclusion in section 3.2 that at the start of the Lin and
Chen experiments air temperature in the drying chamber suffered from
a temporary dip long and big enough to seriously affect most of the
drying process.

Therefore, air temperature was decreased in the computer runs in
steps of 2.5 K to find out about the probable drop in air temperature
in the experiment. A constant (or averaged) air temperature of 335.5 K
(62.5 ◦C) looks as the best estimate. The effect of air temperature on
particle mass as a function of time looks rather limited: a lower air
temperature results in just a slightly slower decrease in particle mass.

Fig. 3 presents very similar effects for simulations with 𝜀0 = 0.60,
𝜙0 = 0.294. It is difficult to judge the difference between the cases 𝜀0
= 0.55, 𝜙0 = 0.27 (in Fig. 2) and 𝜀0 = 0.60, 𝜙0 = 0.294 (in Fig. 3)
when plotted separately. Therefore, two typical cases for the ‘optimal’
average air temperature of 335.5 K (62.5 ◦C) have been plotted in
Fig. 4: the cases 𝜀0 = 0.55, 𝜙0 = 0.27 and 𝜀0 = 0.60, 𝜙0 = 0.294. The
effect on the temperature history is limited, but the higher values for
𝜀0 and 𝜙0 do result in a lower value for the final particle mass, in line
with the discussion in section 3.2 on estimating a value for 𝜀0 in the
experiment.

4.2. Case B

We repeated a similar validation exercise for Case B. Fig. 5 presents
particle mass (left) and particle temperature (right) as a function of
time, again according to our model and in the experiment. The model
was run for three different air temperatures and with 𝜀0 = 0.55, 𝜙0 =
0.27. Similarly, Fig. 6 does the same for 𝜀0 = 0.60, 𝜙0 = 0.294.

From a comparison between Figs. 5 and 6 it is obvious that 𝜀0 =
0.60, 𝜙0 = 0.294 is the better choice, given the better reproduction of
the final particle mass, although then the gradient in the particle mass is
reproduced less well. Figs. 5 and 6 once more demonstrate that using
the air temperature (360.25 K or 87.1 ◦C) reported in Lin and Chen
(2002) leads in the model to a substantial over-prediction of particle
temperature in the falling rate regime. A lower air temperature (353K
or 350 K) results in a better agreement between model prediction and
experimental data, irrespective of the values of 𝜀0 and 𝜙0. After 150 s,
particle temperature becomes constant in the model as it reaches the
constant air temperature level. In the experiment, particle temperature
keeps rising as by then the air temperature recovering from its initial
dip was returning to its targetted value. In hindsight, this effect is
weakly visible in Case A as well.
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Fig. 3. Particle mass (left panel) and particle temperature (right panel) for Case A both as a function of time; the model was run for four different constant air temperatures
(340.5 K, 338 K, 335.5 K, 333 K) and with 𝜀0 = 0.60, 𝜙0 = 0.294.

Fig. 4. Particle mass (left panel) and particle temperature (right panel) for Case A both as a function of time, for a constant air temperature of 335.5 K, with 𝜀0 = 0.55 and 0.60.

Fig. 5. Particle mass (left panel) and particle mass (right panel) for Case B as a function of time; the model was run for three different constant air temperatures (360.25 K,
353 K, 350 K) with 𝜀0 = 0.55, 𝜙0 = 0.27.
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Fig. 6. Particle mass (left panel) and particle mass (right panel) for Case B as a function of time; the model was run for three different constant air temperatures (360.25 K,
353 K, 350 K) with 𝜀0 = 0.60, 𝜙0 = 0.294.
Fig. 7. Particle mass (left panel) and particle temperature (right panel) for Case C as a function of time; the model was run for two different constant air temperatures (379.6 K,
371 K) with 𝜀0 = 0.60.
4.3. Case C

A similar validation exercise was done for Case C the results of
which are shown in Fig. 7. Given the findings in Cases A and B, only
the higher values for 𝜀0 and 𝜙0 are shown. Applying the targeted
air temperature (379.6 K, or 106.6 ◦C) in the simulation really over-
predicts particle temperatures in the falling rate regime. After, say,
80 s, a clear kink and a steep increase are found with air and particle
temperatures close to the boiling point of water.

Substituting a lower air temperature brings the simulation results
for both particle mass and particle temperature closer to the experimen-
tal data. Since the effect of the initial drop in air temperature on the
drying process was expected to increase with higher air temperatures,
particularly close to and in excess of the boiling point of water, a more
extended analysis of this case was not considered very useful.

4.4. Summary of Cases A, B and C

In all three Cases A through C, we found that a (constant) lower
air temperature results in a better overall reproduction of the ex-
perimental drying process of a single SMP droplet. This applies to
particle temperature rise and to a lesser degree also to particle mass.
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In addition, in all cases, particle temperatures dropped at the start of
the drying experiments, while in the simulations droplet temperatures
remained constant or increased, depending on the air temperature. The
above findings, consistent throughout all three Cases, were at the basis
of the discussion in Section 3.2 on the drying experiments reported
by Lin and Chen (2002). The temporary drop in air temperature in
the experiments was found to be larger for higher air temperatures.
Of course, by assuming a lower constant air temperature the final
experimental particle temperature was not reproduced correctly. The
latter would require a varying air temperature; this was beyond the
scope of the current paper.

The initial porosity 𝜀0 of the SMP particles was not explicitly re-
ported in Lin and Chen (2002) and could only be estimated afterwards
from the initial and final particle mass in the drying experiment, thanks
to Eq. (33). Since the initial porosity in the three cases was in the range
0.5–0.6, the effect of using both 0.55 and 0.6 for 𝜀0 (and the corre-
sponding values for 𝜙0) was investigated. The (tentative) conclusion
was that 𝜀0=0.6 gives a better agreement with the experimental data,
particularly with respect to the final particle mass.

We did not investigate the effect of air velocity and air humidity.
We explored the impact of several modifications in the model but they
all did not result in a better agreement with the experimental data.
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Fig. 8. Particle mass (left panel) and particle temperature (right panel) for Case D as a function of time, for air temperature 343 K and with 𝜀0 = 0.60.
Fig. 9. Particle mass (left panel) and particle temperature (right panel) for Case E as a function of time, for air temperature 363 K and with 𝜀0 = 0.60; the model was run for
two air velocities: 0.75 m/s and 1.0 m/s.
Varying the parameter 𝛽 in Eq. (22) had a minor effect only. Using
Eq. (10), from Lin and Chen (2002), for the Nu number rather than
Eq. (8) did not make a noticeable difference.

We did not decouple crust porosity from the estimated porosity of
Lin and Chen’s SMP; due to the lack of knowledge about the effect of
drying conditions and physical properties on deposition and resulting
porosity, such decoupling would come to artificially matching the
model to experimental data without proper physical background. Low-
ering the air temperature was the only option to get a good agreement
with the experimental particle temperature and mass data.

4.5. Case D

Given the above findings, we decided to assess our drying model
also with older experimental data. First, in Case D, we looked at drying
experiments reported by Chen et al. (1999). Their experiments were
carried out in an earlier version of the test rig at the University of Auck-
land as described by Stevenson et al. (1998). The drying conditions of
Case D differ from those of Cases A through C due to a substantially
higher air velocity and a somewhat larger droplet size. The resulting
higher drying rates may make the simulations less sensitive to other
parameters.
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Fig. 8 presents a comparison between our simulations with a 𝜀0
value of 0.60 and the experimental data from Chen et al. (1999). We
assumed the same type of SMP was used as by Lin and Chen. A very
satisfactory agreement is found with almost perfectly fitting slopes of
particle mass and temperature versus time. In this experiment, an initial
drop in particle temperature was not observed, and also using the
reported value for the air temperature did not result in too high particle
temperatures in the simulation.

4.6. Case E

A final check was done with the help of the experimental drying
data reported by Nešić. The Nešić data suffer from a high degree of
uncertainty: while Nešić (1989) only reported the temperature of the
drying air, Nešić and Vodnik (1991) also reported droplet size, air
velocity and milk fat percentage for the same Nešić 1989 experiment.
Further details about the SMP were not reported. For the simulation
of the same Nešić experiment, Farid (2003) applied a different air
velocity (1.0 m/s, rather than the 0.75 m/s reported in Nešić and
Vodnik (1991)) and started from a slightly different droplet size, while
again assuming 20wt% skim milk.
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As shown in Fig. 9, the agreement between experimental data and
simulation results is very satisfactory. This might be coincidental as
Nešić did neither specify the composition of his SMP nor the porosity
and we just used the composition data reported by Lin and Chen.
We also investigated the effect of applying a higher air velocity to
double check the potential merit of using Farid’s higher value (Farid,
2003): however, Nešić’s lower value gave a better agreement with the
experimental particle temperature data.

4.7. Overall summary of the validation study

The results of the successful validation study demonstrate the ability
of the novel numerical model to computationally simulate the drying
process of a single SMP droplet. Although the experimental data were
taken from three sources and, due to lack of reported data, some
assumptions had to be made, the agreement between the simulated
and experimental particle mass and temperature histories was very
satisfactory. On the basis of a sensitivity study on the impact of various
modelling aspects, the code has turned out be very robust. With respect
to the experimental data reported by Lin and Chen (2002), we found
that their drying experiments in what looks as a very sophisticated test
setup, suffered from a problem associated with interrupting the hot
air flow to allow for the instalment of the droplet into their drying
chamber.

The benefit of this novel model is that there are no tuning or exper-
imental calibration required as input. The only information required
for simulating the drying process of a (single) dairy droplet is about
the material properties of the various constituents making up a dairy
product which can be found in Choi and Okos (1986). This way, the
effects of dairy composition, of the initial particle diameter, porosity
and temperature, and of a constant air temperature and velocity can
be assessed computationally.

5. Conclusions

This paper details the development of a novel numerical modelling
approach for drying a dairy droplet. The drying model distinguishes
between three regimes, viz. unhindered evaporation, restricted drying,
and finally inert heating. The unhindered evaporation and the inert
heating regimes are described in terms of common basic heat transfer
principles. The restricted, or falling rate, drying regime is due to a crust
growing around a wet core and imposing a limitation to the transport
of water vapour towards the particle surface. This is accounted for by
Stefan diffusion through the capillary pores in the crust. The temper-
ature inside the droplet/particle is assumed to be uniform since the
value of the Biot number greatly exceeds unity. The combination of
these aspects is unprecedented. Material properties are calculated as a
function of composition and temperature; this eliminates the need of
experimental testing of each product subjected to droplet drying.

The novel model is validated against experimental work carried out
on single droplet drying as reported in the literature. A good agreement
is observed between the numerical results and experimental data from
three sources. Our findings strongly suggest that the Lin and Chen
(2002) experiments suffered in their early phase from a dip in the air
temperature. This temporary temperature drop was accounted for by
lowering in Cases A, B and C the constant air temperature applied to
the model, with the view of getting a good agreement with the Lin
and Chen data. In Cases D (Chen et al., 1999) and E (Nešić, 1989),
the agreement between our model and the experimental data was very
good without such an adjustment.

Our numerical model does not require input from experiments or
empirical correlations as required in the so-called reaction engineering
approach. This indicates the model presented here can really forecast
the drying process of a dairy droplet, provided just the composition and
the physical properties of the dairy product are known. The result is a
computationally efficient, robust and reliable numerical model with a
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good accuracy, ready for application to more elaborate droplet drying
studies. With the new model, the effects of dairy composition, of the
initial particle diameter, porosity and temperature, and of a constant air
temperature and velocity can be assessed computationally, i.e. without
delicate and expensive experimental testing.

Future work could involve incorporating the developed model into a
(commercial) CFD solver for the flow field of the hot air in a spray drier.
This will further enhance the knowledge of the complex and intimately
coupled transport processes within a given spray drying chamber and
will allow for the optimization or de-bottlenecking of the overall spray
drying process.
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