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Spouted bed dryers are well known for their high efficiency at low andmoderate temperatures. The design of in-
dustrial scale dryers requires the estimation of heat and mass transfer coefficients, but there is hardly any infor-
mation involving their estimation in fountain confined conical spouted beds. Thus, a model is proposed for
predicting their performance, which is based on unsteady state heat and mass balances for the solid and air
phases in the spout, fountain and annulus. It was validated by comparing the output values with those obtained
in previous batch drying runs, and therefore allows predicting the dryer performance and the mass transfer co-
efficient. The results show that the temperature and velocity of the air at the inlet, as well as the solid properties,
are highly influential parameters, which is explained by the level of turbulence attained. Therefore, this model
allows predicting the performance of industrial spouted bed dryers.
© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Since the spouted bed was developed by Mathur and Gishler [1] for
wheat drying (Geldart D particles), numerous studies have been re-
ported concerning drying [2–6], combustion [7–10], pyrolysis [11–15],
torrefaction [16] and coating [17,18], among others. Given the high
rates of particle circulation and heat andmass transfer, and the simplic-
ity of the equipment, spouted beds have becomea promising alternative
to fixed and fluidized beds. In fact, they have been extensively used for
drying, since this operation involves the removal of water fromwetma-
terials in a wide range of applications, as are those related to pharma-
ceutical, chemical, food and mining industries. Thus, drying allows
reducing transportation costs, as well as inhibiting biological reactions
that take place in the presence of moisture.

There are several studies in the literature concerningdrying of grains
[19,20], coarse [21] and fine particles [22,23], pastes and suspensions
[24,25], and slurries [26,27]. However, few of them approach drying
modelling, which may be due to the complexity involving a correct
mathematical description of the physical phenomena occurring in the
drying chamber, namely those involving hydrodynamics and heat and
mass transfer. Most of the studies are based on developing a
.

. This is an open access article under
macroscopic bed model to solve the heat and mass balances in the
bed. Accordingly, several authors [28–31] have developed models as-
suming thermal equilibrium between the solid and the exiting air,
which accounts for their simplicity. However, although they allow rea-
sonable predictions of solid moisture content under certain conditions,
do not account for temperature changes in the bed during the falling
rate period orwhen drying rate is not constant. Therefore, heat balances
must be considered in any rigorous model in order to predict the evolu-
tion of drying throughout time. Accordingly, Madhiyanon et al. [32] de-
veloped a model for batch drying of grains assuming that neither
thermal equilibrium was reached nor temperature was constant. The
model was validated by using experimental data obtained in a two di-
mensional spouted bed dryer. Markowski et al. [33] also assumed a
non-isothermal process for the drying of barley. They studied the influ-
ence of grain shape on water diffusivity across the particle. Moreover,
Bie et al. [34] and Go et al. [35] proposed a model for the drying of
wheat in a triangular spouted bed. Although they did not assume ther-
mal equilibrium, a poor agreement was found in grain temperature.

Furthermore, the drying of suspensions using inert particles has also
gained great attention in the food and chemical industry [36–38]. For in-
stance, Oliveira et al. [39] and Moreira da Silva et al. [24] analysed the
water evaporation rate in the spout, fountain and annulus using a
three regionmodel in a conical spouted bed, inwhichwaterwas contin-
uously fed as droplets onto an inert bed. Despite an overall good agree-
ment was found, the powder moisture content was not accurately
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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predicted at high feed rates. Accordingly, the use of Artificial Neuronal
Networks (ANN) has also been proposed to improve themodelling per-
formance. Several authors have applied this method for predicting
moisture and temperature in the drying of skimmed milk, blood, sew-
age sludge and a suspension of calcium carbonate [25,40,41]. Neverthe-
less, ANN modelling is not straightforward and, furthermore, a great
amount of experimental data is required.

Although spouted bed drying has been applied in the mining indus-
try [42,43], the greatest limitations of this technology lie in the opera-
tion stability when fine particles are used. Thus, the ratio between the
gas inlet diameter and particle diameter, Do/dp, should be smaller than
20–30 in order to attain stable operation [44]. This limits the scaling
up of spouted beds for its implementation in large-scale industrial appli-
cations. The use of draft tubes is a usual solution,which allows operating
with Geldart B particles [45,46]. Thus, this internal device has been ap-
plied for the drying of yeast, barley and wheat grains [19]. Altzibar
et al. [47] studied the effect of the draft tube in the drying of fine sand
in a conical spouted bed and no instabilities were found during the
runs. Olazar et al. [48] developed a three region drying model of a
non-porous draft tube conical spouted bed and, although they did not
assume thermal equilibrium, the heat balance in the bedwas neglected.
However, themodel accurately predicted the solidmoisture and air out-
let humidity.

Although draft tubes allow treating fine and ultrafine particles in
conical spouted beds, they reduce gas percolation from the spout into
the annulus, thereby reducing the drying capacity of the spouted beds.
Moreover, high fountains are attained, which leads to severe elutriation.
The best solution to avoid this effect is the use of a fountain confiner
[49], which retains the particles ascending through the spout and
returns them back to the bed, avoiding particle elutriation [50]. Further-
more, it allows increasing the upper limit of the residence time of the
air, improving the gas-solid contact, and consequently reducing the
time required for drying [22]. This configuration was used in previous
studies [23,51] and drying efficiencies of up to 95%were attained in con-
tinuous operation with fine and ultrafine sands.

Moreover, Tellabide et al. [52] operated with particles of 0.05 mm
using the fountain confiner, but without any draft tube. This configura-
tion allowed increasing the stability range to a Do/dp ratio of 800, which
involved a huge step forward in the scaling-up of spouted beds. Other
good indicators to consider when scaling up this process are the heat
and mass transfer coefficients, since they are essential parameters in
the design of industrial scale dryers. Although there are a few correla-
tions in the literature for estimating mass transfer coefficients in stan-
dard spouted beds [53–55], there is no one for conical spouted beds
(either plain or fountain confined). In fact, a few correlations refer to
heat transfer coefficients and were proposed by Saldarriaga et al. [56]
and Yaman et al. [57]. In order to overcome this lack of information, cer-
tain authors [58–61] recommend the determination ofmass transfer co-
efficients in each region (spout, fountain and annulus) based on
correlations proposed in the literature for packed, dilute and very dilute
systems. Nevertheless, this approach does not seem to provide satisfac-
tory results for designing spouted bed equipment for industrial applica-
tions [62]. A rigorous three region dryingmodel based on heat andmass
balances is proposed in this study, which is validated using experimen-
tal data obtained in a previous study [63], with the overall mass transfer
coefficient being the sole fitting parameter.

2. Experimental

2.1. Materials and equipment

Two types of siliceous sands have been used, which are by-products
in the production of kaolin in the mining industry. In order to conduct
the physical characterization of the sands, 100 g sampleswere prepared
using the quartering method (ISO 14488:2007 standard). The moisture
content has been measured by the ISO-589 standard, which has also
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been confirmed in a HR83 halogen moisture analyser. The Sauter
mean diameter (dpw) has been obtained by sieving 100 g of dried
sample in a CISA RP 200 N with sieves of 50, 100, 200, 300, 400, 500,
630 and 800 μm. Fig. 1 shows the particle size distribution of the
sands used. The volume average particle size (dpv) of the sands have
been obtained by laser diffraction in a Mastersizer 2000, with the
results being similar to those obtained by sieving. Accordingly, both
sands are made of fine particles, and the average particle sizes are
196.6 μm (fine sand) and 47.7 μm (ultrafine sand). Particle density
(ρs) has been measured with a pycnometer and distilled water
following ISO 18753:2017 standard, and bed density (ρb) and shape
factor (ϕ) have been measured following the indications by Brown
and Richards [64]. The specific surface area of the sands (a) has been
determined following the BET method (ISO 9277 standard) in a
Micromeritics ASAP 2010. Table 1 summarizes the physical properties
of both sands.

The drying experiments have been carried out in a pilot plant
equipped with a conical spouted bed. Fig. 2 shows the elements of the
unit, whose details have been reported in previous studies by our re-
search group [23,51,63]. The main element of the pilot plant is the
contactor, in which the drying takes place, and is made of stainless
steel in order to allow operating at temperatures above the ambient
one. The bed is located in the conical section, Fig. 3a,with its dimensions
being as follows, Table 2: cone angle (γ), 32°, base diameter (Di), 0.07m,
columndiameter (Dc), 0.36m, height of the conical section (Hc), 0.55m,
and air inlet diameter (Do), 0.05 m. In order to allow stable operation in
the drying chamber, two internal devices of stainless steel were used,
namely draft tube and fountain confiner, whose dimensions have been
optimized in previous papers by our research group [50,65] and are
summarized in Table 2. Fig. 3b shows the draft tube, which has the
following geometric dimensions: tube diameter (DT), 0.05 m, distance
between the air inlet nozzle and the lower end of the tube (LH), 0.1 m,
and aperture ratio (Ao/AT), 60%. The total length of the draft tube (LT)
is the same as the bed height, 0.45 m. The fountain confiner has a total
length (LF) of 0.9 m and a diameter (DF) of 0.2 m. The distance
between the upper surface of the bed and the lower end of the
fountain confiner (HF) is 0.1 m, which is the optimum to ensure stable
operation [50,66,67]. The schematic 3D representation of the
contactor is shown in Fig. 4.

Air is supplied by a 4 kW RODE 500 blower, with a maximum flow
rate of 300 Nm3 h−1 and a pressure of 130 kPa. The air flow rate is mea-
sured by a vortex type flowmeter, Powirl 77. The air is heated by a car-
tridge of electrical resistances (RXP E32348), which supply a maximum
power of 7.5 kW. Both the blower and the heater are coupled to a PID
controller. The elutriated fine particles are collected in a bag filter
(AAF Fabri Pulse-L), and a 3 kW dryer booster fan drives the air from
the contactor to the vent. The inlet and outlet humidity and tempera-
ture of the air, as well as bed temperature, are monitored for the valida-
tion of the model.

2.2. Drying procedure

Different operating conditions were used out in order to assess their
influence on the drying performance and, specifically, on the mass
transfer coefficient in a spouted bed dryer. Thus, three inlet air velocities
were used, which are u/ums = 1.2, 2 and 3 (ums = 5.66 ms−1) in the
drying of the fine sand and u/ums = 1.2, 1.5 and 2 (3.40 ms−1) in the
drying of the ultrafine sand. Higher inlet air flow rates must not be
used with the ultrafine sand due to excessive particle entrainment.
Four inlet air temperatures were used in the runs, which are Ti = 35,
50, 100 and 150 °C.

Prior to any experimental run, the internal devices are placed in the
empty contactor, as shown in Fig. 4. A 0.45 m bed height was selected
based on the promising results obtained in previous studies by our re-
search group in the continuous drying of sand [23,51]. This accounts
for 21 and 19 kg of fine and ultrafine sand, respectively. Afterwards,



Fig. 1. Particle size distribution of the sands.
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air is fed into the drying chamber at a given flow rate and temperature.
Once the dry sand bed has reached the inlet air temperature and steady
state is attained, a pulse of wet sand is injected into the reactor through
the solid feeder above the bed surface, Fig. 4. The amount of this wet
sand is 2.3 kg, which is made up of 2 kg of dry sand and 0.3 kg of
water. Accordingly, the wet sand injected is a homogeneous mixture
with a moisture content of 15 wt% on a dry basis. Therefore, there is a
mass increase in the bed of 2.3 kg and the moisture is homogeneously
distributed in the bed. Air flow rate, air temperature and humidity at
the inlet and outlet, and bed temperature aremonitored during the pro-
cess. Drying has been considered to befinishedwhen the outlet air tem-
perature is close to the inlet one (5% difference at most). Each run has
been repeated at least 3 times in order to ensure reproducible results.

3. Drying modelling

One of the main aims of this paper is to analyse the influence of the
operating parameters on the mass transfer performance in a fountain
confined conical spouted bed dryer. Since the determination of mass
transfer coefficients is not straightforward, a mathematical model has
been built based on unsteady state heat andmass balances in the drying
chamber and validated using the experimental data corresponding to
batch runs. The sole fitting parameter of the model is the overall mass
transfer coefficient. Although certain authors considered that shallow
spouted beds behave as perfectly mixed tanks [68], previous drying
simulations under this assumption show that the calculated values do
not match the experimental ones [69]. Therefore, following a common
methodology in the literature [35,39,48,70], a three region model has
been proposed in this paper, which describes the air and solid circula-
tion in the spout, fountain and annulus of spouted beds. It should be
noted that approaches based on CFD have also been used recently for
the prediction of particle hydrodynamics [71,72].
Table 1
Physical properties of the sands.

Parameter Fine sand Ultrafine sand

dp
w(μm) 196.6 47.7

dp
v (μm) 303.1 70.8

ρs (kgm−3) 2150 2300
ρb (kgm−3) 1576 1385
ϕ 0.7 0.7
a (m2kg−1) 157.8 607.9
Geldart type B A
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As well known, the air is introduced into the spout bottom, rises to
the fountain, and finally leaves the contactor through the outlet pipe.
Furthermore, part of the inlet flow rate diverts into the annulus, espe-
cially at the bottom section, but diversion may also occur along the
whole spout when there is no draft tube [73] or operation is carried
out using an open-sided draft tube [74]. In these cases, the air rises
also along the annulus and joins that coming from the fountain at the
top of the bed. The solid, however, is introduced into the upper surface
of the annulus. It then goes down through this zone, at the same time as
there is cross-flow into the spout, especially close to the bottom of the
bed. The solid incorporated into the spout rises to the fountain and
falls back onto the annulus. Although the role of the different regions
of the spouted bed in the drying of particulate materials remains a sub-
ject of discussion, the drying of non-porous small-sized particles, as
those used in this study, occursmainly in the spout [24,48]. Accordingly,
this region has been divided into two compartments or nodes.

As previously mentioned, a fountain confiner has been used in this
study, and therefore considered in themodel. In fact, the fountain region
is the volumewithin the confiner. Furthermore, the volume of the foun-
tain confiner is approximately two times the volume of the conical sec-
tion, and this region has a voidage of around 0.90, as well as high
Fig. 2. Schematic representation of the spouted bed based pilot plant.
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Fig. 3. Geometric factors of (a) the conical spouted bed and (b) the draft tube.
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turbulence. Accordingly, a single node has been proposed in this region.
The annulus has also been considered as a single node, since the air
reaches thermal equilibrium in this region, especially in shallow beds
[75]. This is a new aspect that has not been considered in the literature
and clearly allows simplifying the model. Fig. 5 shows a diagram of the
proposed model. Each node behaves like a perfectly mixed stirred tank.
Table 2
Dimensions of the contactor and internal devices.

Geometric parameter Value

Contactor
γ(°) 32
Di (m) 0.07
Dc (m) 0.36
Hc (m) 0.55
Do (m) 0.05

Draft tube
DT (m) 0.05
LH (m) 0.1
Ao/AT (%) 60
LT (m) 0.45

Fountain confiner
LF (m) 0.9
DF (m) 0.2
HF (m) 0.1

4

Although the annulus is often considered as a plug flow in the literature,
the use of an open sided draft tube allows solid cross-flow from the an-
nulus into the spout all over the spout. Therefore, this region may also
be considered as a single node with mixed flow. A fraction of the air
fed through the bottom inlet diverts into the annulus, where the parti-
cles descend. According to several authors [46,77–81], the air percola-
tion from the spout into the annulus depends on bed height, particle
diameter and height of the entrainment zone in the draft tube. We
have measured the air flow rate on the upper surface of the annulus
by means of an anemometer [48] and accounts for approximately 10%
of the total air flow rate at the inlet for bedsmade up of either fine or ul-
trafine sand. Furthermore, preliminary simulations have shown that
changes in the 5% to 15% range hardly affect the predictions for the dry-
ing performance of the materials studied. Therefore, the fraction of air
diverted into the annulus was kept constant at 10% for both fine and ul-
trafine sand under all the conditions studied. This low air diversion into
the annulus is especially due to the low particle size, and therefore the
low permeability in this zone.

3.1. Heat and mass balances

The mass balance of water in the solid phase contained in any node
defined in the spouted bed is described by Eq. (1). Although particle
shrinkage and water diffusion within the particles are commonly con-
sidered in drying modelling [82], given the small particle size and



Fig. 4. Schematic 3D view of the spouted bed configuration used for the drying of sands.

Fig. 5. Diagram of the proposed drying model.
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their low specific surface area, bothmechanisms are negligible. The evo-
lution of the water content in each node is a consequence of the flow
rate coming from the previous node, the flow rate leaving the node
and the water evaporation rate. The superscript i stands for the node
to which the balance is carried out and j for the previous one. Thus, in
the first node of the spout, j corresponds to the whole annular region
(previous node) and, in the second node of the spout, it corresponds
to thefirst node in the spout. In the fountain, j corresponds to the second
node in the spout, and in the annulus to the fountain region.

Mi
s
dxis
dt

¼ m
:

s
xjs � xis

� �
� Ri

wM
i
s ð1Þ

In this equation, xs is the moisture content of the solid, Ms is the
amount of dry sand in the node, and m

:

s
is the solid circulation mass

flow rate in the bed, which can be estimated based on the bed mass
and the solid cycle time [83–85], by means of artificial neural
networks [81] and empirical correlations [82]. Moreover, it can be
experimentally measured following the methodology described by
Estiati et al. [86]. The effect of the solid wetness is negligible due to
the low water content in the bed during the drying process, and
therefore solid circulation mass flow rate is assumed to be constant
during the drying process. Thus, for 21 kg of fine sand and 19 kg
of ultrafine sand, the solid circulation mass flow rates are 2.5 and
2.0 kg s−1, respectively. Rw is the drying rate, which is calculated by
means of the mass transfer coefficient, as explained in the following
section. The mass of dry sand in any node is calculated based on the
node volume and porosity and particle density, as follows:

Mi
s ¼ 1 � ϵi

� �
Viρs ð2Þ

In Eq. (2), ϵ is the porosity of the corresponding node, i.e., 0.4, 0.6 and
0.9 in the annulus, spout and fountain, respectively. These values have
been proposed based on a previous paper [87] and have been experi-
mentally validated with the image recording system described in two
recent papers [88,89]. The volume of the spout region is calculated as-
suming a cylinder whose diameter is the average diameter of the
spout, which is estimated by the methodology reported by Tellabide
et al. [88], and its length is the bed height, Ho. Moreover, the volume
of the annulus is that corresponding to the conical section minus the
spout region, and the volume of the fountain is that of a cylinder
(confiner) whose diameter is DF and length LF.

Given the small size of the sand particles used and their lowporosity,
the outer layer surrounding the particles controls the heat transfer; that
is, temperature may be assumed uniform in the whole particle [90].
Accordingly, the energy balance is given by the following equation:

Mi
s
d
dt

his þ xish
i
w

� �
¼ m

:

s
hjs þ xjsh

j
w

� �
� m

:

s
his þ xish

i
w

� �
þhicaM

i
s Ti

g � Ti
s

� �
� Ri

wM
i
sh

i
v

ð3Þ

In Eq. (3), the terms on the right hand side account for the rates of
energy input and output due to the wet solid flow rates entering and
leaving the node, the heat transfer by convection from the hot gas
phase to the solid particles and the loss of heat due to moisture evapo-
ration during the drying. Furthermore, hs, hw and hv are the specific
enthalpies of the solid, water and steam, respectively, hc is the heat
transfer coefficient between the hot air and the solid. For estimating hc
in the high voidage spout and fountain regions, an appropriate
equation is that by Rowe and Claxton [91], whereas in the low
voidage annulus this heat transfer coefficient is calculated by the
correlation proposed by Saldarriaga et al. [56]. Writing the enthalpies
in Eq. (3) as functions of temperature, the evolution of solid
temperature with time is calculated as follows:



Table 3
Equations used for calculating air and water properties.

Parameter Equation

Air density (ρg) P ¼ RTg

v � b � a
v2þbv

Air dynamic viscosity (μg) μg ¼ μ0
a
b

� � Tg

T0

� �3=2

Water vapour pressure (Pv) log 10 Pv ¼ A � B
TgþC

Heat capacity (Cp) Cp ¼ Aþ BTg þ CT2
g þ DT3

g þ E
T2
g

Air velocity (ug)
ug ¼

ρgj jTamb

ρgj jTg
4Q
πD2

o

Heat conductivity (kg) kg ¼ kT0

Tg

T0

� �0:9
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dTi
s

dt
¼ 1

Cp;s þ xisCp;w

�
_ms

Mi
s

hj
s þ xj

sh
j
w−his−xish

i
w

� �

þhica Ti
g−Ti

s

� �
−Ri

wh
i
v−hiw

dxis
dt

� ð4Þ

Although the solid describes cycles in the spouted bed dryer, the hot
air is continuously introduced from the gas inlet nozzle. Accordingly, the
mass balance of the water in the air is given by the following equation:

Mi
g

dyig
dt

¼ ωm
:

a
yjg � yig

� �
þ Ri

wM
i
s ð5Þ

In Eq. (5), Mg is the mass of air in each node, yg is the air absolute
humidity, ω is the fraction of air diverted into the annulus (ω = 0.1 in
the annulus and 0.9 in the spout and fountain) and m

:

a
is the total air

mass flow rate. As in the mass balance, i superscript stands for the
node to which the heat balance is carried out and j to the previous
one. The mass of air in each node is determined based on the node
features (volume and voidage) and air density,

Mi
g ¼ ϵiV iρs ð6Þ

Concerning the heat balance for the air in each node, the rate of ac-
cumulation of energy is a consequence of the rates of energy input
and output due to the air flow rates entering and leaving the node, the
heat loss by convection from the hot gas to the solid particles, the gain
of heat due to the steam flowing from the particles into the air and
the loss of heat through the wall to the ambient,

Mi
g
d
dt

hig þ yigh
i
v

� �
¼ ω _ma hj

g þ yj
gh

j
v−hig−yigh

i
v

� �
−hicaM

i
s Ti

g−Ti
s

� �
þ Ri

wM
i
sh

i
v−UoAo Ti

g−Tamb

� � ð7Þ

The parameter UoAo in Eq. (7) is the overall coefficient for the heat
transfer through the wall, and has been calculated for each run by
solving the steady state heat balance in the spouted bed dryer containing
dry sand (prior to feeding the wet sand). Its value ranges from 17.748 to
35.579 W ° C−1, which is due to the different inlet air temperatures
used in the drying runs. Furthermore, the heat transfer from the bed to
the ambient through the wall only applies in the annulus section.
Rearranging Eq. (7) with the mention considerations yields the explicit
equation for determining the evolution of the air temperature with time:

dTi
g

dt
¼ 1

Cp;g þ yigCp;v
ð 1

Mi
g

ðω _ma hj
g þ yj

gh
j
v−hig−yigh

i
v

� �

−hicaM
i
s Ti

g−Ti
s

� �
þ Ri

wM
i
sh

i
v−UoAo Ti

g−Tamb

� �
Þ−hiv

dyig
dt

Þ
ð8Þ

Although themodel allows calculating the solid and air properties in
each node, the values registered in the experimental runs are the air hu-
midity and temperature at the outlet pipe located in the upper zone of
the spouted bed dryer. Thus, the air leaving the fountain confiner joins
that leaving the annulus and thewhole stream leaves the dryer through
the pipe located on top. Accordingly, heat andmass balances are carried
out at the mixing point to determine the theoretical outlet values to be
compared with the experimental ones:

m
:

a
youtg ¼ ωAm

:

a
yAg þωFm

:

a
yFg ð9Þ

m
:

a
houtg þ youtg houtv

� �
¼ ωAm

:

a
hAg þ yAgh

A
v

� �
þωFm

:

a
hFg þ yFgh

F
v

� �
ð10Þ

The air and solid properties required in the heat and mass balances,
have been estimated based on theoretical and empirical correlations,
Table 3.
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3.2. Drying rate

As stated above, given the small size of the sand particles used and
their low porosity, the rate-limiting step in the drying process is the
evaporation of water on their surface. According to the two-film theory,
the drying rate may written as a function of the overall gas phase mass
transfer coefficient and the corresponding driving force, as follows:

Ri
w ¼ Ka ysat � yig

� �
ρg

�� ��
Ti
g

ð11Þ

In Eq. (11), gas density, ρg, depends on temperature, Tg, which
changes from point to point in the bed. Thus, the vertical bars with gas
temperature as subscript mean that gas density must be calculated at
the temperature corresponding to i node. K is the overall gas phase
mass transfer coefficient, a the interface area, ysat and yg are the
saturation and actual air absolute humidities, and ρg the air density at
the temperature in the node. Initially, there is water on the whole
particle surface, i.e., the specific surface area of the particle, a, may be
used as the interface area. However, as drying proceeds, the water on
the surface of the particle evaporates until the critical moisture content,
xs
c, is reached. At this point, the moisture on the outer particle surface
has been fully evaporated and the evaporation of the internal water
begins. In fact, a sharp decrease in the outlet air humidity is observed
in the experimental runs. Given the small size of the particles, this
decrease is commonly attributed to the decrease in the gas/solid
interface area, which can be determined by the characteristic drying
curve of the particles [92]. Therefore, knowledge of the critical solid
moisture content is essential for the application of this methodology,
which differs depending on the solid properties. The values of this
parameter determined for the fine and ultrafine sand particles are
0.26 and 0.42 wt% d.b., respectively. In the drying of fine and ultrafine
sands, the interphase area is defined based on the shape of the
characteristic drying curve determined experimentally:

xs ≥ xcs ! a ¼ a

xs < xcs ! a ¼ a
xs
xcs

� �3

8><
>: ð12Þ

3.3. Optimization of the mass transfer coefficient

Fig. 6 outlines the algorithm written in Scilab (version 6.0.2) devel-
oped in order to solve the ordinary differential equations of the model.
Thus, the algorithm uses the ode subroutine based on the stiff method
for the integration of Eqs. (1), (5), (4) and (8). Moreover, the fminsearch
subroutine based on the algorithm developed by Nelder and Mead [93]
has been used for minimizing the objective function and finding the
mass transfer coefficient of bestfit to the experimental results. Concern-
ing the initial conditions, thewater content of the solid at the beginning
of the drying process is that corresponding to the homogenized bed in
all the nodes, as the wet sand is fed from the top and the bed



Fig. 6. Flowchart of the algorithm developed for solving the model.
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homogenized in a few seconds. Furthermore, the air absolute humidity
and temperature at the beginning of the simulation are those corre-
sponding to the inlet stream. The Error Objective Function (EOF) to be
optimized is defined as the averaged sum of the squared differences be-
tween the experimental values of the absolute humidity and tempera-
ture of the air at the outlet and those calculated by the model, as
shown in the following equation:
a

Fig. 7. Evolution of the experimental and calculated outlet air ab
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EOF ¼
∑N

k¼1
ycalcg,k � yexp

g,k

ycalc
g,k

� �2

þ Tcalc
g,k � Texp

g,k

Tcalc
g,k

� �2
" #

N
ð13Þ
b

solute humidity for a) fine and b) ultrafine sand, u/ums = 2.
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4. Results and discussion

The model has been designed to estimate the performance of the
fountain confined spouted bed dryer, as it allows predicting gas and
solid temperatures and moisture contents at different bed zones, as
well as those corresponding to the outlet stream. Furthermore, the
model is also a tool to determine the overall mass transfer coefficient
in the bed. Given that the effect of the operating parameters has been
analysed in a previous paper by our research group [63], this one deals
with the assessment of a model for the estimation of the drying param-
eters. Accordingly, the validation of themodel is carried out by compar-
ing the calculated values with the experimental ones (bed temperature
and outlet air humidity and temperature). The evolution of the experi-
mental and calculated data is shown in Figs. 7 and 8 for an air velocity
double the minimum required for spouting, u/ums = 2, as it is the
most representative of the air velocities studied.

Overall, themodel provides satisfactory predictions for the drying of
bothfine and ultrafine sands, with EOF values below0.058. The only sig-
nificant deviations are observed in the evolution of moisture content
when an inlet air temperature of 150 °C is used with the fine sand,
Fig. 7a. In this case, themodel underestimates the outlet air absolute hu-
midity for the initial drying period and overestimates for the remaining
period. This can be explained by the contribution of the hot particles to
the evaporation of the water on the surface of the wet particles during
the initial drying period. It should be noted that the wet sand was fed
onto the annulus, where the wet particles are in close contact with the
dry sand particles. In fact, these dry particles are hot (120 °C) at the be-
ginning of the run as shown in Fig. 8. The overestimation of the outlet air
a

c

Fig. 8. Evolution of the solid temperature for a) fine, b) ultrafine san
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absolute humidity for the remaining period is a consequence of the pre-
vious underestimation. Given themodel cannot predict the contribution
of the hot particles to the evaporation of the water on the surface of the
wet particles, a lower drying rate is predicted and the critical moisture
content is reached later.

Apart from the mentioned deviation, the model faithfully predicts
the experimental evolution of air moisture content at the outlet. Thus,
Fig. 7 shows that the experimental trends are very similar to the calcu-
lated ones except a slight deviation at the beginning of the drying pro-
cess (the initial peak is sharper than that predicted by the model),
which is clearly related to the initial time required in the runs for bed
homogenization. This applies especially to the fine sand, Fig. 7a. Thus,
the experimental peak is more flattened because drying and homogeni-
zation begin at the same time, and therefore the drying efficiency is
slightly lower during the homogenization period.

Fig. 8 shows the evolution of the outlet temperature for the solid and
the air when the spouting velocity is double the minimum one u/ums =
2. Overall, the model accurately estimates the temperatures for the air
and the solid, even though there is a slight discrepancy at the
beginning of the operation, which is due to the time required for the
homogenization of the pulse of wet sand injected. Furthermore, a
comparison of Fig. 8a,c with Fig. 8b,d shows that the outlet air
temperature is up to 20 °C lower than the solid temperature at the
highest temperature tested, which is mainly explained by the heat
loss to the ambient through the wall. This difference decreases as the
gas inlet temperature is decreased. The solid features have also a great
influence on the process. Thus, the outlet temperature of both air and
solid are higher when the drying of fine sands is performed, which is
b

d

ds, and outlet air temperature for c) fine and d) ultrafine sands.
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explained mainly by the difference in their heat capacities, i.e., 835 and
1105Jkg−1 °C−1 for the fine and ultrafine sands, respectively.

Fig. 9 shows the values estimated by themodel for themass transfer
coefficient in the fountain confined conical spouted bed. Themass trans-
fer coefficient is sensitive to both air inlet temperature and spouting ve-
locity. Thus, the value of the coefficient decreases considerably as the
temperature of the inlet air stream is increased. Thus, the highest
value of the mass transfer coefficient, 5.7 ⋅ 10−4 ms−1, is found when
the fine sand is dried with the highest air flow rate of u/ums = 3 at the
lowest inlet air temperature of 35 °C, Fig. 9a. Nevertheless, when the
inlet air temperature is increased to 150 °C under the same
hydrodynamic condition (u/ums = 3) with this fine sand bed, the
value of the mass transfer coefficient decreases to 8.02 ⋅ 10−6 ms−1.
This is partially explained by the lower turbulence as temperature is
increased. Thus, viscosity increases as temperature is increased, and
therefore the Reynolds number decreases. Furthermore, water
evaporation due to the close contact of wet particles with dry ones at
high temperatures is a relevant mechanism in the annulus, especially
at the initial stage in this batch drying process.

Another parameter affecting mass transfer coefficient is the air ve-
locity. Accordingly, for the same inlet air temperature, a decrease in
air velocity (lower turbulence) leads to a reduction in the mass transfer
coefficient, with differences being smaller as the inlet air temperature is
higher. Thus, when an inlet air stream at a temperature of 35 °C is used
withfine sandbeds, Fig. 9a, themass transfer coefficient drops from5.7 ⋅
10−4 ms−1 for an inlet air velocity of u/ums = 3 to 2.4 ⋅ 10−4 ms−1 for
u/ums = 1.2. This result is due to the lower particle circulation flow
rates (longer particle cycle times) as the air velocities are lower [85,94].

Finally, solid properties also affect themass transfer coefficient, as its
values are in general lower for ultrafine sand beds than for fine ones.
This is explained by the effect particle size has on the bed performance,
i.e., the minimum spouting velocity is lower as particle size is smaller
[95–97]. Furthermore, the solid circulationflow rate under the samehy-
drodynamic conditions (same u/ums) is higher as the particle size is
higher. Another significant difference between the sands used lies in
their porosity. Thus, the ultrafine sand is more porous than the fine
one, and therefore its interfacial area is larger than that of fine sand.
Although a higher area increases the drying rate and consequently the
mass transfer, it does not necessary mean a higher drying rate because
mass transfer within the particle occurs by diffusion. Ultrafine
particles have a higher micropore surface area, which means diffusion
prevails, and therefore the overall mass transfer rate is lower.

It should be noted that the general trend changes at high tempera-
tures; that is, mass transfer coefficients are lower for the fine solid
than the ultrafine one. This is explained by the different role played by
a

Fig. 9. Effect of operating parameters on the mass transfe
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temperature in the drying process depending on whether low or high
temperatures are used. Thus, at low temperatures drying occurs mainly
by mass transfer through the water/air interphase due to the driving
force (saturation moisture content of the air minus the actual content),
whereas at high temperatures there is a significant contribution of
water evaporation due to particle-particle contact in the annulus.

5. Conclusions

A model based on unsteady heat and mass balances is proposed,
which allows predicting the performance of batch drying in a fountain
confined conical spouted bed. Furthermore, it is an excellent tool to es-
timate the overall mass transfer coefficient in these beds. The evolution
of the model output parameters, i.e., air humidity and temperature at
the outlet, aswell as bed temperature, is consistentwith the experimen-
tal trend, except a slight deviation at the initial stage of the batch drying
process, which is related to the time required for the homogenization of
the sand particles in the bed.

The parameters affecting the mass transfer coefficient are the air
inlet temperature and velocity, as well as solid properties. An increase
in the inlet air temperature leads to a decrease in the mass transfer co-
efficient due to the reduction in the air flow turbulence around the par-
ticle. Furthermore, a reduction in the air velocity also leads to a lower
mass transfer coefficient, which is attributed to the lower circulation
flow rate of both the particles and the air in the bed. Mass transfer
rates are higher in the drying of fine sand than ultrafine one. This is ex-
plained by both particle size and specific surface area of the sands used.
Thus, the size of the fine sand is greater than that of the ultrafine one,
and therefore its minimum spouting velocity is higher.

Although operating parameters have proven to be of great influence
in the spouted bed dryers at low and moderate temperatures, further
research is needed regarding the influence of the geometric factors
and high temperatures on the performance of these dryers, and specif-
ically on the role played by the drying mechanisms.

Nomenclature

m
:

a
Air mass flow rate, M t−1

m
:

s
Circulation mass flow rate of the solid in the bed, M t−1

ϵ Porosity, dimensionless
γ Cone angle, dimensionless
ω Fraction of air crossing the nodes, dimensionless
ϕ Shape factor, dimensionless
ρs Particle density, ML−3
b

r coefficient with a) fine sand and b) ultrafine sand.
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ρb Bed density, ML−3

a Gas-solid interphase area, L2 M−1

Ao Open area of the draft-tube wall, L2

AT Total area of the draft-tube wall, L2

Cp Heat capacity, L2 t−2 T−1

Dc Diameter of the cylindrical section, L
DF Diameter of the fountain confiner, L
Di Contactor base diameter, L
Do Gas inlet diameter, L
dp
v Volume average particle size, L

dp
w Mass average particle size, L

DT Internal diameter of the draft-tube, L
Hc Height of the conical section, L
hc Instantaneous heat transfer coefficient, Mt L−2

HF Distance between the bed surface and the fountain confiner, L
Ho Static bed height, L
hs Enthalpy of the solid, L2 t−2

hv Enthalpy of the steam, L2 t−2

hw Enthalpy of the liquid water, L2 t−2

K Overall mass transfer coefficient, L t−1

LF Length of the fountain confiner, L
LH Solid entrainment height at the lower section of the draft-

tube, L
LT Length of the draft-tube, L
Mg Amount of air in the nodes, M
Ms Amount of solid in the nodes,M
Rw Drying rate, M t−1

Tg Air temperature, T
Ti Inlet air temperature, T
Ts Solid temperature, T
Tamb Ambient temperature, T
ug Air velocity, L t−1

UoAo Heat transfer coefficient through the wall,M t
ums Minimum spouting velocity, L t−1

V Volume of the nodes, L3

xs Moisture content in the nodes, dimensionless
xs
c Critical solid moisture, dimensionless
yg Air absolute humidity, dimensionless
ysat Saturation absolute humidity, dimensionless
EOF Error Objective Function
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