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� We study spreading, absorption and evaporation after droplet impingement on a tablet.
� We divided the droplet behaviour into three phases of different dynamics.
� Our model simulates droplet impact, water absorption and evaporation on a tablet.
� We validated the model with experimental data from the literature.
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It is well understood that during the pharmaceutical aqueous film coating process the amount of liquid
water that interacts with the porous tablet core can affect the quality of the final product. Therefore,
understanding and simulating the mechanisms of water droplet spreading, absorption and evaporation
is crucial for controlling the process and optimising the shelf-life of the tablets. The purpose of the work
presented in this paper is to define and describe the spreading, absorption and evaporation phenomena
after droplet impingement on a tablet. We divided the droplet behaviour into three phases of different
dynamics and duration: the kinematic, capillary and evaporation phases. To model the kinematic phase,
we combined and modified 1-D spreading models from the literature which solve the kinetic energy bal-
ance equation for the first milliseconds of spreading. For the capillary phase, we simplified and solved the
continuity and Navier-Stokes equations using the lubrication approximation theory. Finally, for the evap-
oration phase, we adopted a modelling approach for the second drying stage of slurry droplets inside a
spray dryer. During this stage, one can no longer describe the droplet as a liquid system containing solids,
having to regard it as a wet particle with a dry crust and a wet core. In our work, we represented in a
novel way the crust as the dry surface of the tablet and the wet core as the wetted area inside the porous
matrix. We implemented the mathematical model presented in this work in gPROMS, employing the
Modelbuilder platform. Our numerical results (droplet height and spreading, wetting, evaporation front
profiles) are in good agreement with recent experimental data that we found in the literature.

� 2017 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Aqueous film coating is a crucial step in the manufacture of
solid-dosage drugs in the pharmaceutical industry. It is well under-
stood that the shelf life of pharmaceutical tablets depends on the
amount of humidity to which they are exposed during the coating
process, the handling of the intermediate coated product and the
packaging (Amidon et al., 1999). Understanding and being able to
predict the mechanisms of water absorption onto and into tablets,
is therefore important to avoid accelerating the degradation mech-
anisms caused by high water content.

During tablet coating a liquid solution is sprayed onto the solid
tablet surface. Several researchers have investigated the impact of
a droplet on an impermeable substrate, mainly for inkjet printing
applications. Park et al. (2003) developed a mathematical model
to estimate the maximum spreading factor at low impact velocity.
They defined the spreading factor as the ratio of the cyclical wetted
area diameter at time t to the initial droplet diameter of the spher-
ical droplet just before impact. Attane et al. (2007) developed an
analytical 1-Dmodel based upon the energy equation. By assuming
the shape of a droplet (either spherical cap or cylindrical), Attane
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Nomenclature

A surface area (m2)
cp specific heat (J kg�1 K�1)
Cv vapour concentration (mol m�3)
D droplet diameter (m)
D diffusion coefficient (m2 s�1)
dp pore diameter (m)
Eg gravitational energy (J)
Ek kinetic energy (J)
Ep potential energy (J)
Es surface energy (J)
h droplet height profile (m)
hD mass transfer coefficient (m s�1)
hm droplet mass centre height (m)
Hp evaporation front depth (m)
hp wetting front depth profile (m)
hs precursor film height (m)
hep wetted region height (m)
hfg specific heat of evaporation (J kg�1)
hheat heat transfer coefficient (Wm�2 K�1)
J evaporation velocity (m s�1)
k thermal conductivity (Wm�1 K�1)
KK dissipation fitted parameter (dimensionless)
kp porous media permeability (m2)
_mv vapour mass flux (kg s�1 m�2)
Mw;l molecular weight (kg mol�1)
n disjoining pressure parameter (dimensionless)
Nu Nusselt number (dimensionless)
Oh Ohnesorge number (dimensionless)
p pressure (Pa)
Pr Prandtl number (dimensionless)
Rt wetted area radius (m)
Re Reynolds number (dimensionless)
RH relative humidity (dimensionless)
Sep diameter of the evaporation surface (m)
Sc Schmidt number (dimensionless)
Sh Sherwood number (dimensionless)
T temperature (K)
u velocity (m s�1)

W absorption velocity (m s�1)
We Weber number (dimensionless)
wp vertical velocity in the pores (m s�1)

Greek letters
a thermal conductivity empirical parameter (dimension-

less)
B disjoining pressure parameter (Pa)
b thermal conductivity empirical parameter (dimension-

less)
c thermal conductivity empirical parameter (dimension-

less)
K dissipation parameter (dimensionless)
l viscosity (kg m�1 s�1)
/ porosity (dimensionless)
Up dissipation energy loss rate (W)
Pc disjoining pressure (Pa)
q density (kg/m3)
r surface tension (kg/s�2)
sa absorption time (s)
he contact angle (rad)
n boundary immobilisation variable (dimensionless)

Subscripts
1 ambient air
0 initial value
d droplet
g air/gas
l liquid solvent
max maximum
p tablet pores
s solid
sat saturated
TD dried tablet region
v vapour
WF wetted tablet region
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et al. (2007) reduced the unknown variables in the energy balance
equation. They compared their model with others from the litera-
ture (Kim and Chun, 2001; Bechtel et al., 1981), achieving better
predictions of the maximum spreading factor. The main limitation
of their model is its inability to simulate the first milliseconds after
impact and predict the droplet rebounding when the equilibrium
contact angle has a high value. Recently, Lee et al. (2016) have also
used the 1-D model approach to describe the impact of a water
droplet on porous stones. Their numerical results were in close
agreement with the experimental ones.

In terms of pharmaceutical tablet coating, Shaari (2007) inves-
tigated both experimentally and numerically the impact and
spreading of a pure liquid water droplet on pharmaceutical tablets.
He divided the process into two sub-processes: short-term and
long-term. The former involved the first milliseconds after impact
when inertial forces are significant and spreading, splashing and
rebounding occurs, whereas the latter included penetration and/
or wetting. He conducted a series of experiments to investigate
the impact behaviour of a droplet on tablet surfaces with different
roughness. Using a Volume-Of-Fluid (VOF) CFD model, he
described quantitatively the short-term phenomena, but he did
not develop any numerical model to describe the long-term phe-
nomena, in particular, absorption.
Bolleddula et al. (2010) studied the impact and spreading beha-
viour of viscous dispersions and volatile solutions on the surface of
a pharmaceutical tablet. They concluded that spreading after
impact can be divided into two distinct regimes: the inertia driven
regime and the capillarity driven regime. During the inertia driven
regime, the diameter reaches an asymptotic value referred to as
the maximum spreading factor. Following the inertia driven
regime, the droplet continues to spread by capillarity until reach-
ing equilibrium. Their experimental findings with pharmaceutical
coatings and tablets will be used in this work for validation.

The capillary spreading of liquids and their absorption into por-
ous substrates is a key process for several applications including
pharmaceutical coating. Alleborn and Raszillier (2004) and
Siregar et al. (2010) developed mathematical models that describe
the absorption of water droplets that are deposited on a permeable
solid surface. They solved the Navier–Stokes equation for the
spreading of the droplet by employing the lubrication theory
approach (Schwartz, 1999) and modelled the liquid movement in
the pores using Darcy’s equation. The models agreed with experi-
mental results, but their main limitation is that they described
spreading and absorption under room ambient conditions that
are not generally utilised in pharmaceutical tablet coating
processes.
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Few researchers have investigated the impact of a droplet on a
porous substrate together with the absorption in the medium. Reis
et al. (2004) developed a model, based on the finite volume
method, that aimed to couple the impact and absorption phenom-
ena of a droplet on a porous medium. They solved the continuity
and linear momentum conservation equations to model the fluid
flow both outside the porous medium and inside the microscopic
pores of the substrate. Their CFD numerical results were in good
agreement with experiments they conducted using NMR spec-
troscopy. Recently, Lee et al. (2016) have coupled their initial
semi-empirical model for the first milliseconds after impact with
a CFDmodel for water absorption. They compared their mathemat-
ical models with experimental data that they acquired using Neu-
tron Spectroscopy.

Droplet evaporation from within a porous medium is of
interest in pharmaceutical coating processes. Understanding
the dynamics of the evaporation phenomena can help optimise
the water content of the final product. Earlier work (Roberts
and Griffiths, 1995; Hu and Larson, 2005; Semenov et al.,
2014) was mostly concerned with evaporation of droplets
deposited on non-porous surfaces. Roberts and Griffiths (1995)
first developed a mathematical model for droplet evaporation
from porous surfaces. They validated their numerical results
with field and wind tunnel experiments for sand and concrete.
Mezhericher et al. (2008) and Golman and Julklang (2013)
investigated water evaporation during the slurry droplet drying
process. Their modelling approach was adopted in this work
in order to develop a novel model that predicts water evapora-
tion from within porous tablets. In our literature search, we
were unable to find previous published work that combines
the spreading and absorption phenomena of a droplet with
evaporation from within a porous medium at high temperature
and humidity conditions, conditions that are used in pharma-
ceutical tablet coating processes.

In this paper, we present a numerical model that describes the
spreading, absorption and evaporation of water-based pharmaceu-
tical coating liquids after impingement on porous substrates, e.g.
pharmaceutical tablets. Our approach for the initial impact spread-
ing period takes into consideration the high shear viscosities of
pharmaceutical coating liquids, enhancing models found in the lit-
erature (Bechtel et al., 1981; Roisman et al., 2002; Attane et al.,
2007) that only predict the behaviour of low viscosity liquids
(water, ethanol). In contrast with previous work (Alleborn and
Raszillier, 2004; Siregar et al., 2010), we allowed our (lubrication
theory-based) spreading and absorption model to account for the
specific operating conditions inside a pharmaceutical pan-coater
(high temperature, high air flow, high relative humidity). Our novel
evaporation model aims to predict the evaporation-front move-
ment inside the porous medium and to provide information about
the water content during the coating process.

We compared our numerical results with experimental data
from the literature. Because the validation data for the different
parts of our mathematical model were taken from different
sources, we validated each part of the overall process (impact-spr
eading/absorption-evaporation) separately, using the experimental
data obtained by different researchers.
2. Mathematical models

In our work, we divided the droplet behaviour into three
phases: the kinematic, capillary and evaporation phases. We devel-
oped a sub-model for each phase. The first two (Sections 2.1 and
2.2) concern the spreading and absorption of a single droplet,
whereas the last one (Section 2.3) simulates the evaporation of
the liquid absorbed within the porous matrix of the tablet. Fig. 1
summarises our approach for simulating the overall behaviour of
the impinging droplet.

The kinematic phase model describes the first milliseconds after
impact during which inertial forces are significant and should not
be neglected. Roisman et al. (2002) showed experimentally that
the characteristic time of the kinematic phase is of order D0=U0,
with D0 and U0 being the initial diameter of the droplet and the
droplet vertical velocity before impact, respectively. We coupled
the kinematic phase sub-model with the lubrication theory
approach of Alleborn and Raszillier (2004) and Siregar et al.
(2010) for the capillary phase, and we additionally accounted for
evaporation during absorption. Siregar et al. neglected the evapo-
ration of the droplet during absorption because the evaporation
dynamics are significantly slower at the ambient conditions which
they studied. However, the temperature, humidity and air flow
conditions inside a pharmaceutical pan-coater accelerate evapora-
tion and make its effect not negligible. Finally, we developed a
novel sub-model that predicts the evaporation of the liquid
absorbed within the porous substrate.

2.1. Kinematic phase

In this section, we present an analytical 1-D spreading model
that is based upon the kinetic energy balance equation (Eq. (1)).
We made the assumption that during the kinematic phase the
absorption phenomena are negligible and the inertial forces are
significant. Indeed, in experiments conducted by Shaari (2007),
the spreading behaviour of a droplet on a metal (steel) surface
was identical to the one on porous tablets for the first milliseconds
after impact. Due to the low impact velocity, we also assumed that
the coating shape after impact is a spherical cap (Bechtel et al.,
1981; Attane et al., 2007). The droplet shapes before and after
impingement are shown in Fig. 2.

The motion of the droplet in the first milliseconds after impact
is governed by the kinetic energy balance equation (Bechtel et al.,
1981):

d Ek þ Ep
� �

dt
¼ �Up ð1Þ

where Ek is the kinetic energy, Ep is the potential energy and Up is
the kinetic energy loss rate in the droplet due to viscous dissipation.

The assumption for the shape of the droplet to be a spherical
cap yielded the following geometric relations between the wetted
area radius Rt , droplet maximum height hmax and position of the
droplet mass center hm (Attane et al., 2007):

R2
t ¼ D2

0

3
D0

hmax
� h2

max

D2
0

 !
; hm ¼ 1

6
2hmax þ h4

max

D3
0

 !
ð2Þ

where D0 is the initial diameter of the spherical droplet before
impact. From Eq. (2), one can express the radius and mass center
position of the droplet in terms of the maximum droplet height
hmax. Therefore, we solved the spreading problem (Eq. (1)) for only
the variable hmax and then calculated the other droplet shape related
variables (radius and mass center position) by solving these geo-
metric relations.

The kinetic energy of an incompressible fluid Ek in a volume V is
given by the following equation:

Ek ¼ 1
2
q
Z
v
u � u dV ð3Þ

where q is the fluid density and u is the fluid velocity vector.
We described the radial and vertical velocity components inside

the droplet, denoted here as ur and uz, respectively, by adopting the
irrotational flow field first proposed by Bechtel et al. (1981) for
impinging droplets:



Table 1
Dissipation parameter K from the literature.

Dissipation parameter (K) Literature reference

K ¼ ffiffiffiffi
p

p
Oh�1=2 Bechtel et al. (1981)

K ¼ 10:6 Oh�1=2, Low Oh Kim and Chun (2001)

K ¼ 6:4 Oh�1=2, High Oh

K ¼ 30 Oh�1=2 Attane et al. (2007)

Fig. 1. Mathematical modelling approach.
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Fig. 2. Droplet spreading during the kinematic phase.
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ur ¼ �1
2

1
hm

dhm

dt
r ð4:aÞ

uz ¼ 1
hm

dhm

dt
z ð4:bÞ

Following Bechtel et al. (1981), we integrated Eq. (3) over the
volume of a spherical cap of maximum height hmax and radius Rt

and we obtained:

Ek ¼ 1
2
q

1

h2
m

dhm

dt

� �2 Z
v

r2

4
þ z2

� �
dV

¼ 1
2
q p 1
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 !
dhm

dt

� �2

ð5Þ

In Eq. (1), we can express the potential energy term Ep as:

Ep ¼ Eg þ Es ð6Þ
where Eg is the energy due to the mass of the droplet (gravitational
energy) and Es is the surface energy. The equations we used to
calculate Eg and Es are (Attane et al., 2007):

Eg ¼ p
6
q g D3

0 hm ð7:aÞ

Es ¼ r p R2
t þ h2

max � R2
t cos he

� �
ð7:bÞ

where r is the surface tension of the droplet and he is the
equilibrium contact angle.

Following de Gennes (1987), we calculated the viscous
dissipation energy loss rate as:

Up ¼ 2 l
Z
v

@ur

@r

� �2

þ ur

r

� �2
þ @uz

@z

� �2
" #

dV ð8Þ

where l is the fluid viscosity. Integrating over the volume of the
spherical cap we obtained:
Up ¼ lp
2

hmax

h2
m

3 R2
t þ h2

max

� � dhm

dt

� �2

ð9Þ

In the literature reviewed, a dissipation parameter is often
introduced to fit the experimental data and correct for the model
over or under-prediction of the droplet spreading due to the
assumed fixed shape. We present in Table 1 the nondimensional
dissipation parameter K we found in the literature, where Oh

denotes the Ohnesorge number (Oh �
ffiffiffiffiffiffiffi
We

p
=Re, where We is the

Weber number and Re is the Reynolds number).
By adding the dissipation parameter, the expression for the

viscous dissipation energy loss rate becomes:

Up ¼ K l p
2

hmax

h2
m

3 R2
t þ h2

max

� � dhm

dt

� �2

ð10Þ

Eq. (10) describes the dissipation energy loss rate for a pure liq-
uid of low viscosity. As mentioned in the introduction section, the
mathematical models for the kinematic phase that we found in the
literature did not account for polymer solutions with more com-
plex rheology. Bolleddula et al. (2010) measured experimentally
the shear viscosity of several coating solutions and investigated
the initial spreading after impingement on tablets. By taking into
consideration their experimental results, we modified the dissipa-
tion parameter and the expression for the modified dissipation
parameter K0 that we propose in this work (to account for the high
viscosity of coating liquids) is:

K0 ¼ KK

ffiffiffiffi
p

p
Oh�1=2 ð11Þ

where KK is a dimensionless parameter that we introduced to fit the
experimental data conducted by Bolleddula et al. (2010) for four liq-
uids of different viscosity: 60% and 85% glycerol/water solutions,
Opadry White II 20% and pure water. The liquids chosen for the fit-
ting of the parameter KK cover a wide viscosity range (1–300 cP,
Bolleddula et al., 2010). We fitted the parameter KK using gPROMS
(Process Systems Enterprise Ltd., 2017), and used regression to
derive an equation that expresses KK as a function of the Ohnesorge
number (Fig. 3). The equation that calculates KK (with R2 of 0.95) is:
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KK ¼ 3
2
Oh�1=6 ð12Þ

Therefore, the equation for the revised dissipation parameter
becomes:

K0 ¼ 3
2

ffiffiffiffi
p

p
Oh�2=3 ð13Þ

The revised dissipation parameter was used in our model to
predict the behaviour of different Opadry coating droplets that
impact on porous tablets with varying impingement velocities,
and the performance of this new modified model was compared
to work in the literature.

Two initial conditions are required for the solution of the kine-
matic phase sub-model equations. We considered that the droplet
centre of mass (spherical droplet with diameter D0), just before
impact, moves with an impact velocity U0 directed vertically
downward, and that the maximum height of the droplet is equal
to the spherical droplet diameter before impingement. These val-
ues for the initial conditions (Eqs. (14) and (15)) were taken from
the work of Bolleddula et al. (2010).

dhm

dt

				
t¼0

¼ �U0 ð14Þ
hmaxjt¼0 ¼ D0 ð15Þ
The kinematic phase sub-model provides information on the

motion of the droplet for the first milliseconds after impact. The
rheological properties of the liquid must be known (q; r; l),
together with the initial diameter of the droplet D0 and the impact
velocity U0, in order to define the parameters of the model. The
resulting predictions of the kinematic phase sub-model for the dro-
plet maximum height hmax, the droplet mass centre height hm and
wetted area radius Rt were used as an input in the following cap-
illary phase model, which we present next.
2.2. Capillary phase

In the following section, we present the mathematical model
that describes the spreading and the absorption of the droplet
and the movement of the absorbed liquid in the porous matrix
when the capillary effects become dominant. Our model combines
the approaches of Alleborn and Raszillier (2004) and Siregar et al.
(2010) and additionally accounts for the evaporation of the droplet
from the surface during absorption under pharmaceutical coating
operating conditions.

2.2.1. Droplet movement on the surface of the porous substrate
The motion of a liquid film or droplet on dry surfaces such as

during the capillary driven phase, requires special treatment. This
is because the usual ‘‘no-slip” boundary condition (u = 0) at the
solid surface cannot be applied for coatings (lubricant films) that
spread on a dry substrate (Szeri, 2010). This is known in the liter-
ature (Alleborn and Raszillier, 2004) as the ‘‘contact-line singular-
ity problem” and is associated with the fact that there is no
solution to the Navier–Stokes equation when we implement the
‘‘no-slip” condition on the solid boundary. According to O’Brien
and Schwartz (2002), the simplest technique for numerically sim-
ulating moving contact lines is to use the notion of a thin precursor
film in front of the contact line (whose thickness, hs, is assumed to
be constant). This allows the ‘‘no-slip” condition to be applied
everywhere.

O’Brien and Schwartz (2002) found that the droplet dynamics
are only weakly dependent on the choice of precursor film thick-
ness, and therefore whether such a precursor film layer is real or
not is not important. We adopted the precursor film approach
and we assumed a precursor film of negligible height (hs ¼ 1=100
of the initial droplet diameter) that spreads across the surface
ahead of the wetted area.

The flow of the droplet above the porous layer is governed by
the continuity and Navier–Stokes equations:

r � u ¼ 0 ð16Þ

q
@u
@t

þ u � ru

 �

¼ �r pþ lr2uþ q g ð17Þ

where q and l are the density and viscosity of the liquid that forms
the droplet, respectively. The fluid is assumed to be incompressible
and u represents the velocity vector.

Solving the full continuity and Navier–Stokes equations is
mathematically complex and computationally expensive. A simpli-
fication is made possible by the lubrication theory due to the
geometry of lubricant films (Szeri, 2010): under normal conditions
the in-plane dimension of the film (wetted diameter) is greater
than its thickness. The lubrication approximation theory uses scal-
ing to estimate the order of magnitude of the various terms of the
continuity and Navier–Stokes equations. The equations are then
simplified by deleting those terms that are judged to be too small
to have significant effect. Alleborn and Raszillier (2004) and Siregar
et al. (2010) both used the lubrication theory approach to solve the
Navier–Stokes equations and derived the following equation, writ-
ten in terms of cylindrical coordinates, that calculates the height
profile of the droplet (h):

@hðr; tÞ
@t

¼ 1
3 l

1
r

@

@r
r hðr; tÞ3 @pðr; tÞ

@r


 �
�Wðr; tÞ ð18Þ

By using the lubrication theory approach formulated in terms of
cylindrical coordinates we can accurately describe the behaviour of
a spherical cap-shaped coating droplet on a tablet surface (Fig. 4),
while simplifying the problem and reducing the computational
effort.

In Eq. (18), W is a sink term that accounts for the absorption
within the porous substrate. Previous models (Alleborn and
Raszillier, 2004; Siregar et al., 2010) assume that evaporation phe-
nomena are negligible during the spreading and absorption of a
droplet. That is because the dynamics of evaporation are consider-
ably slower than the dynamics of spreading and absorption.
According to experiments performed by Hu and Larson (2005)
and Siregar et al. (2010), the characteristic time for the absorption



Fig. 4. Droplet spreading, absorption and evaporation.
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of a lL droplet is of the order of seconds, while the evaporation of
the same droplet, at room temperature, from within a porous med-
ium takes a considerable length of time (100–150 min).

Nonetheless, inside a coating drum the temperature, relative
humidity and air flow conditions accelerate evaporation. Therefore,
one should not neglect the evaporation of the droplet on the sur-
face of the porous medium during the capillary phase. In our work,
we modified Eq. (18) to account for the evaporation velocity (J)
during the absorption process:

@hðr; tÞ
@t

¼ 1
3 l

1
r

@

@r
r hðr; tÞ3 @pðr; tÞ

@r


 �
�Wðr; tÞ � Jðr; tÞ ð19Þ

Eq. (19) predicts the height profile hðr; tÞ above the surface of a
porous tablet in pharmaceutical coating process conditions. To
derive an equation for the evaporation velocity J, we assumed a
spherical cap droplet shape with a wetted area radius Rt (calcu-
lated at the end of the kinematic phase). Following Popov (2005),
who investigated the evaporation of sessile droplets, we get:

Jðr; tÞ ¼ _mv

q p R2
t

1� r
Rt

� �2
" #�1=2

ð20Þ

where _mv is the vapour mass transfer rate given by the expression
(Mezhericher et al., 2008):

_mv ¼ hD qv;d � qv;1
� �

Ad ð21Þ

where hD is the mass transfer coefficient, Ad is the droplet surface
area and qv;d and qv;1 are the partial vapour densities over the dro-
plet surface and in the ambient air, respectively.

Following Levi-Hevroni et al. (1995), who investigated the dry-
ing of slurry droplets, we estimated the mass transfer coefficient hD

using the Ranz-Marshall correlation for the Sherwood number:

Sh � hD Rt

Dv
¼ 2þ 0:65 � Re1=2d Pr1=3d ð22Þ

For a drying process under atmospheric pressure, the diffusion
coefficient of water vapour in air, Dv , can be calculated as
(Mezhericher et al., 2008):

Dv ¼ 3:564 � 10�10 Td þ Tg
� �1:75 ð23Þ

where Td and Tg are the droplet and air temperatures in Kelvin,
respectively. The units for Dv are m2/s. In the Ranz-Marshall corre-
lation, Red and Prd are the Reynolds and Prandtl dimensionless num-
bers, defined as:

Red �
Rtqgug

lg
; Prd �

cp;g lg

kg
ð24Þ

where ug ; lg ; cp; g ; qg ; kg are the velocity, viscosity, specific heat,
density and thermal conductivity of air, respectively.

To calculate the pressure profile inside the spreading droplet we
used the expression of Schwartz et al. (2001) for the motion of
liquids onto or from dry substrate areas. Schwartz et al. (2001)
took into account the presence of a precursor film and he intro-
duced the ‘‘disjoining” pressure Pc term (which accounts for the
van der Walls interactions between the droplet and the solid),
writing:

p ¼ q g h� r Dh�Pc; Dh � 1
r

@

@r
rffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ @h
@r

� �2q @h
@r

2
64

3
75 ð25Þ

where Dh is the curvature of the absorbing liquid surface (Siregar
et al., 2010) and r is the liquid surface tension. The relation for the
disjoining pressure that Schwartz et al. (2001) used in his work is:

Pc ¼ B
hs

h

� �n1

� hs

h

� �n2
 �
ð26Þ

where hs is the height of the precursor film and B;n1; n2 are positive
constants with n1 > n2 > 1. Following Schwartz et al. (2001), we
took (n1;n2) to be equal to (3, 2) and the constant B to be given
by the equation:

B ¼ 1
hs

ðn1 � 1Þ ðn2 � 1Þ
2 ðn1 � n2Þ r h2e ð27Þ

where he is the equilibrium contact angle of the droplet on the
tablet surface.

We considered the absorption velocity (W) to be equal to the
vertical velocity,wp, at the surface of the porous matrix. This veloc-
ity will be discussed in the next Section 2.2.2. The equation that
calculates W is:

W ¼ wp

		
z¼0 if h > hs

0 if h < hs

(
ð28Þ

With the above relation we are not allowing the precursor film
to be absorbed into the substrate to avoid the contact line singular-
ity issue. The absorption velocityW becomes effectively zero when
the droplet height h reaches the characteristic height of the precur-
sor film hs (hs � 1=100 � h, Alleborn and Raszillier, 2004).

2.2.2. Wetting front movement inside the porous medium
For the movement of the wetting front inside the porous matrix

and the prediction of the wetting front position, hp (Fig. 4), we
adopted the approach of Siregar et al. (2010), writing:

@hpðr; tÞ
@t

¼ � 1
/

 
upðr; z; tÞ

					
ðz¼�hpÞ

2
4 !

@hpðr; tÞ
@r

�
 
wpðr; z; tÞ

					
ðz¼�hpÞ

!35
ð29Þ

where / denotes the porosity of the porous medium and up and wp

are the radial and vertical velocities of the wetting front that are
calculated from the Darcy equation:

up ¼ � kp
l

@pp

@r

� �
ð30:aÞ

wp ¼ � kp
l

@pp

@z

� �
ð30:bÞ

where pp is the pressure inside the porous medium and kp is the
permeability of the porous substrate, which we estimated with
the Carman-Kozeny equation (Siregar et al., 2010):

kp ¼
d2
p /

3

180 1� /ð Þ2
ð31Þ

where dp is the pore diameter. To calculate the pressure of the liquid
that is absorbed in the pores, we used the Laplace equation:
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r2 pp ¼ 0 ð32Þ
We solved Eqs. (29)–(32) to predict the movement of the wet-

ting front inside the porous matrix.

2.2.3. Boundary conditions
The Eqs. (19)–(32) for the droplet and wetting front movement

above and inside the porous substrate are connected by boundary
conditions that apply at the surface of the tablet. With Eq. (28) we
ensured the mass conservation at the solid–liquid interface by set-
ting the sink term to be equal to the vertical velocity in the pores
for z = 0. Furthermore, for the pressure continuity across the por-
ous matrix surface, we implemented a dynamic boundary condi-
tion at the surface of the tablet:

pðr; tÞ ¼ ppðr;0; tÞ ; for h > hs ð33:aÞ

@ppðr; z; tÞ
@z

				
z¼0

¼ 0; for h < hs ð33:bÞ

With Eq. (33.b), we considered that for the dry area (h < hs) the
normal derivative of the pressure pp is zero at z = 0. Following
the work of Alleborn and Raszillier (2004) and Siregar et al.
(2010), we implemented the following conditions at the bound-
aries of the computational domain (0, Rmax), where Rmax is a typical
tablet radius that was chosen to be significantly greater than the
maximum wetting area radius Rt:

@h
@r

¼ @hp

@r
¼ @3h

@r3
¼ 0; r ¼ 0 and r ¼ Rmax ð34Þ

These boundary conditions suggest that the slope of the coating
droplet surface and the liquid flux vanish across the boundaries of
the computational domain. For r = 0, Eq. (34) can also be acknowl-
edged as symmetry conditions that are derived from the droplet
spherical cap shape assumption. Additionally, as Alleborn and
Raszillier (2004), we assumed that the liquid pressure pp is equal
to the capillary pressure at the wetting front:

pp ¼ �4 r cos he
dp

; z ¼ �hpðr; tÞ ð35Þ

The above condition is applied at a boundary that changes with
time (z = wetting front depth = �hp). The way we manipulated the
moving boundary problem is presented in the numerical solution
Section 2.2.4.

2.2.4. Numerical solution
We made dimensionless the equations that describe the capil-

lary phase using the following dimensionless variables:

r� � r
R0

; h� � h
H0

; z� � z
H0

;

h�
p �

hp

H0
; t� � rH3

0

lR4
0

t; p� � H0

r
p;

p�
p �

H0

r
pp; w�

p �
l
r

wp; u�
p �

l
r

up;

W� � l R4
0

r H4
0

W ; P�
c �

H0

r
Pc; R�

t �
Rt

R0

where R0 is a characteristic droplet radius and H0 is a characteristic
droplet height. In our work, we defined R0 and H0 to be the wetted
area radius (Rt) and the maximum droplet height (hmax) after the
completion of the kinematic phase, respectively.
For the behaviour of the liquid above the surface i.e. for
0 < r� < R�

t , after substituting the dimensionless variables in Eqs.
(19), (20) and (25) we obtained:

@h�

@t�
¼ R2

0

3 H2
0

1
r�

@

@r�
r� h�3 @p�

@r�

� �
�W� � J� ð36:aÞ

J� ¼ l R2
0

p q r H4
0

_mv 1� r�2
� ��1=2

ð36:bÞ

p� ¼ q g H2
0

r
h� � H2

0

R2
0

D h� �P�
c ð36:cÞ

Eq. (36.a) calculates the droplet height profile h(r,t), while Eqs.
(36.b) and (36.c) provide information on the evaporation rate of
the droplet and the pressure inside the liquid, respectively. The
Eqs. (29), (30.a), (30.b), (32) that describe the movement of the liq-
uid inside the porous medium (for 0 < r� < R�

t and �h�
p < z� < 0)

become in dimensionless form:

@h�
p

@t�
¼ � R4

0

H4
0 /

H0

R0
u�
p

				
ðz�¼�h�pÞ

@h�
p

@r�
�w�

p

					
ðz�¼�h�pÞ

2
4

3
5 ð37:aÞ

w�
p ¼ � kp

H2
0

@p�
p

@z�

� �
ð37:bÞ

u�
p ¼ � kp

H0 R0

@p�
p

@r�

� �
ð37:cÞ

H2
0

R2
0

1
r�

@

@r�
r�
@p�

p

@r�

� �
þ @2p�

p

@z�2
¼ 0 ð37:dÞ

Eq. (37.a) predicts the wetting front (water penetration
depth measured from the surface of the substrate) while
Eqs. (37.b)–(37.d) calculate the velocity and pressure profile of
the fluid that is absorbed into the porous medium. Our model
consists of equations that are defined in a moving domain
(Eqs. (37.b)–(37.d)). The wetting front depth changes with time
and therefore every variable defined between 0 and hpðr; tÞ has
no fixed boundaries.

Since the moving boundaries are a function of time and their
location needs to be determined to derive the solution, our math-
ematical model is non-linear. In general, the non-linearity associ-
ated with the moving boundary usually makes the analysis of
this class of problems challenging. The most common example of
this category of problems is the mathematical model of the melting
of ice that was first developed by Stefan (Kutluay et al., 1997).

It is possible to fix the moving boundaries of a problem by using
a fixed coordinate system in space for the moving boundary condi-
tion. The transformation proposed by Landau (1950) is:

n � z�

h�
pðr�; t�Þ

ð38Þ

With the help of this transformation, the moving interface
z� ¼ �h�

pðr�; t�Þ is fixed at n ¼ �1.We implemented the above trans-
formation to our partial differential equations (Eqs. (37.b)–(37.d))
that are defined in the z-direction between 0 and h�

pðr;�t�Þ:

w�
p ¼ � kp

H2
0 h

�2
p

@p�
p

@n

� �
ð39:aÞ

u�
p ¼ � kp

H0 R0
� n

h�
p

@h�
p

@r�
@p�

p

@n
þ @p�

p

@r�

					
n

 !
ð39:bÞ
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p
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p
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� �2 1

h�
p
2

@2p�
p

@n2
¼ 0 ð39:cÞ

Using Landau’s transformation, we modified our model equa-
tions so that the new boundaries change in the vertical direction
(inside the porous medium) from �h�

pðr�; t�Þ < z� < 0 to
�1 < n < 0.

Eqs. (36.a)–(37.a) and (39.a)–(39.c) constitute the mathematical
model for the capillary phase that we propose to couple with the
kinematic phase sub-model presented earlier to predict the beha-
viour of a pharmaceutical coating droplet after impingement on a
porous surface. The inputs we defined were the wetted area radius
Rt and the maximum height of the droplet hmax, which where cal-
culated from the kinematic phase model (Section 2.1). As an out-
put, we derived the droplet height profile h, the wetting front
depth hp and the absorption time sa. We used the evaporation
phase sub-model predictions for the height profile h of the droplet
and the wetting front depth hp as inputs for the evaporation model,
which we present next.

2.3. Evaporation phase

In this section, we describe the novel mathematical model that
we developed to predict the evaporation fromwithin a porous sub-
strate where the liquid is depleted from the tablet surface. With
this model we aimed to analyse the effect of air and droplet tem-
peratures on the drying of the pharmaceutical tablet. The effect
of the tablet porosity was also studied. As mentioned in the intro-
duction, we adopted a model for the drying of slurry droplets. The
crust formed on the surface of the droplet represents the dried
tablet, whereas the wet core represents the still wetted part of
the tablet (Fig. 5).

2.3.1. Mathematical model
We calculated the temperature profile in the tablet using the

following equations of energy conservation (Golman and
Julklang, 2013):

/ ql cp;l þ 1� /ð Þ qs cp;s
�  @TWF

@t
¼ kWF

@2TWF

@z2
;

� hep;max 6 z 6 �HpðtÞ ð40:aÞ

/ qg cp;g þ 1� /ð Þ qs cp;s
h i @TTD

@t
¼ kTD

@2TTD

@z2
;

� HpðtÞ < z 6 0 ð40:bÞ

where TTD and TWF are the temperatures in the dry and wetted parts
of the tablet, respectively. Eq. (40.a) holds for the wetted region
(Fig. 5) which lies between the evaporation front depth Hp and
z

Wetted region

Dry region

r
z = - Hp(t)

z = - hep,max

Air flow (T = 40-50 oC) 

z = 0
Tablet surface

Fig. 5. Liquid evaporation from within the porous substrate.
maximum wetted depth hep;max, whereas Eq. (40.b) holds for the
dry crust region that is located between the porous matrix surface
and the evaporation front depth. The parameters cp; s; cp; l; cp; g
and kWF and kTD are the heat capacities of the solid, liquid and gas
phases, respectively, and the conductivities of the wetted and dry
regions of the porous matrix, respectively.

We estimated the thermal conductivities of the dry and wetted
sections of the tablet using the Woodside and Messmer model
(Woodside and Messmer, 1961). They combined empirical equa-
tions for series and parallel distributions of solid, liquid and vapour
phases in a porous medium:

kTD ¼ a ks kv
ks ð1� bÞ þ b kv

þ c kv ð41:aÞ

kWF ¼ a ks kl
ks ð1� bÞ þ b kl

þ c kl ð41:bÞ

where ks is the thermal conductivity of the porous substrate, and kv
and kl are the thermal conductivities of the vapour and liquid sol-
vent (water), respectively. The parameters a;b and c are estimated
using the following equations: a ¼ 1� c; b ¼ ð1� /Þ=a, and
c ¼ /� 0:03, respectively (Woodside and Messmer, 1961).

To solve the energy conservation equations (Eqs. (40.a) and (40.
b)), we used the following boundary conditions:

@TWF

@z
¼ 0; z ¼ �hep;max ð42:aÞ

TWF ¼ TTD; z ¼ �HpðtÞ ð42:bÞ

/ ql hfg
dHp

dt
¼ kTD

@TTD

@z
� kWF

@TWF

@z
; z ¼ �HpðtÞ ð42:cÞ

hheat Tg � TTD
� � ¼ kTD

@TTD

@z
; z ¼ 0 ð42:dÞ

where hfg is the evaporation latent heat and hheat is the heat transfer
coefficients. In Eq. (42.a), we set the temperature TWF gradient in the
z-direction at the wetting front boundary (z ¼ �hep;max) equal to
zero. This is a symmetry condition justified by the fact that the line
z = - hep;max is regarded as a symmetry line between the part of the
tablet shown in Fig. 5 and the specular part not reported. The
boundary condition (42.b) states that the dry and wetted section
temperatures are equal at the evaporation front (z ¼ �Hp). Finally,
Eqs. (42.c) and (42.d) represent the enthalpy jump conditions
(Delhaye, 1974) at the wetting front and at the tablet surface,
respectively.

The vapour concentration in the dry region is obtained from the
mass balance:

/
@Cv
@t

¼ DTD
@2Cv
@z2

ð43Þ

where DTD is the effective vapour diffusivity.
We formulated Eq. (43) assuming that the accumulation of

vapour in the pores balances the transfer of water vapour to the
particle surface by a diffusive mechanism. We estimated the effec-
tive vapour diffusivity in the porous medium (DTD) using the
empirical equation found in Golman and Julklang (2013):

DTD ¼ DWF /
1:9 ð44:aÞ

DWF ¼ 0:22 � 10�4 Tg

273:15

� �1:75

ð44:bÞ

where Tg is the air temperature in Kelvin. The units of DWF are m2/s.
We can write the Neumann boundary conditions for the mass

balance equation (Eq. (43)) as (Golman and Julklang, 2013):
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2
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z*
1= 0

z*
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*(t),   z*
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z*
2= 0 Wetted region
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Fig. 7. Domains z�1 and z�2.
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�DTD
@Cv
@z

¼ hD Cvz¼0 � Cvg

� �
; z ¼ 0 ð45:aÞ

/ ql
dHp

dt
¼ �DTD Mw;l

@Cv
@z

; z ¼ �HpðtÞ ð45:bÞ

where Cv is the vapour concentration and Mw;l is the molecular
weight of the liquid that evaporates.

Following Golman and Julklang (2013), we calculated the
vapour concentration in the air bulk Cv g from the equation:

Cvg ¼
RH qv;sat
Mw;l

ð46Þ

where qv;sat is the saturated vapour density in the air and RH is the
relative humidity.

We evaluated the mass (hD) and heat (hheat) transfer coefficients
from the Ranz-Marshall correlations for the Nusselt (Nu) and Sher-
wood (Sh) numbers (Mezhericher et al., 2008):

Nu � hheat Sep
kg

¼ 2þ 0:65 � Re1=2Pr1=3 ð47:aÞ

Sh � hD Sep
DWF

¼ 2þ 0:65 � Re1=2Sc1=3 ð47:bÞ

where Sep denotes the diameter of the circular evaporation interface
of the absorbed droplet as seen in Fig. 6. In Eqs. (47.a) and (47.b), Re,
Pr, Sc are the Reynolds, Prandtl and Schmidt numbers, respectively.
These are given by the following equations:

Re � ug qg Sep
lg

; Pr � cpg lg

kg
; Sc � lg

qg DWF
ð48Þ

where ug ; lg ; cpg ; qg are the velocity, viscosity, specific heat and
density of the air, respectively.

As seen in Fig. 6, the initial condition for the wetting front pro-
file in the evaporation phase can be provided by the capillary phase
sub-model (Section 2.2). The wetted area inside the porous tablet
can be estimated from the evaporation depth Hp (Fig. 6). This will
be discussed in Section 3.3.

2.3.2. Numerical solution
To numerically solve Eqs. (40.a)–(47.b), we first made them

dimensionless and then applied Landau’s boundary immobilisation
technique (Kutluay et al., 1997) for the equations that involve the
moving evaporation front. We made the equations dimensionless
using the following variables:

r� � r
Rt

; z� � z
hep;max

; H�
p �

Hp

hep;max
;

t� � t
D

hep;max
; T� � T

cp;s
hfg

; C�
v � Cv

Mw;l

ql

To perform the Landau’s transformation we divided the z�

domain into two sub-domains z�1 and z�2 as seen in Fig. 7. The trans-
formed variables are:
Water inside the tablet

Sep

Hp(t)

hep,max

Fig. 6. Prediction of the final evaporation front Hp .
n � z�1
H�

pðt�Þ
; n0 � z�2

H�
p;lðt�Þ

ð49Þ

Here Hp;l ¼ hep;max � Hp. Landau’s transformation, modified our
model equations so that the new boundaries change in the vertical
direction (inside the porous medium) from 0 < ðz�1; z�2Þ < ðH�

p;H
�
p;lÞ

to 0 < ðn; n0Þ < 1.
The dimensionless equations for the temperature profile are:

/ MEB;1l þ 1� /ð ÞMEB;1s
�  @T�
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@t�
þ n
1� H�
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dH�
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¼ 1
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pÞ2

@2T�
WF

@n2
; 0 6 n 6 1 ð50:aÞ

/ MEB;2g þ 1� /ð ÞMEB;2s
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TD
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� n0
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dt�
@T�

TD

@n0

 !

¼ 1

H�
p
2

@2T�
TD

@n02
; 0 6 n0 6 1 ð50:bÞ

For the concentration profile we get:

/
@C�

v
@t�

� n0

H�
p

dH�
p

dt�
@C�

v
@n0

 !
¼ 1

H�
p
2

@2C�
v

@n02
; 0 6 n0 6 1 ð51Þ

where

MEB;1l � ql cp;l DWF

kWF
; MEB;1s � qs cp;s DWF

kWF
;

MEB;2g �
qg cp;g DTD

kTD
; MEB;2s � qs cp;s DTD

kTD

The boundary conditions (Eqs. (42.a)–(42.d) and (45.a), (45b))
become in dimensionless form:

@T�
WF

@n
¼ 0; n ¼ 0 ð52:aÞ

T�
WF ¼ T�

TD; n ¼ n0 ¼ 1 ð52:bÞ

T�
g � T�

TD

� �
¼ MTD

1
H�

p

@T�
TD

@n0
; n0 ¼ 0 ð52:cÞ

Mb;TD
1
H�

p

@T�
TD

@n0
�Mb;WF

1
1� H�

p

@T�
WF

@n
¼ /

dH�
p

dt�
; n ¼ n0 ¼ 1 ð52:dÞ

Mmb C�
vz¼0

� C�
vg

� �
¼ 1

H�
p

@C�
v

@n0
; n ¼ 0 ð52:eÞ

dH�
p

dt�
¼ � 1

H�
p

@C�
v

@z�
; n0 ¼ 1 ð52:fÞ

where
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MTD � kTD
hep;max hheat

; Mmb � hep;max hD

DTD
;

Mb;TD � kTD
ql cps DTD

; Mb;WF � kWF

ql cps DWF

By solving Eqs. (50.a)–(52.f), we were able to simulate water
evaporation from within a porous substrate of uniform porosity.
The part of the mathematical model presented above is a novel
approach, based on the drying of slurry droplets, that aims to cal-
culate the water content evaporation from within a porous tablet.
This model can be used to simulate tablet drying inside a coating
drum and to thereby predict the water content in the final product.
The validation of the model we developed in this work is presented
in the following section.
3. Results and discussion

We validated the numerical results from the model described
above with experiments from the literature. Because the experi-
mental data were taken from multiple sources, we did not investi-
gate a single case study, instead we compared our model
predictions with independent experimental studies of different
researchers. In the following sections, we analyse and validate
the numerical results for the kinematic, capillary and evaporation
(from within the porous matrix) phases, respectively. All the
numerical calculations were performed in gPROMS (Process
Systems Enterprise Ltd., 2017), employing the Modelbuilder mod-
elling platform.

Some of the input parameters of our models were difficult to
determine precisely from the experimental results from the litera-
ture. To account for this, we propagated the experimental mea-
surement errors of the input parameters to the numerical results
of the model following the stochastic sampling method of Cacuci
and Cacuci (2003). First, we defined the probability distributions
(measurement error) of the input parameters based on experimen-
tal data we found in the literature. Subsequently, we used these
distributions to generate a sample and create multiple scenarios
for each sub-model presented in Section 2. Lastly, we performed
a series of simulations and we calculated the standard deviation
of the response variables (Cacuci and Cacuci, 2003). The propa-
gated errors of the numerical results, we calculated using the
method of Cacuci and Cacuci, appear as error bars in the figures
of this section.

3.1. Kinematic phase numerical results

In the following section, we present the numerical results of the
kinematic phase sub-model (Section 2.1) along with the propa-
gated measurement errors of the input parameters and we com-
pare these with experimental data from Bolleddula et al. (2010)
and Lee et al. (2016).

3.1.1. Case study 1
Bolleddula et al. (2010) investigated the spreading of viscous

pharmaceutical coatings (Table 2) that contained different percent-
age of solids, while Lee et al. (2016) considered pure water dro-
plets. The experimental measurement errors of the liquid coating
Table 2
Coating droplets rheology properties. Experiments from Bolleddula et al. (2010).

Coating Density (kg/m3) Surface ten

Opadry White II 10% 1020 0.04
Opadry White II 12% 1030 0.04
Opadry White II 15% 1040 0.04
properties (density, surface tension and shear viscosity) were
assumed to be �5% (Bolleddula et al., 2010). The values of the
nondimensional parameter KK that appear in Table 2 were esti-
mated for different Ohnesorge numbers by solving Eq. (13). Note
that the model presented in this work is predictive and not fitted.
Therefore, the numerical results for the liquids Opadry White II
20%, 60% and 80% glycerol/water solutions, are not presented here
as they were used for the fitting of the parameter KK and are con-
sidered biased.

Fig. 8(a) shows the numerical prediction for the diameter of the
wetted area together with experimental results of Bolleddula et al.
(2010) for the coating liquid Opadry White II 10 %. The droplet
diameter before impact was taken to be 2.5 mm (as in the valida-
tion experiments taken from Bolleddula et al., 2010) and we inves-
tigated three impact velocity scenarios: 0.41 m/s, 0.93 m/s and
2.47 m/s. In Fig. 8, the dashed error lines for the numerical results
are the propagated measurement errors of the model input param-
eters (liquid coating properties), whereas for the validation data,
the error bars stand for the droplet height measurement error that
was estimated based on the graphs presented by Bolleddula et al.
(2010).

The numerical solutions closely predict the spreading behaviour
of the coating droplet for all impact velocities considered. The
results illustrate that the kinematic phase takes place in the char-
acteristic time U0=D0 (Roisman et al., 2002), where U0 is the impact
velocity and D0 is the diameter of the droplet before impact on the
tablet. After that characteristic time (1 ms, 2 ms and 5 ms, respec-
tively, for the three impact velocities examined), the spreading
affected by inertial forces seems to be negligible as the wetted area
diameter and spreading factor reach a plateau.

Bolleddula et al. (2010) presented most of their experimental
results in terms of a spreading factor. The spreading factor is the
ratio of the diameter of the wetted area to the initial diameter of
the droplet. In Fig. 8(b), we compare the numerical results for
the spreading factor of different coating droplets (D0 ¼ 2:5 mm)
that are deposited on tablet surfaces with the experimental data
available (Bolleddula et al., 2010). The numerical results are in
good agreement with the experimental data for all three coating
liquids (Opadry White II 10%, 12%, 15%).

The ability of our kinematic phase model to predict the droplet
maximum height hmax during the first milliseconds of spreading is
illustrated in Fig. 9. The model calculates the maximum height of
an Opadry White II 10% coating droplet and closely predicts the
behaviour reported from the experiments of Bolleddula et al.
(2010). The ability of the numerical model to predict both the max-
imum height of the droplet and the wetted area diameter for low
impact velocities (Fig. 8) shows that the assumption we made in
this work for the shape of the droplet (spherical cap shape) is valid
for impact velocities less than 2.5 m/s. These low spray impact
velocities (0.41–2.5 m/s) are often utilised in pharmaceutical coat-
ing processes to avoid splashing phenomena that can affect inter-
tablet coating uniformity (Amidon et al., 1999).

In Table 3, we present the simulation results for an Opadry
White II 10% droplet, with initial diameter 2.5 mm and impinge-
ment velocity 2.47 m/s, together with the corresponding experi-
mental values from Bolleddula et al., 2010. The error for the
numerical results (±0.02 mm) represents the propagated measure-
ment errors of the model input parameters (liquid coating proper-
sion (N/m) Viscosity (mPa s) @1000 s�1 KK

822 98 1.61
766 175 1.64
667 377 1.70
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Fig. 9. Maximum coating height during the spreading of an Opadry White II 10%
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Table 3
Validation of the maximum droplet height ðhmaxÞ with experiments from Bolleddula
et al. (2010) for the kinematic phase.

Time (ms) Maximum droplet height (mm) % jErrorj
Numerical results Experiments

0.0 2.50 2.50 0.0%
0.5 2.20 2.15 2.3%
1.0 1.59 1.55 2.6%
2.0 1.11 1.15 3.5%
3.0 0.73 0.70 4.3%
4.0 0.75 0.80 6.3%
5.0 0.75 0.80 6.3%
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ties, impact velocity and initial droplet diameter). Comparing the
mean values of the numerical model predictions and experimental
data illustrates a small percentage error (<6.2%).

Bolleddula et al. (2010) mentioned in their conclusions that the
model from the literature which better predicted their experimen-
tal data for large droplets was the one from Roisman et al. (2002).
We compared the numerical results of our kinematic phase sub-
model and of the model of Roisman et al. (2002) with the experi-
mental data for the three Opadry White II coatings (impact veloc-
ity = 0.93 m/s) obtained by Bolleddula et al. (2010). The percentage
errors of the spreading factor at the end of the inertia driven
regime for both models are reported in Table 4. This shows that
the model presented in this work predicts the behaviour of the
coating droplets (investigated by Bolleddula et al., 2010) better
than the model from Roisman et al. (2002).
3.1.2. Case study 2
Lee et al. (2016) investigated the spreading of pure water dro-

plets on porous substrates. We used their experimental results to
validate our model for water droplets. Different numerical results
were calculated employing different dissipation parameters K
(Table 1) found in the literature for pure liquids. Fig. 10 compares
the experimental data for the diameter of the wetted area with the
model predictions (derived using different K). The spherical water
droplet in the experiment and the numerical simulations had an
initial diameter of 2 mm and an impact velocity of 1 m/s. The initial
wetted area diameter was taken to be 0, as the surface was
assumed completely dry before the impingement of the droplet.
The numerical results that we calculated employing the K param-
eter of Bechtel et al. (1981) are in good agreement with the exper-
imental data. Bechtel et al. (1981) worked only with spherical cap
droplets, in contrast with the other authors referenced in Table 1,
who investigated several shapes and impact velocities. The spher-
ical cap shape is encountered when the impact velocity is low.
Therefore, since in our work we investigated slow impingement
velocities, one may expect that the dissipation parameter of Bech-
tel is the most appropriate for water droplet spreading during the
kinematic phase.

The comparison among the dissipation parameters found in the
literature shows that the kinematic phase sub-model (Section 2.1)
is able to estimate the spreading of pure liquid droplets when we
apply the appropriate dissipation parameter K. The numerical
results that were calculated using the dissipation parameter of
Bechtel et al. (1981) shown in Fig. 10 are also presented in Table 5
to better illustrate the ability of the model to predict the spreading
of pure water droplets. We also included the percentage error
absolute values of the wetted area diameter that are shown in
the last column of Table 5.



Table 4
Comparison of the current model with the mathematical model from Roisman et al. (2002) in terms of the final spreading factor during the kinematic phase. Experiments from
Bolleddula et al. (2010).

Coating liquid Final Spreading Factor Experiments (Bolleddula et al.) % jErrorj
This work Roisman et al. This work Roisman et al.

Opadry White II 10% 1.31 1.42 1.30 0.1% 9.2%
Opadry White II 12% 1.23 1.33 1.20 2.5% 10.8%
Opadry White II 15% 1.03 1.17 1.00 3.0% 17.0%
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Table 5
Validation of the numerical results for the wetted area diameter during the kinematic
phase with experiments from Lee et al. (2016). Numerical results acquired using the
dissipation parameter K ¼ ffiffiffiffi

p
p

Oh1=2 from Bechtel et al. (1981). Propagated numerical
model error = �0.10 mm; experimental data measurement error = �0.05 mm.

Time (ms) Wetted area diameter (mm) % jErrorj
Numerical results Experimental data

0.0 0.00 0.00 0.0%
0.1 0.92 0.95 3.2%
0.5 2.29 2.30 0.1%
1.0 3.61 3.45 4.6%
2.0 3.90 3.85 1.3%
4.0 3.90 3.80 2.6%
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Fig. 11. Percentage of liquid content that is absorbed inside the porous substrate
for Savonnieres (/ ¼ 0:27) and Meule (/ ¼ 0:17) stones. Experimental data from
Lee et al. (2016).
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In Table 5, the error for the response (wetted area diameter,
±0.10 mm) represents the propagated measurement errors of the
model input parameters we took from the work of Lee et al.
(2016), whereas for the validation data, the error (±0.05 mm)
stands for the droplet height measurement error that was esti-
mated based on the graphs presented by Lee et al. (2016). The
small absolute percentage error (<5%) of the model results high-
lights the model capability to simulate efficiently the spreading
of pure liquids droplet when the appropriate dissipation parameter
is introduced.

The numerical results presented in Section 3.1.1 (Case study 1)
are in good agreement with the experimental data obtained from
several water-based pharmaceutical coating droplets. The model
also provides good estimates for the spreading of pure water dro-
plets (Case study 2). Overall, coating droplets tend to spread less
than pure water droplets owing to their higher viscosity. The
numerically calculated wetted area diameters and maximum dro-
plet heights for different impact scenarios (impingement velocity,
initial droplet diameter) and different liquids are all in good agree-
ment with the experimental measurements of Bolleddula et al.
(2010) and Lee et al. (2016).

3.2. Capillary phase numerical results

In this section, we present the results for the capillary phase
model and we compare them with experimental data from the lit-
erature. The initial time (t = 0) for the numerical results of the cap-
illary phase model is taken to be the time when the inertial forces
become negligible at the end of the kinematic phase. The experi-
mental data were taken from the recent paper of Lee et al.
(2016). They used high-speed imaging and neutron radiography
to quantify water absorption in porous materials (porous stones)
from droplet deposition until depletion. For the validation of our
capillary phase model we assumed that the behaviour of the
absorbed droplet does not change significantly if the substrate is
a pharmaceutical tablet of similar porosity and pore diameter.

In Fig. 11, we compare the capillary phase model predictions
and experimental data regarding the percentage of water content
that is absorbed inside porous substrates (Savonniéres and Meule
stones) after impact of a 4.3 mg droplet on their surface. The
numerical results and experimental data regarding the Savonniéres
and Meule stones are presented in Fig. 11 with circles and dia-
monds, respectively. The small overprediction during the first sec-
onds is probably due to the inability of the current model to
account for the effect of the air trapped between the droplet and
the substrate. The trapped air can impede the absorption of the
droplet (Lee et al., 2016). The results of the mathematical model
presented in this work follow the trend of the neutron radiography
experimental data by Lee et al. (2016) with a mean percentage
error of 5.1%.
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The ability of the model to predict the depth of the maximum
wetting front distance from the surface ðhp;maxÞ is illustrated in
Table 6 which compares with experimental data for Meule stones
(porosity = 16.6 ± 0.3% and pore diameter = 9.1 ± 1.5 lm, viscos-
ity = 1 cP, surface tension = 72 mN�m�1). The measurement errors
for the input parameters (porosity, pore diameter) were found in
the paper of Lee et al. (2016). This initial uncertainty for the porous
matrix properties was propagated using the stochastic sampling
method (Cacuci and Cacuci, 2003). The model predictions, along
with their propagated error, are compared with experimental data
whose error bars were estimated from the graphs presented by Lee
et al. (2016).

Our mathematical model for the capillary phase allows the
dynamic simulation of spreading and absorbing water droplets.
Fig. 12(a) and (b) illustrate the numerical results for the liquid
movement above and below the porous substrate (Savonniéres
stone) surface, respectively. The porous matrix
(/ ¼ 26:9� 1:4%; dp ¼ 10:3� 3:5 lm) was assumed completely
dry before the deposition of the droplet (droplet volume = 4.3 lL).
Fig. 12(a) and (b) show the depletion of the liquid from the surface
and the evolution of the wetting front in the porous matrix. The
dotted lines in Fig. 12 represent the propagated measurement
errors of the model input parameters. The absorption time calcu-
lated by the model (12 s) is the same as the one reported in the
work of Lee et al. (2016).

Fig. 13(a) and (b) compare capillary phase model results with
experimental data for water droplet absorption in Savonniéres por-
ous stones (Lee et al., 2016). The error bars for the numerical
results are estimated by propagating the uncertainty for the poros-
ity and pore diameter of the Savonniéres stones. Both the numer-
ical results for the maximum droplet height (Fig. 13(a)) and the
distance of the wetting front the surface of the porous substrate
(Fig. 13(b)) are in good agreement with the experimental data of
Lee et al. (2016).

Overall, the ability of the model to predict the height of the
water droplet above the substrate and the depth of the liquid (wet-
ting) front inside the porous matrix can be used to predict the
water content on the surface and inside a pharmaceutical tablet
during the film coating process. The chemical affinity of the solvent
(water) and the pharmaceutical tablet needs to be investigated as
part of future work, since the assumption made at the beginning of
this section that the behaviour of the absorbed liquid is not
affected by the choice of porous material does not hold in the case
of highly hydrophilic or hydrophobic substrates.

3.2.1. Evaporation during the capillary phase
Previous models assume that the evaporation phenomena are

negligible during the spreading and absorption of a droplet
(Alleborn and Raszillier, 2004; Siregar et al., 2010). This is because
only the liquid absorption at room temperature and humidity con-
ditions was considered. However, inside a coating drum, the tem-
perature, relative humidity and air flow conditions accelerate
Table 6
Comparison between the numerical results and experimental data for the maximum
wetting front depth during the capillary phase. Experiments from Lee et al. (2016).
Propagated numerical model error = �0.06 mm; experimental data measurement
error = �0.05 mm.

Time (s) Maximum wetting front depth (mm) % jErrorj
Numerical results Experimental data

0 0.00 0.00 0.0%
3 �1.03 �1.00 3.0%
6 �1.52 �1.50 1.3%
9 �1.70 �1.65 3.0%
12 �1.78 �1.70 4.7%
evaporation. Therefore, in our work we took into account the evap-
oration velocity (Eq. (20)) that affects the amount of liquid that is
absorbed into the porous substrate. Fig. 14(a) and (b) illustrate the
difference in the absorption process between a model that neglects
evaporation and our approach. For our approach, we chose operat-
ing conditions that resemble those inside a pharmaceutical pan-
coater (Tg ¼ 50 �C, relative humidity = 50%), whereas for the model
that neglects evaporation we did not account for the evaporation
term on the right-hand side of Eq. (19).

The numerical results show that the effect of evaporation dur-
ing the capillary phase is significant when the ambient conditions
are similar to those in a pharmaceutical pan-coater. The droplet
height profile in Fig. 14(a) is significantly lower (’ 0:5 mm), after
3 s of absorption, when we account for the evaporation from the
surface. Similarly, the final wetting front depth (distance from
the surface) in Fig. 14(b) is higher when we include the evapora-
tion from the surface velocity in our calculations.

The present model takes into account the evaporation from the
substrate surface during absorption and thus enables a more accu-
rate prediction of the absorbing liquid behaviour in coating operat-
ing conditions. The current approach allows the consideration of
elevated temperature, humidity level and ambient air flow and
provides results that more accurately describe the water droplet
behaviour in a pharmaceutical pan-coater.
3.3. Evaporation phase numerical results

In this section, we present the numerical results of the evapora-
tion model. The evaporation model was presented in Section 2.3
and describes the rate of liquid depletion from within the porous
matrix. For validation, we compared the numerical results with
experimental data taken from the work of Reis et al. (2003) and
Tag et al. (2013). Reis et al. performed their experiments with glass
beads, while Tag et al. worked with pharmaceutical tablets. All the
experimental data reported in this work were derived from exper-
iments conducted at room ambient temperature. The present
model, however, can be applied for other coating process operating
conditions as well, as previously discussed.

Fig. 15(a) compares the numerical results with the experimen-
tal water evaporation from within a CaCO3 tablet (Tag et al., 2013)
at conditions of low temperature (Tg ’ 20 �C) and high relative
humidity (RH = 50%). The CaCO3 tablets of the experiments had a
porosity (/) of 0.08 and the wetted region (shaped like a spherical
cap, Fig. 2) had a maximum wetted front depth (hep;max) of 1.2 mm.
The liquid evaporation from within the porous matrix is quite slow
due to the relatively low ambient temperature, high relative
humidity, small porosity and the lack of air flow on the surface
of the tablet. The numerical results from the solution of the model
proposed in this work are in good agreement with the experimen-
tal data as the mean relative error is 0.76%.

In Fig. 15(b), we validate the evaporation model with experi-
mental data for glass beads. The experiments were conducted by
Reis et al. (2003) at room ambient conditions with no air flow over
the porous matrix (stagnant air). The glass beads had a size of
50 lm and the overall porous matrix had a porosity / of 0.42.
The evaporation rate in the experiments conducted by Reis et al.
(2003) is higher than the one observed by Tag et al. (2013). This
is due to the higher porosity of the glass beads that allows the
evaporating water vapour to diffuse easier through the pores.
The numerical results are very close to the corresponding experi-
mental data with a mean relative error of 2%.

The error bars of the numerical results presented in Fig. 15(a)
and (b) were estimated in this work by propagating the experi-
mental measurement errors for the porosity and pore diameter
which are assumed to be the same as in the capillary phase (taken
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from Lee et al., 2016). Tag et al. (2013)also mentioned a deviation
in the room temperature (20–27 �C) which was taken into account
in our calculations. The experimental data errors were estimated
from the figures presented in the paper of Tag et al. (2013) and
Reis et al. (2003).

We can calculate the wetted region profile (Fig. 5) inside the
porous matrix during the final evaporation phase by subtracting
the advancing evaporation front depth Hp (Fig. 6) from the wetting
front depth hp, calculated at the end of the capillary phase (Sec-
tion 2.2). We performed simulations for the glass beads used in
the experiments of Reis et al. (2003). Fig. 16 presents the numerical
results for the wetted region profile inside the porous matrix after
60 and 120 min, respectively. In Fig. 16, the origin of the z-
coordinate represents the evaporation front depth Hp calculated
by Eqs. (52.d) and (52.f).

The results appearing in Fig. 16 resemble the experimental data
of Reis et al. (2003). However, the prediction error of the wetted
region profile during the evaporation phase can be high consider-
ing the lack of information for the water permeability of the porous
materials investigated by Reis et al. (2003). In addition, the error of
the experimental measurements reported by Reis et al. (2003) was
high as well.

In Fig. 17, even though we are unaware of any experimental
data for validation, we present the model prediction for the wetted
region position inside a porous substrate during the evaporation
phase. For the numerical simulation, we chose operating condi-
tions that resemble those inside a pan-coater during the pharma-
ceutical film coating process (Tg ¼ 50 �C, RH = 70%, ug ¼ 1 m=s).
The initial volume of water in the pores was 4 lL. In Fig. 17, the ori-
gin of the z-coordinate represents the evaporation front depth Hp.
The mathematical model presented in this work suggests that the
complete evaporation of a 4 lL water droplet absorbed into a por-
ous tablet (/ ¼ 0:20) takes 6 min.

The validation of the numerical results with the experimental
data from the two separate papers shows that our novel evapora-
tion mathematical model is able to efficiently predict the water
content evaporation from different materials in different condi-
tions. The experimental results of both Reis et al. (2003) and Tag
et al. (2013), which are successfully estimated by the current evap-
oration model, show that the depletion of water from within a por-
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ous matrix can take a significant amount of time. Pharmaceutical
tablets in coating process operating conditions will dry notably fas-
ter due to higher temperatures and air flow. The numerical results
for the water content inside the porous matrix, and the distance of
the wetted front from the surface, can be used to predict the final
water content inside a pharmaceutical tablet during the coating
process.

4. Conclusions

The mathematical model presented in this paper aimed to
numerically simulate the behaviour of an aqueous polymer solu-
tion droplet after impingement on a porous tablet in pharmaceuti-
cal coating process conditions. We combined successfully the 1-D
droplet spreading model for the initial impact period with the
lubrication theory approach for the receding and absorption of
the coating liquid and then simulated the evaporation from within
the porous medium with a separate model. The combination of the
three sub-models that we presented in this paper is a novel
approach that can provide an estimate for the water content of a
pharmaceutical tablet after droplet impingement during coating.

The validation with experimental data from different studies
showed that our numerical model is predictive and can be used
to simulate droplet impact, spreading, absorption and evaporation
from porous pharmaceutical tablets. The 1-D energy equation
model that we adopted accurately simulated the spreading of the
droplet during the first milliseconds after impact when the inertial
forces are significant. Moreover, the capillary phase model based
on the lubrication theory approach of Alleborn and Raszillier
(2004) and Siregar et al. (2010)was successfully coupled with the
initial impact model and enhanced to include a prediction for
evaporation during absorption. The spreading and absorption
numerical results were validated with experimental data from
Bolleddula et al. (2010) and Lee et al. (2016). Finally, the model
we developed for the evaporation phase from inside the porous
medium accurately predicted experimental data taken from differ-
ent studies (Reis et al., 2003; Tag et al., 2013).

Our work aims to provide information about the aqueous col-
loidal suspension coating process that is widely utilized within
the pharmaceutical industry. Therefore, the modification of the
existent sub-models proposed here is useful in order to be able
to simulate the spreading and absorption of coating films on tablet
surfaces. Furthermore, the droplet size we investigated in this
work was significantly larger that the one utilised in pharmaceuti-
cal tablet coating processes. However, further experiments are
needed to test if our model is predictive for micrometer droplets.
Finally, the lack of information regarding the properties of the sub-
stances used by the pharmaceutical industry poses a problem;
experiments should be performed to provide insight into the inter-
actions between the porous tablet materials and the solvents used
in the film coating process.
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