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Abstract

Building on the new droplet drying framework developed by Handscomb et al.
[22, 23], this paper develops physically motivated criteria for dynamically deciding
the appropriate structural sub-model to use at each stage of the drying process. Such
criteria create a spatially resolved mechanistic droplet drying model which, for the
first time, is capable of simulating multiple dried-particle morphologies based on
evolving droplet composition and drying conditions. The new criteria are used in
conjunction with the previously described model framework to simulate colloidal
silica droplets, investigating the relationship between suspended particle size and
dried-particle morphology.
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1 Introduction

Products as diverse as high value pharmaceuticals and bulk commodities such as dried
milk and detergent powders are produced by spray drying [34]. The needs of these differ-
ing applications vary greatly. When producing pharmaceuticals it is essential to maintain
a sterile environment, whilst food products must be dried in a way that ensures aromas and
nutrients are retained. Detergent powders require tightly controlled physical properties if
customer demands concerning flowability and dissolution rate are to be met and, for any
bulk drying operation, energy efficiency is likely to be a principle concern [12]. The spray
drying operation may be tailored to suit all of these roles and many more.

Spray drying works by contacting an atomised feed with drying air in a chamber. The
removal of moisture from a spray of droplets involves simultaneous heat and mass trans-
fer and, uniquely in a spray dryer, this process is coupled to concurrent particle forma-
tion. When drying droplets containing dissolved or suspended solids, a wealth of different
dried-particle morphologies may form. Which type of particle forms depends upon the
composition, size, temperature and drying history of the droplet, [40]. Further, because
droplet drying and particle formation occur simultaneously, the drying mechanism and
resultant kinetics are, in turn, strongly dependent on the evolving droplet microstruc-
ture, [27]. Simulating the structural evolution of single droplets within a spray tower
continues to present substantial challenges to the modeller, [32].

Handscomb et al. [22] presented a new model for simulating the drying of slurry droplets
consisting of an ideal binary solution containing suspended solids. These solids were
handled using a population balance approach, enabling the modelling of particle nucle-
ation and growth from the solution. This core model was then extended by Handscomb
et al. [23], incorporating a number of sub-models to allow simulation of morphological
evolution following formation of a surface shell. The aims of this paper are to provide
physical motivation for these sub-models and thereby develop logical criteria for deciding
when each model should be applied. Such criteria allow simulation of structural evolu-
tion as influenced by changing droplet composition and external drying conditions. This
is demonstrated by a parameter study investigating the influence of suspended particle
size on dried-particle morphology when drying droplets of colloidal silica.

2 Review of Droplet Drying Behaviour and Modelling Ap-
proaches

Droplet drying and particle formation occur simultaneously within a spray drying tower
and, consequently, the drying mechanism and resultant kinetics are strongly inter-dependent
on the evolving particle microstructure, [27]. To accurately describe the drying of droplets
containing dissolved or suspended solids it is therefore necessary to understand their struc-
tural evolution; droplet drying simulations should be capable of describing the formation
of solid particles, as well as giving the bulk moisture content. This section reviews the
dried-particle morphologies observed when drying droplets in sprays together with the
strategies employed to simulate these systems.
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Figure 1: Schematic showing some of the different dried-particle morphologies that may result
when drying droplets containing dissolved or suspended solids.

2.1 Dried-Particle Morphologies

Figure 1 illustrates the main dried-particle morphologies that may result when drying
droplets containing dissolved or suspended solids. At very low solids concentrations,
droplets continue to evaporate like pure liquid spheres and no particle is formed. However,
in spray drying applications of practical interest one of the other drying routes will be
followed.

Droplets initially shrink ideally in the constant rate period, but the formation of any dried-
particle commences with the appearance of a surface shell. Walton and Mumford [54]
identify three distinct categories of droplet, which behave in morphologically similar
ways when dried: crystalline, skin-forming and agglomerate. Within these categories,
the major differences in morphology following shell formation result from the drying air
temperatures and, consequently, the drying rate. At lower temperatures, the mechanisms
allowing for droplet shrinkage and deformation are more pronounced, [2]; moisture loss
and the rate of shrinkage are slower, allowing more time for structures to deform, shrink
and collapse, [39].

A solid dried-particle often forms when the drying gas temperature is below the moisture
boiling point, [14]. Once a rigid crust has formed, such droplets dry somewhat like a
porous solid medium with moisture menisci receding into the droplet. However, low
temperature drying does not always result in the formation of solid dried-particles, [54,
55]. With aerated feeds, bubbles or voids can arise as a result of two mechanisms: the
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droplet can become super-saturated with any dissolved air as a result of increasing solute
concentration, [19, 20]; or entrained air pockets can coalesce and expand during drying to
produce hollow particles, [53].

At high temperatures, droplets tend to inflate, form crusts and blister or break, [2]. Infla-
tion results from large partial pressures of water vapour joining inerts in a bubble, [14, 39].
Subsequent drying behaviour and final dried-particle morphology are determined by the
chemical and physical properties of the shell or film regions, [55]. For example, the
rheological properties of skin-forming materials allow such droplets to undergo multiple
inflation-collapse cycles. Such behaviour is observed when drying coffee extract, [8, 24]
and skim-milk, [54], amongst many others. This behaviour may be contrasted with less
pliable crystalline droplets that tend to undergo only partial inflation or form hollow or
semi-hollow dried-particles.

2.2 Droplet Drying Models

The experimental observations discussed above show that many different dried-particle
morphologies may result when drying droplets containing dissolved or suspended solids.
To simulate these evolving droplet structures, it is necessary to employ spatially resolved,
or mechanistic models. Three broad categories of such model may be identified: effective
diffusion and shrinking core approaches, together with those models containing a bubble.
This section reviews the many different drying models found in the literature, grouping
them under these three headings.

2.2.1 Effective Diffusion Coefficient Models

Effective diffusion coefficient models assume that moisture transport within a drying
droplet can be described by Fickian diffusion and, in most cases, an effective diffusion
coefficient is required to adequately reproduce experimental results, [59]. This effective
diffusion coefficient is normally a strong function of local moisture concentration and
temperature and, as such, needs to be determined experimentally for each system inves-
tigated, [8, 17, 31]. There is no explicit formation of a shell region in such models, but
a reduction in the effective diffusion coefficient at low moisture contents can achieve a
reduction in mass transfer rate similar to that caused by shell resistance.

The effective diffusion coefficient approach is the most common method used when spa-
tial moisture profiles are desired [e.g., 18, 41, 52, 60]. However, on its own, the method
yields relatively little information about droplet morphological development. For this rea-
son, several models base their description of moisture transport on such an effective diffu-
sion approach which they then combine with a further model for morphological changes.
Some such models are discussed next.

2.2.2 Shrinking Core Models

The shrinking core model consists of two stages. Initially the droplet shrinks ideally, with
solids accumulating at the droplet surface. At some point a crust is said to form, the size
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of the droplet is fixed and the solution-crust interface recedes into the porous particle.
Evaporation occurs at this receding interface and water must be transported to the surface
by vapour diffusion through the dried shell. The mass transfer resistance of the crust
therefore becomes the factor limiting the rate of continued drying.

The simplest application of the shrinking core approach assumes that the droplet outside
the crust region is well mixed and, consequently, the need to track the spatial distribu-
tion of water is removed. Such models have been used to simulate droplets of sodium
sulfate decahydrate [9] and coal slurries [29] amongst many others [4, 13, 38]. If spatial
information on the droplet moisture content is required, a shrinking core model can be
combined with an effective diffusion approach. Prior to shell formation moisture move-
ment within the droplet is described using an effective diffusion coefficient. A dry shell
subsequently grows inwards as per the shrinking core model, with an effective diffusion
coefficient continuing to describe the wet core. Such an approach has been used to sim-
ulate droplets of colloidal silica, skim milk [11], an amorphous polymer solution [56]
and maltodextrin [57, 58]. Nešić and Vodnik [38] presented the largest selection of ex-
perimental comparisons, investigating colloidal silica, sodium sulphate and skim milk
systems.

A number of authors have published extensions to the shrinking core model. Elperin and
Krasovitov [15] solved transport equations within the shell region itself whilst Seydel et al.
[46] coupled such a model to a core droplet description which made use of a population
balance to describe suspended solids. However, all of these models are limited in that they
can only simulate predict solid dried-particles.

2.2.3 Models With a Bubble

The third class of single droplet drying model commonly found in the literature are those
including a centrally located bubble. Such models allow the simulation of the hollow
particles which, as discussed in Section 2.1, are often observed in practice.

Wijlhuizen et al. [60] were among the first to publish a drying model with a bubble.
They postulated the presence of a bubble from the start, which could expand and contract
as a result of droplet temperature variations. Sano and Keey [41] presented a model
that can simulate inflation but is otherwise similar to that of Wijlhuizen et al.. Results
are compared with experimental measurements of milk drying and good agreement is
obtained. Hecht and King [25] presented a further model containing a bubble and used
the surface tension of the shell to check the expansion of the bubble.

Minoshima et al. [36, 37] developed a relatively simple model to predict the formation
of hollow granules. Their model uses the structural properties of the crust to the predict
dried-particle size and shell thickness. Tsapis et al. [51] considered the electrostatic stabil-
isation forces between colloidal silica particles to simulate shell formation and buckling.
Neither of these models simulated spatial moisture profiles, but are interesting because
they demonstrate how the physical properties of droplets might be used inform the struc-
tural and morphological simulation.
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2.2.4 Shortcomings of Existing Models

Whilst the single droplet drying models in the literature are generally shown to repro-
duce experimental mass and temperature profiles well, they are extremely limited when it
comes to morphological simulation. No existing model is capable of simulating multiple
dried-particle morphologies; once the use of a particular drying model has been specified,
the type of dried-particle is determined. Related to this inability to predict dried-particle
morphologies is the lack of any clear rational for choosing a particular model for morpho-
logical development. Given the importance of dried-particle morphology in determining
the properties of spray dried-powders, the combination of these shortcomings amounts to
a serious weakness in the existing models.

3 Model Review

Handscomb et al. [22, 23] introduced a new framework for simulating drying droplets,
building on many of the models reviewed in the previous section. The framework, illus-
trated schematically in Figure 2, combines a core droplet description with various sub-
models describing structural developments following the appearance of a surface shell.
This approach means that, unlike the models discussed above, the new framework is ca-
pable of simulating multiple dried particle morphologies. This section reviews this new
droplet drying; the remainder of the paper demonstrates how physically motivated criteria
may be used to determine the appropriate sub-model to use following shell formation, thus
allowing simulation of structural evolution as influenced by changing droplet composition
and drying conditions.

3.1 Core Droplet Description

The core description permits simulation of droplets consisting of an ideal binary solution
containing suspended solids. Following the convention established by Handscomb et al.
[22], the solvent, solute and solid will henceforth be labelled A, B and D respectively.

3.1.1 Discrete Phase

The discrete solid phase is modelled by a population of discrete solid particles, assumed
spherical and characterised by their diameter, L and radial position within the drying
droplet, r. The particle number density, N (L, r, t), evolved according to the population
balance equation

∂

∂t
N +

∂

∂L
(GN) +

1

r2

∂

∂r

(
r2v(d)

r N
)
− 1

r2

∂

∂r

(
r2D

∂N

∂r

)
= 0 , (1)

where the evolution in physical space may occur through a convective or diffusive pro-
cess. Particle growth occurs at a rate G, which is assumed to be independent of crystal
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Figure 2: Illustrating the new droplet drying framework introduced by Handscomb et al. [22, 23].

size. Nucleation of particles of size Lmin is accommodated through an appropriate bound-
ary condition on the internal coordinate. Rather than solving the entire population balance
equation, a moment method is employed to yield the evolution of the first four integer mo-
ments of the internal coordinate. The volume fraction of the solid phase, along with other
quantities of interest, can be extracted and used to inform the predicted morphological
development.

3.1.2 Continuous Phase

Modelling the continuous phase as an ideal binary solution permits its composition to
be described by a single equation, derived from the volume-averaged differential mass
balance for one of the species. Written in terms of the intrinsic volume average of the
solute mass fraction taken with respect to the continuous phase, 〈ωB〉(c), the equation is

∂

∂t

[
(1− ε) ρ(c)〈ωB〉(c)

]
+

1

r2

∂

∂r

r2 (1− ε) v(c)
r ρ(c)〈ωB〉(c)︸ ︷︷ ︸

advection

− r2Deffρ
(c) ∂

∂r

[
(1− ε) 〈ωB〉(c)

]︸ ︷︷ ︸
diffusion

− r′′B = 0 .

(2)

Deff is an effective diffusion coefficient usually obtained from experiments and, in general,
a function of the local moisture content. r′′B is the volume averaged interfacial production
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rate of the solute resulting from the crystallisation process and v(c)
r , the advective velocity,

arises as a result of the density difference between the solute and solvent.

Assuming that the solute does not leave the droplet at any time, the external boundary
condition on the solute equation is

∂〈ωB〉(c)

∂r

∣∣∣∣
r=R

=
〈ωB〉(c)ṁ′′

ρ(c)Deff

, (3)

where ṁ′′, the solvent mass flux from the droplet surface, is given by

ṁvap = 4πR2ṁ′′ = 2πρDA,airR Sh∗ log (1 +BM) . (4)

Here ρ is the density of the surrounding gas and DA,air is the binary diffusion coefficient
of the gas and water vapour, Sh∗ is the Sherwood number modified to take account of high
mass transport rates from the droplet and BM is the Spalding mass transfer number, [5,
48]. The algorithm suggested by Abramzon and Sirignano [1] is used to calculate ṁvap,
together with the heat penetrating into the drying droplet. From this — and the assumption
of no internal temperature gradients — the droplet temperature is evolved.

3.2 Structural Sub-Models

Within the new droplet drying framework, the structural sub-models are used in combi-
nation with the core droplet description to describe morphological evolution following
formation of a surface shell. Previous drying models discussed above are only capable
of simulating the morphological evolution towards one type of dried-particle. In contrast,
the flexibility afforded by the new framework permits simulation of multiple dried-particle
morphologies. The sub-models reviewed below are those introduced by Handscomb et al.
[23], but others may be implemented to simulate other structural developments.

The shell thickening sub-model introduced by Handscomb et al. [23] allows for contin-
ued shrinkage of the droplet whilst the shell grows. The development of this sub-model
was motivated by the observation that shell formation arrested shrinkage only for droplets
forming dried-particles with a crystalline structure [54]. Such behaviour can not be de-
scribed by previous droplet drying models which assume shrinkage ceases as soon as a
shell is formed, [e.g., 11, 29, 35].

Most drying droplets stop shrinking at some point; further moisture removal must then
lead to an expanding vapour-saturated space somewhere within the droplet. In the dry
shell sub-model the vapour space is located in the shell itself and an evaporative front
recedes through the droplet. This is a variant of the classic shrinking core approach dis-
cussed in Section 2.2.2. The dry shell sub-model predicts solid dried-particles with a
solids volume fraction similar to that of the droplet when it stops shrinking.

A challenge to the dry shell sub-model comes from Walton and Mumford [54], who noted
that some droplets exhibit saturated surface drying throughout the shrinking period and for
a short time thereafter. Such behaviour is observed even though the surface shell presents
a significant obstacle to mass transfer and is in stark contrast to the behaviour predicted
by the dry shell sub-model. These problems are addressed by the wet shell sub-model
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wherein the shell region is assumed to be wetted by the continuous phase at all times. The
vapour now lies in a single, centrally-located, bubble and evaporation proceeds from the
wetted external surface. Clearly this sub-model can be used to simulate the formation of
hollow dried-particles.

The slow boiling sub-model — the last such structural sub-model discussed by Hand-
scomb et al. [23] — was invoked when the droplet temperature rose above the boiling
point of the continuous phase. The behaviour following the start of boiling depends on
the morphology of the droplet at that point. The slow boiling sub-model assumes the
presence of a dry shell which is expected to be hotter than those regions still wetted by
the continuous phase; it is therefore reasonable to assume that boiling commences at the
evaporative front. The pressure increase at this front may influence the boiling tempera-
ture, but the slow boiling sub-model assumes that the pressure rise is insufficient to cause
the droplet to crack or shatter.

If the boiling condition is satisfied prior to shell formation, or during the wet shell or
thickening regimes, vaporisation is expected to commence within the drying droplet. This
results in bubble formation and droplet inflation or puffing. Implementation of a sub-
model to simulate drying during inflation will be discussed in a future paper. However, the
model as presented in this paper can indicate when such inflation is likely to occur. Fur-
thermore, it is noted that the new model framework discussed herein lends itself to future
incorporation of such a sub-model; the infrastructure to handle an expanding, centrally
located bubble has been incorporated during implementation of the wet shell sub-model.

4 Picking A Sub-Model To Use Following Shell Forma-
tion

The incorporation of several structural sub-models within the new droplet drying frame-
work permits the simulation of multiple dried-particle morphologies. However, harness-
ing the potential of this approach requires the existence of criteria for picking the appropri-
ate sub-model to apply at each stage of the droplet drying history. Structural developments
may then be simulated as influenced by evolving droplet composition and changing drying
conditions rather than — as was the case with all previous models — having to specify the
drying route from the start. The required criteria are developed in this section, informed
by an initial discussion of the physics of drying following shell formation.

4.1 Physics of Drying Following Shell Formation

4.1.1 Pressure Drop Across Surface Menisci

At the start of the drying process, all the solid particles are completely wetted by the
continuous phase as illustrated in Figure 3a. Once a shell has formed, the continuous
phase recedes to the pore mouths and menisci form between the particles at the surface.
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Figure 3: Illustration showing the drying process in the shell thickening period. (a) Prior to shell
formation, the suspended solids are completely wetted by the liquid phase. (b) On shell
formation, tension develops in the liquid as surface menisci form with radii of curvature,
rM . Initially, the solid network yields easily requiring little stress to deform and, as a
result, the radii of the menisci are large. (c) As the porous network stiffens, the stress
required for deformation increases and the menisci radii decrease. The limiting radius
— corresponding to the maximum capillary pressure — occurs when the menisci recede
into the pores.

These menisci support a pressure drop of

∆P =
2γ

rM

, (5)

where γ is the surface tension of the liquid phase and rM is the radius of curvature of the
meniscus. The pressure gradient within the droplet resulting from this capillary pressure
leads to transport of the continuous phase towards the outer surface. At the same time, the
tension from these menisci drives the solid particles past each other towards the droplet
centre, [51]. These two processes occur simultaneously and — provided the capillary
forces are strong enough — result in continued droplet shrinkage after the formation of a
surface shell. This continued capillary driven shrinkage is termed shell thickening within
this work.

During this thickening period the shell remains quite weak and the pore network shrinks
in response to the capillary tension, [7]. As a result, the radius of curvature, rM , remains
large, as shown in Figure 3b. In some types of gel, it is possible for the pore structure to
shrink to as little as one tenth of the original volume during the thickening period, [42].
However, the network will stiffen as it shrinks, increasing the capillary pressure. At some
point, the radii of curvature of the surface menisci will become so small that they can fit
into the pores, as shown in Figure 3c. This point corresponds with the start of what is
sometimes termed the first falling-rate period [30] and also represents the point with the
maximum capillary pressure in the liquid.

Simple geometry shows that, if the pores are assumed cylindrical, the critical radius of
curvature for a meniscus entering a pore is

rM =
a

cos θ
, (6)
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where a is the pore radius and θ is the contact angle, [42]. Clearly there will be some
characteristic pore radius, rc, corresponding to the peak capillary pressure and this will
likely be related to the size of the narrowest pores. Several researchers have shown
that this characteristic pore size is closely tracked by the hydraulic radius of the porous
medium, [44, 47]. If the total surface area per unit volume is given by SV , the hydraulic
radius is

rH =
2 (1− ε)
SV

. (7)

Taking a in (6) as rH and substituting into (5) gives the maximum pressure drop across
the surface menisci as

∆Pmax =
γ cos θ

(1− ε)
SV , (8)

where the need to assume cylindrical pores has been removed. The core droplet descrip-
tion within the new drying framework allows the volumetric solids surface area to be
obtained form the second moment of the particle number density using

SV = πm2 . (9)

If the suspended particles are assumed to be mono-disperse with diameter L, then (7)
becomes

rH =
(1− ε)

3ε
L , (10)

and it is seen that the characteristic pore size is inversely proportional to the solids volume
fraction.

Equation (8) shows that it is theoretically possible to develop substantial pressure drops
across surface menisci. As an example, consider the drying of a water based gel where the
solids volume fraction, ε, is 0.65 and SV = 2 × 108 m2m−3. Water has a surface tension
of 0.072 Nm−1 and the contact angle is taken as θ = 0 rad for convenience. Under such,
fairly typical, circumstances the maximum pressure drop is greater than 40 MPa.

In general, the pressure drops predicted by (8) cause a negative absolute pressure within
the fluid. This implies that the drying fluid is under tension, [28]. Cavitation occurs when
the negative pressure exceeds the tensile strength of the fluid, or earlier in the presence
of impurities capable of acting as cavitation nuclei, [6, 49]. Cavitation is the result of
the energy barrier to bubble nucleation being overcome; the result is the spontaneous
appearance of a bubble within the stretched liquid, [33].

4.1.2 Pressure Drop Across a Thickening Shell

During most of the thickening period the capillary pressure is significantly less than the
maximum value given by (8) and, consequently, the meniscus radius is greater than the
hydraulic radius, rH . It is therefore not possible to use (5) to directly calculate ∆P in
this regime. Instead, the capillary pressure, Pcap, is obtained by likening the movement of
the continuous phase through the shell to filtration through a porous filter with the same
thickness as the growing crust, [36]. The pressure drop across the shell is then assumed
equal to the pressure drop across the air–continuous phase interface. This analogy is
illustrated schematically in Figure 4.
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ṁ′′

ρ0
A
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Figure 4: Schematic demonstrating how the process of shell thickening can be likened to the
growth of a filter cake: (a) Prior to shell formation; (b) the point of shell formation
corresponds with the appearance of a filter cake one particle thick; (c) the filter cake
thickness, T continues to increase as the shell grows. The volumetric flow through
the filter cake is simply related to the mass flux from the droplet, ṁ′′, and results in a
pseudo-pressure acting on the shell, Pe.

Given knowledge of the liquid flow rate, Darcy’s law may be used to obtain the corre-
sponding pressure drop across a porous medium. Darcy’s Law may be written

q = −K

µ
∇P , (11)

where K is the permeability tensor for the porous body and µ is the viscosity of the
flowing fluid. Assuming spherical symmetry for the drying droplets, this reduces to

q = −κ
µ

∂P

∂r
, (12)

where q is the volume flux of liquid through the shell. At the external surface, the volume
flux is simply related to the mass vaporisation flux, ṁ′′, by

q =
ṁ′′

ρ0
A

= −dR

dt
. (13)

Assuming that the problem may be analysed as a pseudo-steady state and, further, that the
total volumetric fluid flow through the shell is not a function of radius, allows (12) to be
integrated, giving

∆P = PR − PS = −µ
κ

∫ R

S

ṁvap

4πr2ρ0
A

d r

= −µ
κ

ṁ′′

ρ0
A

R

S
T , (14)

where T = R − S is the shell thickness. In deriving this expression, it has also been
assumed that the permeability and viscosity are constant across the thickening shell.

The permeability, κ, in (14) is estimated using the Carmen-Kozeny relation, [10],

κ =
1

180

(1− ε)3

ε2
L2 . (15)
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In the above expression, L is the diameter of the solid particles — assumed spherical and
monodisperse — making up the porous medium. To account for a distribution of particle
sizes, (15) may be replaced by

κ =
1

5

(1− ε)3

S2
V

, (16)

where SV is the solids surface area per unit volume, discussed above.

4.1.3 Strength of a Surface Shell

So far, this section has demonstrated a method for calculating the pressure drop that exists
across the surface menisci of a droplet drying in the presence of a surface shell. This pres-
sure drop is important as it can cause continued shrinkage of the droplet following shell
formation. In order to say when the droplet stops shrinking, it is necessary to determine
when the thickening shell becomes structurally capable of supporting itself. The contin-
ued deformation of the shell is hypothesised to occur through a series of mini-buckling
events driven by the capillary pressure of the receding continuous phase. Timoshenko
[50] showed that a spherical shell of radius R and thickness T will buckle when subjected
to a uniform external pressure, Pbuck, given by

Pbuck =

(
T

R− T

)2
2E√

3 (1− ν2)
, (17)

where E is the Young’s modulus of the material and ν is its Poisson’s ratio. It is hy-
pothesised that the newly formed shell will continue to experience buckling events —
and therefore continue to thicken — so long as the capillary pressure is greater than the
buckling pressure, Pbuck.

4.2 Criteria for the Different Models

Having introduced the necessary theory, the criteria for applying the different sub-models
following shell formation are now presented. These criteria are based on the relative
magnitudes of the capillary pressure in the surface pores, the strength of the growing shell
and the pressure drop across it — quantities which may be continuously tracked in the
course of the simulation. The decision process applied to decide the appropriate sub-
model to use is summarised in Figure 5; this section explores that decision process in
more detail.

4.2.1 Thickening Regime

Upon formation of a surface shell, all drying droplets are assumed to enter the thicken-
ing regime. The initial shell is set to have a certain minimum thickness. Whilst this is
an essentially free parameter, the diameter of the smallest solid particle sets a physical
lower bound on possible shell thicknesses. The pressure drop across this shell is calcu-
lated using (14) and this will be equal to the pressure drop across the air–continuous phase
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Figure 5: Illustration of the decision process used to select the appropriate drying model to use
following shell formation.

interface. Further, the pressure required to buckle the shell, Pbuck, is calculated using (17).
As explained above, the capillary pressure in the surface pores can be thought of as ex-
erting an external pseudo-pressure, Pe, on the thickening shell. The magnitude of this
pseudo-pressure is equal to the capillary pressure at the surface which, in turn, is equal
to the pressure drop across the shell. The shell will continue to thicken so long as this
pseudo-pressure is greater than the pressure required to cause buckling of the shell. That
is, thickening continues whilst

∆Pshell > Pbuck , (18)

or, on substituting from (14) and (17) and re-arranging, whilst

R (R− T )

T
ṁ′′ >

κ

µ

2Eρ0
A√

3 (1− ν2)
. (19)

The structural properties of the growing shell are seen to directly influence the duration
of the thickening regime, as is the drying rate, ṁ′′.

The thickening period extends whilst the inequality in (19) is satisfied. However, this
condition is sufficient but not necessary for thickening, i.e., thickening does not necessar-
ily cease once (19) is no longer satisfied. The reason for this is that the surface menisci
between suspended solid particles are potentially capable of supporting a greater pressure
drop than that across the thickening shell. Once (19) is no longer satisfied, the menisci
will retreat into the surface pores, reducing their radius of curvature and thus increasing
the associated capillary pressure. This retreat will continue until the pressure is sufficient
to cause further buckling, or until the capillary pressure exceeds the maximum possible
value as given by (8).
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Figure 6: Illustration of the pressure profiles within a drying droplet following formation of a sur-

face shell: (a) the pressure drop across the liquid–air interface is equal to the pressure
drop across the shell, ∆Pshell when this is greater than the buckling pressure, Pbuck; (b)
when Pbuck > ∆Pshell, the pressure drop across the interface is equal to the buckling
pressure and the pressure in the droplet core falls below ambient.

Thickening will cease once the capillary pressure exceeds the maximum possible value,
∆Pmax. At this point, the menisci retreat beneath the surface and the dry shell regime
commences. However, it is possible for the thickening regime to end earlier by progres-
sion to the wet shell regime.

4.2.2 Wet Shell Regime

When drying droplets with a surface shell, the surface menisci support a pressure drop
across the air-continuous phase interface. As explained above, it is initially assumed that
this pressure drop is equal in magnitude to the pressure drop across the thickening shell
and, consequently, the pressure profile in the drying droplet is similar to that sketched in
Figure 6a. Once the menisci begin retreating into the surface pores, the pressure drop
across the menisci grows larger than that across the shell. As a result, the fluid pressure
in the core region falls below atmospheric, as illustrated in Figure 6b.

The wet shell sub-model postulates the growth of a centrally located vapour-saturated
bubble within the drying droplet. This approach is clearly a gross simplification of the
physics occurring within a real drying droplet, but it is possible to motivate the idea of a
centrally located bubble in a number of ways. Firstly, dissolved gases present in the initial
droplet may come out of solution to form bubbles, or small bubbles may even be present
in the initial feed. As the pressure in the droplet falls, these bubbles will expand. In the
absence of such features, cavitation will occur when the pressure falls below the vapour
pressure of the liquid by an amount dictated by the tensile strength, (§4.1.1). However the
bubble forms in a particular system, the present drying model postulates that a droplet will
cease thickening and enter the wet shell regime once Pbuck −∆Pshell < Pcrit, where Pcrit

is some critical pressure. The complete process for deciding the relevant drying regime is
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illustrated in Figure 5.

4.2.3 Wet Shell to Dry Shell Switch

As mentioned above, the dry shell model can directly follow the thickening regime when
Pbuck > ∆Pmax. This is likely to occur for droplets containing large suspended solids,
e.g., the detergent crutcher mix droplet simulated by Handscomb et al. [23] where direct
progression to the dry shell regime was presumed. However, it is also possible that the
dry shell regime might be entered following a period of wet shell drying.

The wet shell model includes an expanding central vapour space with a slowly growing
outer shell. It is clear that if this regime persist for a sufficiently long time, the growing
bubble will meet the retreating inner shell surface. At this point, the bubble can expand
no more and further moisture removal necessitates drying of the shell itself. In general,
it is possible that the switch between the wet and dry shell drying regimes might occur
before this point. Such an eventuality leaves three spatial domains: a region adjacent to
the bubble, formerly the wet core; a region corresponding to the previous wet shell; and
the new, growing, dry shell region.

5 Results

The new droplet drying framework is now applied to investigated the drying of a droplet of
aqueous colloidal silica. Walton and Mumford [54] identified colloidal silica as a material
where droplets were found to continue shrinking upon drying, even after the formation
of a surface shell. Furthermore, it was observed that moisture is removed by saturated
surface drying throughout this shrinking period and that this continues for a short while
after the droplet size has stabilised. Such behaviour suggests that this system is a good
candidate for demonstrating the shell thickening and wet shell sub-models. The same
system was simulated by Handscomb et al. [23], but in the present paper the new criteria
for selecting structural sub-models are employed to investigate the sensitivity of dried-
particle morphology to suspended particle size.

5.1 Base Case

The base case consists of a droplet containing 16 nm colloidal silica particles suspended in
water. To simulate this system within the new droplet drying framework the solute mass
fraction is initialised to a very small number, 10−9, thus approximating the pure water
continuous phase. Gelation occurs as the concentration of colloidal silica is increased
and, in the system simulated here, this is seen to occur at mass fractions above 40wt%.
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5.1.1 Physical Properties

Nešić and Vodnik [38] report that the solids diffusion coefficient in the gel phase is

D = exp

(
−28.1 + 282ωA

1 + 15.47ωA

)
, (20)

where ωA = 1 − ωD is the mass fraction of water. Prior to gel formation — that is,
at solids volume fractions below 0.23 — experimental observations suggest that inter-
nal convection currents keep the drying droplets well mixed, [38]. To simulate this, the
solids diffusion coefficient is set to 10−7 m2s−1 — a relatively large value — at low solids
concentrations. The discontinuity at the point of gel formation was found to cause prob-
lems for the numerical solution routine and so was smoothed using a hyperbolic tangent
weighting function. The expression used for the solids diffusion coefficient is therefore

D (ωD) = f (ωD)× 10−7 + (1− f (ωD)) exp

(
−28.1 + 282 (1− ωD)

1 + 15.47 (1− ωD)

)
, (21)

where
f (ωD) =

1

2
[1− tanh (20π (ωD − 0.35))] . (22)

Investigations reported by Handscomb [21] suggest that the appropriate sorption isotherm
to use is

pA,sur = psat
A (1− exp (−5ωA)) , (23)

which was obtained by fitting the simulated results to experimental observations prior
to shell formation. This isotherm refers to evaporation from a fully wetted surface and,
consequently, the Kelvin equation is applied to account for the vapour pressure reduction
that results as the surface menisci begin to retreat into the pores of the newly formed shell.
The resulting correction was found to be insignificant.

As explained in Section 4.1.3, the Young’s modulus and Poisson’s ratio of the colloidal
silica shell are required to model moisture removal and dried-particle formation following
the appearance of a surface shell. Smith et al. [47] measured the shear modulus of wet
silica gels, from which the Young’s modulus can be calculated, given knowledge of the
Poisson’s ratio, ν. Taking ν = 0.2, as was measured by Scherer [43] for similar silica
gels, gives the estimated Young’s modulus for the system as 1 MPa. This is relatively
low, suggesting that the shell should be expected to buckle repeatedly as the droplet dries,
leading to considerable thickening.

The method described in Section 4.2 is used to select the appropriate model to use as
the droplet dries. To apply this methodology two parameters are needed in addition to
those describing the structural properties of the shell. The first of these is the liquid-solid
contact angle, θ, for use in (8). Asmatulu [3] reports a range of possible values, depending
on the hydrophobicity of the silica particles used. Hunter et al. [26] give a value of 37◦,
obtained by averaging the results obtained from a number of experimental methods. This
is in broad agreement with the contact angles given by Asmatulu for silica particles with
no added cleaning agents and so this is the value taken for the present set of simulations.
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The second remaining parameter is Pcrit, the critical pressure which determines when a
droplet will cease thickening and enter the wet shell regime, (see Figure 5). By coin-
cidence, it is found that Pcrit is not required for the base case when simulating droplets
containing 16 nm particles. This is because the drying droplet is predicted to enter the dry
shell regime directly following shell thickening, thus avoiding a wet shell drying period.
However, in general, this parameter must be assigned a value and a method for doing this
is discussed below.

When the growing bubble meets the internal boundary of the wet shell region, the model
switches from the wet to dry shell mode as discussed in Section 4.2.3. The dry shell
tortuosity, σ, used when calculating the mass vaporisation rate is taken as 10 m m−1. This
is based on the crust diffusion coefficient reported by Nešić and Vodnik [38] for the system
simulated here. When the temperature of the droplet reaches 100◦C, the remaining water
will boil. Given long enough in the dryer, all the remaining water will be vaporised and
the temperature of the dried-particles will rise to that of the drying air.

5.1.2 Comparison with Experimental Data

Direct comparisons with the experimental data of Nešić and Vodnik [38] at Tgas = 101◦C
and Tgas = 178◦C are presented for the base case in Figure 7 (a) and (b) respectively.
Following the findings of the investigations reported by Handscomb [21], the drying air
is here assumed to be dehumidified and moving with a velocity of 2.5 ms−1 relative to the
droplet. A shell is deemed to have formed once the solids volume fraction at the droplet
surface exceeds 0.65.

At both temperatures, the agreement between the predicted droplet mass and that mea-
sured experimentally is very good throughout the drying history. For the droplet drying in
air at 101◦C, the modelled temperature under-predicts the experimentally measured value
following the formation of a shell at t = 58.2 s. It is likely that this discrepancy is caused
by the assumption of a uniform droplet temperature, even after the formation of a dry shell
at t = 70.2 s. Indeed, it is within this dry shell period that the temperature discrepancy
is most pronounced. In reality, it is expected that a dried shell region will be hotter than
the still-wet core; Farid [16] goes so far as to suggest the temperature in this region will
equal that of the drying gas, although this is strongly disputed by Schlünder [45]. Nev-
ertheless, it seems likely a dry shell region will be somewhat warmer than the core and,
furthermore, that the experimental thermocouple readings will reflect the presence of this
hotter region. Consequently, it is perhaps not surprising that the measured droplet temper-
atures are higher than those predicted by the model as a result of the uniform temperature
assumption.

Figure 7 (b) shows the results for a colloidal silica droplet drying in air at 178◦C. As the
air temperature is above the boiling point of water, it is expected that this droplet will
undergo boiling; this is immediately clear from the figure. The switch to dry shell drying,
occurs at t = 33.2 s, at which point the droplet temperature begins to rise rapidly. At
t = 35.5 s, when the temperature reaches 100◦C — the boiling point of water — the slow
boiling regime is said to commence, (§3.2). The remaining water in the droplet is removed
by boiling, during which time the temperature remains constant. Once all the moisture
has been removed, at t = 41.4 s, the droplet mass ceases to decrease and the temperature
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Figure 7: Simulated drying of a colloidal silica droplet (lines) compared with experimental results
from Nešić and Vodnik [38] (symbols) at: (a) Tgas = 101◦C and R0 = 0.972 mm; and
(b) Tgas = 178◦C and R0 = 0.95 mm.
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rises to that of the drying air.

The prediction of the droplet temperature for this example is seen to be in very good
general agreement with the experimentally observed values. It is noted that there is a
fair degree of scatter in the measured values following the predicted formation of a dried
shell. As discussed in relation to the results at the lower air temperature, this could reflect
the thermocouple variously returning readings reflecting the temperature in the still-wet
core or the hotter, dried shell. However, the general timescale over which the droplet
temperature rises to that of the drying gas is correct and, given the nature of the model,
the predicted profiles make good sense.

5.1.3 Structural Development

As discussed in Section 4, the various pressure drops within the drying droplet are key to
determining its evolving structure. Figure 8 shows the evolution of the buckling pressure,
Pbuck, the pressure drop across the shell, ∆Pshell and the maximum pressure drop that can
be supported across the surface menisci, ∆Pmax. For an array of 16 nm particles, the
hydraulic radius — approximating the minimum pore size — as given by (10) is 2.87 nm,
where the solids volume fraction is assumed to be 0.65. Using (5) with θ = 37◦ shows
the surface menisci in this system can support a pressure drop of over 40 MPa. Also
shown in the figure is the pressure in the wet core although, in this example, this does
not change during the thickening period. This figure can be used in conjunction with
Figure 5 to determine the morphological progression of the drying droplet. The pressure
drop across the shell is significantly greater than that required for buckling at all times.
Thickening therefore continues until the pressure drop across the shell equals ∆Pmax,
which is seen to occur at t = 33.0 s. At this point the menisci retreat into the surface
pores and, consequently, the droplet is predicted to pass directly from the thickening to
the dry shell regime.

Figure 9 shows the simulated structural evolution of the droplet drying in air with Tgas =
178◦C. The different drying regimes are clearly visible and it is possible to see the mor-
phology of the droplet at a given time in the drying history. Thickening commences at
t = 24.4 s, after which the wet shell thickens considerably before, as just discussed, pass-
ing directly into the dry shell regime at t = 33.0 s. At this point of transition the droplet
has a region of still-wet core of radius 0.227 mm surrounded by a thickened shell region
extending out to the external radius at R = 0.599 mm. Once the dry shell regime has
commenced there are, in effect, three domains: the wet core; the thickened shell; and the
dry shell region. Rather than explicitly modelling three spatial domains, this situation is
handled here by setting the solids diffusion coefficient equal to zero in the thickened shell
— that is, particles in the thickened shell are not free to move during the dry shell regime.
A dried-particle is said to have formed once all the moisture has been removed from the
droplet — this occurs after 41.7 s.

Figure 10 shows the simulated evolution of the solids volume fraction within the droplet
of colloidal silica, drying with Tgas = 178◦C. Profiles are plotted at 5 s intervals. Initially
these profiles are flat across the droplet due to internal circulation prior to gelation. After
formation of a gel at ε = 0.233, the profiles develop a pronounced curvature as particles
build up at the receding interface. The profile shown in bold is that at t = 24.4 s when
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Figure 8: Plot showing various pressures relating to a droplet of colloidal silica drying in air at
Tgas = 178◦C during the shell thickening regime. The suspended silica particles have
a diameter of 16 nm.
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Figure 10: Simulated solids volume fraction profiles during the drying of a colloidal silica droplet
containing 16 nm particles drying in air at Tgas = 178◦C. Profiles are plotted at 5 s
intervals, with the t = 24.4 s profile at the point of shell formation highlighted in bold.
The external radius of the droplet is shown on each profile as a small dot; a larger dot
represents the final particle size. The diamonds on the later profiles show the position
of the evaporative front during the dry shell regime.

the solids volume fraction at the surface reaches 0.65 and the shell forms. After this, the
droplet continues to shrink whilst the shell thickens. The solids volume fraction in this
shell region is 0.65 whilst the fraction in the core region is considerably less. This is clear
from the two profiles with discontinuities taken during the thickening regime.

The interface at r = 0.227 mm between the wet core and thickened shell regions is clear
in the later profiles plotted in Figure 10. This is a result of the direct transition between
the thickening and dry shell regimes, discussed above. Bypassing a wet shell drying
period means that the resulting dried-particle is predicted to be solid but, as is clear from
Figure 10, the central region is expected to have a considerably lower solids content.

Although not presented here, the droplet drying in air at Tgas = 101◦C is predicted to have
a very similar morphology to that outlined above. The main reason for this is the small
size of the suspended solid particles, leading to high pressure drops across the thickening
shell as well as large maximum pressure drops across the surface menisci.

5.2 Effect of Suspended Particle Size

The newly developed criteria for picking the structural sub-model to apply following shell
formation permit investigation of the morphologies that might result from similar suspen-
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Figure 11: Plot showing various pressures relating to a droplet of colloidal silica drying in air at
Tgas = 178◦C during the shell thickening regime. The suspended silica particles have
a diameter of 500 nm.

sions of larger particles. To do this, it is assumed that other properties of the droplet
remain constant — in particular, the solids diffusion coefficient and gelling concentration
are unchanged. This is likely to be un-physical, but does not prevent qualitative conclu-
sions being drawn.

The pressure profiles during the thickening regime for a droplet containing 500 nm parti-
cles are shown in Figure 11. Comparison with Figure 8 immediately demonstrates some
major differences. Firstly, the pressures involved are considerably lower; the maximum
pressure drop across the surface menisci for a droplet with 500 nm particles is 1.3 MPa
compared with the figure of 40 MPa for the previous droplet. Further, the pressure drop
across the shell is now seen to be less than that required for buckling. However, thicken-
ing continues as Pbuck is itself initially less than the maximum pressure drop across the
air-liquid interface. The interesting line on this plot is that indicating the pressure in the
droplet core, i.e., inside the thickening shell. This is seen to fall during the thickening
regime with negative values indicating a negative absolute pressure within the droplet.

Reference to Figure 5 shows that the thickening regime can end if the core pressure falls
below a certain critical value, Pcrit. This is indicated on Figure 11, where it is seen that
this is indeed the manner in which shell thickening is halted for this droplet. The choice
of the critical value is far from clear and, essentially, this may be thought of as a free
parameter. In the present example, the value Pcrit = −0.7 MPa was chosen for reasons
explained below.

Figure 12 shows the structural evolution of the hypothetical droplet containing 500 nm
silica particles. It is instructive to compare this with Figure 9, the analogous plot for the
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Figure 12: Simulated morphological evolution of a droplet of colloidal silica containing 500 nm
particles drying in air at 178◦C.

droplet containing 16 nm particles. The droplet with larger particles is seen to undergo a
period of wet shell drying and, consequently, the resulting dried-particle is hollow. This
is clearly seen in Figure 13, which shows the simulated evolution of the solids volume
fraction within the droplet containing 500 nm particles. The central bubble is clearly
visible and close comparison with Figure 10 shows that a larger dried-particle is predicted.

Clearly the size of the suspended particles influences the drying modes and, consequently,
the morphology of the final dried-particle. Figure 14 illustrates this link more clearly,
combining the results of many simulations to produce a map showing the drying routes
of droplets containing various sizes of suspended particles. For droplets containing small
particles — like the first droplet simulated in this section — solid dried-particles result
with no wet shell drying period. Droplets containing solid particles between 50 and
1000 nm in diameter pass through a wet shell region in their drying histories and, as a
result, produce hollow dried-particles. However, for droplets with suspended particles
larger than 1 µm, the wet shell region is again bypassed and solid dried-particles are pro-
duced.

The existence of a transition from hollow back to solid dried-particles as suspended parti-
cle size increases is the key to choosing the critical pressure that determines the start of the
wet shell drying regime, Pcrit. Walton and Mumford [54] observed a range of colloidal
silica droplets drying and reported that solid dried-particles tended to be formed when
the suspended solids were larger than 1 µm in size, with hollow dried-particles resulting
from droplets containing smaller suspended solids. Bearing this result in mind, Pcrit was
set equal to −0.7 MPa in these simulations to ensure the transition from hollow to solid
particles occurs at the correct suspended particle size.
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Figure 13: Simulated solids volume fraction profiles during the drying of a colloidal silica droplet
containing 500 nm particles drying in air at Tgas = 178◦C. Profiles are plotted at
5 s intervals, with the t = 24.4 s profile at the point of shell formation highlighted
in bold. The external radius of the droplet is shown on each profile as a small dot; a
larger dot represents the final particle size. The diamonds on the later profiles show
the position of the evaporative front during the dry shell regime. The solids profile in
the dried-particle is shown by the heavy dashed line.
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Figure 15 shows the pressure profiles in the thickening regime for a drying droplet con-
taining suspended particles 1500 nm in diameter. Such droplets are predicted to form
solid dried-particles — that is, they bypass the wet shell drying period. The reason for
this is clear from the pressure profiles. With the pressure drop across the shell less than the
pressure required for buckling, it is the later which determines the pressure drop across
the air–liquid interface, (§4.1). For this droplet, the constraint that this pressure must be
less than ∆Pmax is seen to be binding, i.e., the buckling pressure exceeds the maximum
pressure capable of being supported by the surface menisci before the core pressure falls
below the critical value, Pcrit. Reference to Figure 5 shows that this sequencing results in
direct transition to the dry shell drying regime.

6 Conclusion

This paper built on the new droplet drying framework developed by Handscomb et al.
[22, 23]. This framework combines a core droplet description with a number of structural
sub-models to describe the droplet evolution following formation of a surface shell. The
focus of this paper was developing criteria for choosing the appropriate structural sub-
model to use at any point throughout the drying history.

Experimentally observed dried-particle morphologies were discussed, together with a
thorough review of spatially resolved, mechanistic drying models from the literature. It is
noted that all existing models require the drying route to be specified a priori and, con-
sequently, they are only capable of simulating a single structural history. Before a single
mechanistic drying model is able to simulate multiple dried-particle morphologies, it is
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Figure 15: Plot showing various pressures relating to a droplet of colloidal silica drying in air at
Tgas = 178◦C during the shell thickening regime. The suspended silica particles have
a diameter of 1500 nm.

necessary to develop on-line criteria to decide the appropriate sub-model to use at any
stage of the drying history. To this end, the physics of droplets drying in the presence
of a surface shell were studied, focusing of pressure changes within the shell region. The
resulting understanding enabled the development of physically motivated criteria for pick-
ing a structural sub-model, thus allowing simulation of structural evolution as influenced
by changing droplet composition and drying conditions.

The new criteria were demonstrated by using the droplet drying framework to simulate
a droplet of colloidal silica. Temperature and mass histories from the base case simu-
lation were compared with experimental data, with which they showed good agreement.
A parameter study was then performed to investigate the influence of suspended particle
size on final dried-particle morphology. In simulating these droplets, all the structural
sub-models were used as dictated by application of the newly developed decision criteria.
Combining the results from multiple simulations allowed production of a map illustrating
the link between suspended particle size and dried-particle morphology. This demon-
strates that, for the first time, a single mechanistic droplet drying model is capable of
simulating multiple dried-particle morphologies.
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Nomenclature

Greek Characters

γ Surface tension [N·m−1]
ε Solids volume fraction [-]
εcrit Critical solids volume fraction triggering shell formation [-]
θ Contact angle [deg] or [rad]
κ Permeability [m2]
µ Viscosity [Pa·s]
ν Poisson’s ratio [-]
ρ Mass density [kg·m−3]
ρ0

j Material density of component j [kg·m−3]
σ Tortuosity [-]
ωj Mass fraction of component j, (liquid phase) [-]

Operator

〈B〉(i) Intrinsic volume average of B associated with phase i

Roman Characters

BM Spalding mass transfer number [-]
D Solids diffusion coefficient [m2 s−1]
Deff Effective diffusion coefficient [m2 s−1]
E Young’s modulus [Pa]
G Linear growth rate [m·s−1]
K Permeability tensor [m2]
L Internal coordinate – solid particle diameter [m]
M Droplet mass [kg]
N Number density function [# m−4]
P Pressure [Pa]
Pcap Capillary pressure [Pa]
Pcrit Critical pressure determining the onset of wet shell drying [Pa]
Pe External pseudo-pressure acting on a growing shell [Pa]
R Radius of the drying droplet [m]
SV Surface area per unit volume [m2m−3]
Sh∗ Modified Sherwood number [-]
T Shell thickness [m]
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Tboil Boiling temperature of the continuous phase [◦C] or [K]
Td Droplet temperature [◦C] or [K]
V Volume [m3]
a Pore radius [m]
ṁ′′ Mass vapour flux from the droplet [kg·m−2s−1]
ṁvap Total rate of solvent evaporation [kg·s−1]
p Partial pressure [Pa]
q Volumetric flow rate [m−3s−1]
r Internal coordinate – radial position [m]
r′′ Volume average interfacial production rate [kg·m−2s−1]
rc Characteristic pore radius [m]
rM Radius of curvature [m]
t Time [s]
vr Radial velocity [m·s−1]

Superscripts and Subscripts

A Solvent
B Solute
D Solids
buck The buckling condition
c Continuous phase
d Discrete phase
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