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Abstract - The paper addresses numerical simulation for the case of convective drying of hygroscopic
material in a packed bed, analyzing agreement between the simulated and the corresponding experimental
results. In the simulation model of unsteady simultaneous one-dimensional heat and mass transfer between
gas phase and dried material, it is assumed that the gas-solid interface is at thermodynamic equilibrium, while
the drying rate of the specific product is calculated by applying the concept of a "drying coefficient". Model
validation was done on the basis of the experimental data obtained with potato cubes. The obtained drying
kinetics, both experimental and numerical, show that higher gas (drying agent) velocities (flow-rates), as well
as lower equivalent grain diameters, induce faster drying. This effect is more pronounced for deeper beds,
because of the larger amount of wet material to be dried using the same drying agent capacity.

Keywords: Heat and mass transfer; Mathematical model; Simulation.

INTRODUCTION

Digital computers and numerical mathematics are
widely used for the purpose of solving heat and mass
balance equations for chemical engineering
processes. Results obtained on the basis of a reliable
mathematical model and numerical analysis enable
prediction of the relevant process parameters
required for design of a particular device and
optimization of the process itself. A good model
(numerical simulation) can successfully substitute
lengthy and expensive experimental research.

During the drying of non-hygroscopic and/or
hygroscopic capillary-porous materials, the first part of
the drying curve has a similar form (Fig. 1) (Keey,
1972). In the case of the hygroscopic capillary-porous
material, the drying rate drops more sharply since,
deep inside the material, the sorption state is ensured,
i.e., when the partial pressure of water vapor at this
place becomes less than the partial pressure of free
water. This drying period ends at the moment when all

*To whom correspondence should be addressed

the material layers are in the hygroscopic regime (the
second critical point appears).

Contemporary market demands require process
equipment fully optimized with respect to operating
conditions. This is especially the case with dryers,
because of their significant energy consumption. The
most convenient method of optimization is by
simulation based on mathematical models and on
reliable computer programs. One of the first models
for cross-flow packed bed dryers, the one-phase
model proposed by Thompson (1970), was
significant at that time for dryer design. Becker et al.
(1971) modified the so-called distributed parameter
model (DPM). This model was further developed by
Douglas et al. (1994) and compared with
experimental data. The so-called Michigan State
cross-flow dryer model (MSU) proposed by Bakker-
Arkema et al. (1978) leads to similar results when
similar equilibrium moisture content values are used.
The numerical procedure for the MSU model relies
on an explicit method of finite differences, which
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requires certain stability conditions between the step
sizes of the time and space variables. In contrast to
previous work, Dalpasquale et al. (2008) established
a stable implicit method based on backward finite
differences, in both space and time variables, taking
into account some specific empirical aspects of
fixed-bed drying.

Recent models by Sitompul et al. (2001) and
Istadi and Sitompul (2002) take into account
transport phenomena within the deep-bed and in the
spherical grains. Moreover, the effect of air velocity
distribution (pressure field) on the drying process
was studied. Basically the same model (Sitompul et
al., 2003) was used for a different dryer geometry
(large diameter column). Special attention on the
interfacial conditions was placed by Herman et al.
(2001). The authors claim that their model can be
used to consider the dominant phenomenon (internal
or external) in a drying process. The governing
equations of the models were solved numerically by
the finite difference method. Izadifar et al. (2006)
modeled packed bed drying using the local volume
averaging (LVA) approach, with local thermal
equilibrium in each elementary volume in order to
derive transient heat and mass transfer equations,
solved by means of an implicit numerical method.
Recently, a MATHLAB simulation software
(SAPGD) was presented by Wang et al. (2004).

The results of the calculations obtained by all

Critical point

models mentioned are only for the case of a single-
pass gas flow through the packed bed. It is apparent
that different theoretical approaches (thin layer model,
stationary bed models, etc.) can be applied to define
the governing equations of the packed bed drying
model. Several corresponding numerical methods
(finite element, finite differences, finite volume, etc.)
can be used for discretization of the differential
equations defining conservation of the relevant
variables (moisture, enthalpy, etc.). In order to
calculate drying rates under different conditions (very
difficult by theory alone), two concepts are generally
used nowadays to estimate material-specific kinetics,
such as the "characteristic drying curve" (van Meel,
1958) or the "drying coefficient”" (Luikov, 1968).

The purpose of this work is to apply a model
based on the material-specific kinetics ("drying
coefficient") and equilibrium data (moisture
isotherms), derived from original small-scale drying
experiments and expressed in suitable forms,
utilizing a control volume numerical method to solve
the coupled differential equations. Some of the
results obtained for numerical simulation of the
convective drying of hygroscopic material (potato
cubes) in a packed bed are shown in this paper. The
specific approach used to define the drying equation,
although discussed in some previous publications
(Staki¢, 1997, Staki¢ and Tsotsas, 2005), is also
explained in this paper.

1st critical point

2nd critical point

1
Partially bound :

Totally bound

Superficial Totally free

Ter, Ter, o
T —=
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T—=

Figure 1: Variation of drying rate with time in the case of: (a) non-hygroscopic capillary-porous
materials, (b) hygroscopic capillary-porous materials, (c) hygroscopic non-porous materials.
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MATHEMATICAL MODEL

Consideration is given to the convective drying as
an unsteady problem of heat and mass transfer caused
by fluid flow (drying agent flow) through the bed of
particulate solids. The differential equation describing
the conservation of a general dependent variable @, in
the case of an unsteady problem, can be written in a
generalized form after Patankar (1980):

3(M-<1>)+div(ﬁ-M~<1>)=div(rq,-gradq>)+s® ()
T

The terms in Equation (1) are called: the
"unsteady term", the "convection term", the
"diffusion term", and the "source term". Interphase
transport laws must be incorporated into the "source
term", representing generation and dissipation of the
variable ®. Expressions for I'y, and S¢ depend on the
physical meaning of the variable ®. In convective
drying, moisture content and enthalpy (temperature)
of the material being dried, as well as humidity and
enthalpy (temperature) of the used drying agent, are
particular cases of the general dependent variable to
be determined.

The Dbasic assumptions adopted in the
mathematical model describing the unsteady
simultaneous one-dimensional heat and mass transfer
between a gas phase and a material during
convective drying in a packed bed are:
= Drying parameters vary in one dimension, namely
in the direction of gas flow (usually vertical), and
only changes of the parameters in this direction will
be discussed;
= All solids are of the same size, shape, and density
at anyone moment of time;
= The gas-solid interface is at thermodynamic
equilibrium;
= The drying rate (evaporated moisture flux) of the
specific product is calculated by applying the
concept of a "drying coefficient";
= Heat transfer inside the solids (temperature
gradient) is neglected;
= Dispersion of mass or heat in the considered
direction of gas flow is neglected.

On the basis of Eq. (1) and with the assumptions
mentioned above, the following system of partial
differential equations can be used to describe heat
and mass balances (with the symbols defined in the
Nomenclature section):

Conservation of moisture, gas:

d d
E(MQd -Y)+£(uG ‘Mg g-Y) =+Sy- ()

with
Y (0,7)=Y;,, forz=0and

>0, Y(z,O):YO(z),forOSzShand‘t=0.

Conservation of moisture, solids:

%(Ms,d -)()Jrg(uS ‘Mg 4-X) =Sy 3)

with
X(z,O):XO,forOSZShand‘l::O.

Conservation of gas enthalpy:

0 0
a_(MG,d Cg 'TG)+_(uG ‘Mg 4 'CGTG) =
T 0z
NG

where
CG =CG,d +CV.Y’
with
Tg (0,7) = Tg j, » forz=0and
120, T (2,0) = Yg(z),for0<z<handt=0.
Conservation of solids enthalpy:
0 0
g(Ms,d "Cg 'Ts)+§(us Mg q-cg 'Ts) =

, (%)
agg-ay - V-(Tg —Tg)—1-Sy
where
CS =Cs’d +CW‘X,
with
Ts(2,0)=Tg,,for0<z<hand t=0.
Equation of continuity for gas phase:
0 0
—(Mg)+—(us-Mg) =Sy, - (6)
61( ) az( o' Ma) =Sy
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The gas velocity through the packed bed of solids
(interstitial velocity) is ug = UG n /\V’ where UGin

stands for the gas velocity in a free cross section of
the apparatus (superficial velocity). Because in the
present case of a packed bed there is no movement of
the solids, the solids velocity is set to ug = 0. Notice

that ' is also set to zero in the transition from
Equation (1) to Equations (2)-(6) (dispersion
neglected in the direction of flow).

In order to define the mass source, Sy, which is,
for the case of convective drying, the evaporated
moisture flow-rate, the system of coupled partial
differential Equations (2)-(6) has to be completed
with a drying rate equation. Prediction of falling-rate
drying kinetics by theory alone is very difficult, and
accurate small-scale experiments are required instead
(Hirschmann et al., 1998). It is possible to estimate
drying rates under different conditions by concepts
such as a "characteristic drying curve" (van Meel,
1958) or the "drying coefficient" (Luikov, 1968,
Milojevi¢ and Stefanovi¢, 1982, etc.). For this
purpose, the concept of a "drying coefficient" is used
in the present work. Within the scope of the "drying
coefficient" concept, the transport phenomena inside
and outside the solids are considered separately. The
reason for this is the fact that, during convective
drying, two types of mass transfer resistances exist,
due to:

= Moisture transport from the interior to the surface
of the solids;

= Moisture convection from the surface of the
solids to the surrounding gas.

Internal moisture transport is a more complex
problem, due to the variety of mechanisms involved
(capillarity, diffusion, thermal diffusion, bulk and
molecular flow, surface diffusion) that depend on the
specific structure of the product.

The moisture flow-rate from the interior to the
surface of the solids is, therefore, expressed
empirically as:

Sm = Mg 4 ki '(Xsf,eq - X) > ™

where k; is the internal moisture transport coefficient
(the already mentioned "drying coefficient™).

On the other hand, all the moisture transported
from the solids’ interior to its surface has to be
subsequently transferred to the surrounding gas. It is
assumed that the solid surface and the gas in its
immediate vicinity are at hygroscopic equilibrium
with each other. Therefore, the evaporated moisture
flow-rate can also be expressed as:

SMzMG,d'BS,G'ab'<Y_qu)' ®)

Since Equations (7) and (8) are mutually coupled
by equilibrium, they have to be solved
simultaneously.

The unknown variables Y.q and X¢eq (equilibrium
gas and solids moisture content at the solid surface,
respectively) must fulfill the condition of
hygroscopic equilibrium for the specific moisture on
the specific product, in our present case for water on
coal. The empirical drying coefficient, k;, must also
be specified for the considered product. On the other
hand, the gas-side mass transfer coefficient, Psg,
may be extracted from general, non-product-specific
equations.

Parameter Estimation

Because of the complex mechanisms of the
bonding of moisture to solids, the equilibrium
between a certain material and moist air at a
prescribed temperature (sorption isotherm) can only
be specified experimentally, and is usually correlated
empirically. For this purpose, we employed the
following empirical relationship after Rakovi¢
(1987):

Xeq = [ In(1= )/ (b, Tg2) | V5722, ©
with Tg in K and:
Y
(I)eq=§_at ( °q )1\7[ . (10)
sty 4 (1-Y,, ) =
eq eq MG

The same author proposed a relationship for the
internal moisture transport coefficient ("drying
coefficient") k; in Eq. (7) that accounts for the overall
resistance to moisture transport in the material,
namely:

ny
K, :AK.(EJ 0, (11)

with tg in °C.

All parameters of Eq. (9) (a;, a, by, by) and Eq.
(11) (Ag, nr, ny) were determined previously by
Rakovi¢ (1987). He used the classical static method of
equilibration of small specimen with air over saturated
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salt solutions for measuring the sorption isotherms,
that were subsequently correlated with Equation (9).
Drying kinetics experiments were carried out by the
same author in very thin beds (just one or two grain
layers) of potato cubes with lengths of 4.0 mm, 8.0
mm and 12.0 mm, i.e., equivalent diameters of 3.22
mm, 645 mm and 9.67 mm, using air at
temperatures between 60°C and 90°C, moisture
contents of between 0.028 kg/kg and 0.038 kg/kg,
and velocities of approximately 1m/s. The air
condition can be assumed to remain approximately
constant during the flow through such thin layers, so
that the parameters of Equation (11) can be derived
immediately (compare with Hirschmann et al., 1998).
All  product-specific ~ parameters  characterizing
hygroscopicity and the grain-side drying kinetics of
potato are summarized in Table 1. Note that the
parameters of Eq. (11), determined previously by
Rakovi¢ for a single potato cube length, as well as
the generalized size-dependent expressions (more
suitable for utilization in the simulation software),
are presented.

Contrary to the previously discussed coefficients,
the heat and mass transfer coefficients between grain
surface and gas in a packed bed [osg and Psg in
Equations (4), (5) and (8)] do not depend on the
internal structure of the product. They have been
investigated extensively in the literature and
generalized in the form of suitable non-dimensional
correlations. While the correlations of Kunii and
Levenspiel (1969) are known to give good results in
the case of particles smaller than about 1 mm in
diameter, the correlations of Ginzburg and Savina
(1982):

Nug = 0.977-Pr¥¥.Reg?”°, Reg > 300,
(12)

Nug =1.83-Pr®*. Red*®,  Reg <300,

Shg = 0.977-Sc%* - Red™, Reg > 300,

(13)
Shg =1.83-S¢™*? . Red*®*,  Reg <300,
are more accurate in the case of larger particles
(grains) and have been wused in the present
investigation.

Parameters defining characteristics of the solids
(equivalent diameter, density and specific heat
capacity) and the bed (porosity of the bed) must be
known accurately enough, having great influence on
the heat and mass balance equations (namely ds ps,
cs) through the heat and mass transfer coefficients.
The values for dry potato density and heat capacity
were taken from Wang and Brennan (1995). Accurate
calculation of gas velocity through the packed bed of
solids (interstitial velocity), highly influencing heat
and mass transfer coefficients, depends on correct
estimation of bed porosity (V).

The dependencies defining the grain diameter
change due to the moisture content variation can be
found in literature (Ginsburg and Savina, 1982):

dg =[6'M—S’d.(1+x)°'33}, (14)

Ps-T

although a simplified dependence is used in this model:

dS:dS’d.{ps_ﬂ.(ler)o‘B] (15)
Ps

Due to the highly pronounced shrinkage of the
hygroscopic materials during drying, the inclusion of
grain diameter change in the model is of particular
importance. A packed bed of hygroscopic material
normally has a lower bed height at the end of the
drying process compared to the initial one.

Table 1: Parameters of sorption equilibrium (Eq. (9)) and drying kinetics (Eq. (11)) for potato cubes, after

Rakovié (1987).
Equilibria
| a | | by b,
After Eq. (9)
| —0.00499 | 3.24433 | 1.99-10° 3.56361
Kinetics
ls,y (mm) ds, (mm) | ny | ng
After Eq. (11)
4 3.22 2.540-10 1.5020 5.9500
8 6.45 5.634:107 0.8018 1.8631
12 9.67 4.266-10° 0.3645 0.0376
Size-dependent o(26150-37.0) —0.14:15 +2.0 —5.43-In(ls) +13.5
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Numerical Procedure

A numerical procedure based on Patankar (1980)
was used to solve the partial differential equations.
Equations (2) to (6) are discretized by means of the
control-volume method, i.e., the packed bed is
divided by means of a vertical grid into a finite
number of control volumes, as shown in Figure 2.
The iterative line-by-line method is used for solving
the obtained linearized algebraic equations, applying
a recurrence formula during the calculation of the
variable's values for every line, and following the
same procedure for all the lines in one direction. This
method, called the Thomas algorithm or the TDMA
(TriDiagonal-Matrix Algorithm), is described in
detail in the book of Patankar (1980).

The calculation starts for the first control volume
and continues for the next one in the direction of gas
flow after the balances represented by Equations (2)
to (6) are fulfilled. The fact that there is no
movement of the solids inside the packed bed
(us = 0), i.e., the absence of "convection terms" in
Equations (2) and (4), does not influence the
possibility of calculating the height-dependent
change of the solids’ moisture content and enthalpy,
but creates some problems of numerical stability. In
spite of this, convergent solutions could always be
obtained by appropriate selection of the under-
relaxation factors (Patankar, 1980).

As Figure 2 shows, the mathematical model

M. Staki¢, M. Banjac and T. Urosevi¢

developed allows calculation of the local values of
all state variables along the bed at any time. For the
sake of presentation, time averages of the local
values, as well as height-averaged values of the state
variables at a specific time can be calculated.

A
Gas flow

Xn: TS,ns Yn: TG,na uG,n
X1, Tsnet: Yot Tont, Usnt

< X, Tsi, Yi, Tei, Usi

L5

X, Tso, Yo, T, Ug2
Xy, Ts1, Y41, Tai, Ug 1
d

L

r_

e »
™ d

Figure 2: State variables and discretization along the
height of the bed.

General Software

General "FBDRY" software has been written
utilizing the Visual C++ computer language. It is
configured in the form of a usual user’s environment
(dialog boxes, text boxes etc.) shown in Figs. 3 to 5,
with different alternatives for data input (including
options for unit variation), as well as for data output.

Fil=  Help
Input data
Actual File:  C\FBDRY\Data\PotatoZ . dat
Bed Mumerical
Dimension Grid
Diameter 0,250 |[m]  |m v URFGT 0.50 (-]
Length 50,0 [[mm] | mm v URFGM 0.50 |[-]
URFST 0.50 -
Parosity 0.400 |[-] - w []
LIRFSM 0.50 -]
Solid phase URFDEM 0.50 (-]
Physical characteristics LRFYIS 0,50 [-]
Diameter £.450 | [mm] mmno W UFEEES, 050 [
Density (dry) 1250.0 |[kgfm?] | kafm®
Heat capac. (dry)|  1850.0 |[fkgk] |Jfkgk
: WISMAR 1.00 (-]
Moisture content soRMAX|  0.0010 |[-]
Tniitial 2,830 |[kofko,DB]  |kafkg,DB
End 0.010 |[kgfka,DB]  |kgfkg,DB v arid
Mumber 30 [
Temperakure of sections
Initisl 20,00 |[=C] °C ~ Iteration
Mfa.f ”“E.“ber 1000 [[-]
Gas phase (inlet) af Ikeratian
Moist. cont, 10,00 |[gfkg,DE] |afkg,DB Timne
Temperature 20,00 |[*C] s e Time inkerval 5.0 |[<]
el 1.06 |[mfs] s 3 Maximum kime | 25000.0 ([s]
Print ki :
Pressure 1000.00 |[mbar] H int Hme 50.0 [[<]
a
|MPa

Figure 3: Inlet dialog for FBDRY software.
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2.80000
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s
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68,13
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[ 5et New values
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279

Bed Type
PACKED BED

S

Result Info
More detailed results are in:
CHPOTATOVReq, bxt
CHPOTATODEEaOUE, bxt and
CHPOTATOParamOut bxt

Start Mew Caleulation

Press Ok Button to START
Mew Calculation

Figure 4: Outlet (text-box) dialogs for FBDRY software.

Main Resulks | Moisture Graph | Temperature Graph

180)

160)

120)

Temperature [°C]

100)

100 150 200

250

Tirme [min]

300 350 400 440 500

Figure 5: Outlet (temperature graph) dialog for FBDRY software.

RESULTS AND DISCUSSION

The model was validated in the past by measuring
equilibria and single-grain — or equivalent (thin
layer) — drying kinetics, fitting the product-dependent
model parameters, simulating the operation of deep-
bed drying of the considered material, and
comparing the calculated results with the respective
experiments. This procedure has been conducted for
corn grains, corn on the cob, wheat, poppy seeds,
etc., see Staki¢ (1997) and Staki¢ and Tsotsas
(2005). In the present work, the same type of
validation has been carried out for potato. The
product-dependent parameters were taken from
Rakovi¢ (1987) according to Table 1, and are based
on the discussed thin layer measurements. The same
author has also employed deeper beds with a height
of up to 0.055 m. The respective data have been

systematically compared with model results in the
present work, with excellent agreement. Just a few
representative comparisons are presented in Figure 6.
For this purpose, and as previously explained, the
local values of the solids moisture content and
temperature have been averaged over the bed height
and are plotted against time. The agreement shows
that the model can reliably describe scale-up from
the thin layer to the deeper bed without any
additional fitting or adaptation. The obtained drying
kinetics, both experimental and numerical, show that
lower equivalent grain diameters induce faster
drying.

The results of numerical simulation of drying
kinetics for the mentioned case are presented in
Figures 7-11. For the sake of the parameter study,
i.e., analysis of the influence that the drying
parameters such as gas velocity, bed height, etc, have
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on the drying process, the case of one chosen particle
size (12 mm) having an initial moisture content
Xo = 3.5 is given first (Figs. 7 and 8). In Fig. 7, the
changes with time of potato moisture content
(height-averaged) and temperature (again, height-
averaged), as well as exhaust air temperature,
obtained from calculation, are shown for the case of
three chosen bed heights (40, 60 and 80 mm). The
respective changes of potato moisture content and
temperature (both height-averaged), and exhaust air
temperature, as a function of different air velocities
(0.5, 1.0 and 1.5 m/s) are shown in Fig. 8. The
highest difference between height-averaged potato
temperature and exhaust air temperature is located at
the beginning of the drying (period of material

o
[

9“@'"?---6-- o--0
150 200 250 300 350
Time (min)

o
o

~

240 :
< exp. (Rakovic, 1987)
A 35 g lg o =4 mm B
o S,0

A 3.0 O lgy=8mm
on —

2 254 A Igp=12mm |
&D numerically simulated
= 20 L =4 —
= 50 =4 mm

f’é LS+ 5 1 === lgo=8mm -
8 1.0 AA .......... lso_lzmm |
P

—

=1
Z

=]

=

(=]
W
(=]
—
(=3
(=]

heating). At the end of the process, the material is
almost heated up to the air exhaust temperature.
These differences are more pronounced for different
drying agent flow-rates (Fig. 8) than for different bed
heights (Fig. 7).

It is obvious that the drying is faster for the case
of smaller bed heights, because of the smaller
amount of material, i.e., less moisture, to be dried.
On the other hand, drying is faster in the case of
higher air velocities. This is shown in terms of the
necessary drying time and height-averaged final
potato temperature when the target moisture content
is achieved. This behavior is exactly equal to what
happens in a conventional convective drying
process.

100

90 55T o
O 80 o B
S /0 D DDA
= 701 0 AL |
o b N exp. (Rakovic, 1987)
2 60+ o Ilgp=4mm
g 1 ’ 8
g 50 42 0 lsp=8mm
g 40 & Igp=12mm |
=3 (u numerically simulated |
ES — lgp=4mm
T g =8 |

---- =8 mm
S 10 50
s T ] e Igo=12mm
0 — i
0 50 100 150 200 250 300 350

Time (min)

Figure 6: Comparison of simulated and experimentally determined height-averaged potato cubes drying

kinetics in a packed bed;

lso=4mm (dso=3.22 mm), Xo=3.44, Tsy=20°C, Y, =0.005, Tg;n=60.0°C, ugn=1.05m/s, h=45 mm;
lso=8mm (dso=6.45mm), Xo=2.83, Tso=20°C, Yin=0.01, Tgin="90.0°C, ug;,=1.06 m/s, h=50 mm;
lso =12 mm (dso=9.67 mm), Xo=3.79, Ts=20°C, Yi, =0.04, Tgin=80.0°C, ugj,=1.01 m/s, h=>55 mm.

Moisture Content (kg/kg Dry Basis)

0 50 100 150 200 250 300 350
Time (min)

50 —
P
i
f" /7
G S
< _'/,', Material temperature
L h=0.04m
g =< - h=0.06 m
5 20 —--= h=0.08m
g- Exhaust air temperature
5 - --h=004m
T 1y Y A A N h=0.06 m
————— h=0.08 m
0 |

0 50 100 150 200 250 300 350
Time (min)

Figure 7: Effect of bed height on the simulated drying kinetics in the case of potato cubes drying in a

packed bed;

15’0 =12 mm (ds,() =9.67 mm), Xo = 35, TS’() = 15°C, Yin = 0008, TG,in = SOOC, Ug,in = 1.0 my/s.

Brazilian Journal of Chemical Engineering



Numerical Study on Hygroscopic Material Drying in Packed Bed 281

~

w

—_

0 50 100 150 200 250 300 350

(=}

Moisture Content (kg/kg Dry Basis)
|38

Time (min)

504
6 40 Material temperature
o
~ — UG, =0.5m/s
© ,
E 30 ¢ ---- ugi, = 1.0m/s
s —--= UG, = 1.5 m/s
5 .
o 20 Exhaust gas temperature
g - = Ugi,=0.5m/s
U - Ui = 1.0m/s
G,in .
== ug i, = 1.5 m/s
0 T T T T T T T
0 50 100 150 200 250 300 350
Time (min)

Figure 8: Effect of gas inlet velocity on the simulated drying kinetics in the case of potato cubes drying in a
packed bed; Isp = 12 mm (dgo = 9.67 mm), X,=3.5, Tsy=15°C, Y, =0.008, Tg;, =50°C, h=0.06 m.

In Figure 9, the changes of potato moisture
content and temperature (both height-averaged) with
time obtained by calculation are shown for different
particle sizes (4.0 and 12.0 mm) for the case of two
bed heights (40 and 80 mm) at a given air velocity
(1.0 m/s), as well as for two air velocities (0.5 and
1.5 m/s) at one bed height (60 mm). It is obvious that
the drying is faster for the case of smaller particles,
because of the superior specific surface area (ay),
causing a more efficient moisture transport from the
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material surface to the surrounding air, Eq. (8), and
because of smaller intraparticle resistance, Eq. (11)
(see also Table 1). Drying is also faster in the case of
higher air velocities (Fig. 9 b) due to the higher gas-
to-solids heat and mass transfer coefficients. At the
same time, for higher air velocities the gas flow-rate
is higher, which results in a higher available drying
agent capacity for vapor absorption. On the other
hand, drying is slower in the case of a higher bed due
to fact that more material has to be dried (Fig. 9 a).
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Figure 9: Effect of particle size (equivalent particle diameter) on the simulated drying kinetics in the case
of potato cubes drying in a packed bed; X, = 3.5, Tsp=15°C, Y;,=0.008, Tg;, = 70°C.
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Another aspect, not visible by means of the
height-averaged values of Figs. 7 to 9, but revealed
in the presentation of Figs. 10 and 11, is that the
lower potato layer, being the first in contact with the
fresh air, and the upper one, where the exhaust air is
leaving the drying zone, have different
characteristics during and at the end of drying. The
lower layer dries faster than the upper one, so that
the moisture content difference between two layers
can be very high (depending on the applied bed
heights and/or air flow-rates). The gradient in solids
moisture content with respect to the packed bed

height may be somewhat decreased by alternating
the drying gas flow direction from up-stream to
down-stream, and vice-versa. However, much more
uniform material moisture content within the dryer
cannot be achieved without utilizing types of dryers
that allow mixing of the solids (rotating bed,
fluidized bed, vibrated fluidized bed, spouted bed,
etc.). However, mixing of solids should be avoided
in the case of fragile materials (possible grinding or
attrition), recommending packed bed drying as the
only possible solution for this delicate type of
material.

o
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Figure 10: Change of potato moisture content, potato temperature and air relative humidity over the bed
height during the convective drying of potato cubes in a packed bed;
IS,O =12 mm (dS,O =9.67 Il’ll’l’l), Xo = 35, Ts,o = 150C, TG,in = SOOC, Yin :0008, h=0.04 m, Ugin = 0.5 m/s.
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CONCLUSIONS

Selected results obtained on the basis of a model
for the convective drying process of a hygroscopic
material (potato cubes) in a packed bed are presented
in this paper.

Comparison of the corresponding parameters for
the drying process obtained by calculations on the
basis of the model developed and from the
experimental investigation (for the applied parameter
range) showed good agreement. The model has a lot
of potential for predicting the relevant parameters of
convective drying in a packed bed.

The wvalues of time- and height-averaged
parameters, as well as the variation of parameters
along the bed height at any moment of time, can be
calculated reliably.

On the basis of the calculated values of the
corresponding parameters, a clear image of the
process itself can be obtained, as well as an overview
of the advantages and disadvantages of a specific
design (deep or shallow bed, high or low temperature
drying, with or without gas flow recirculation, etc.)
making the decisions about the choice of dryer type
simpler. As an example, the convection dryer’s
efficiency can be improved by recycling some of the
moist exhaust air — together with its energy (in the
form of waste heat) — back to the dryer inlet.
Recycling the exhaust air increases the humidity in
the dryer. This, in turn, requires a higher operating
temperature and results in a higher final product
temperature than in a completely open-circuit
convection-drying operation. The most favorable
decision can be made by using the calculated values
obtained from the simulation model developed.

NOMENCLATURE

aj, a, coefficient with dimensions (-)
as defined by Equation (9)

ap
Ak

(=
>

~ o oo

—_—

nx, Nt

< XaESTpnT

z

bed specific surface area
coefficient with dimensions
as defined by Equation (11)
coefficient with dimensions
as defined by Equation (9)
exponent of Equation (9)
specific heat capacity
diameter

bed height

internal moisture transport
coefficient

length

mass

molecular mass

exponents of Equation (11)
pressure

heat of evaporation

mass source

temperature

temperature

velocity

volumetric flow-rate
material moisture content
(dry basis)

gas moisture content

(dry basis)

axial coordinate

Greek Symbol

T ceoOO>P30T™®R

heat transfer coefficient
mass transfer coefficient
diffusion coefficient
dynamic viscosity
thermal conductivity
density

air relative humidity
bed porosity

time
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Dimensionless Criteria

Nug Nusselt number, %sg -ds/Ag )
Pr Prandtl number, c; -ng/Ag )
Res Reynolds number, dg-ug-pg/ng )
Sc Schmidt number, ng/(pg -3, ) )
Shg Sherwood number, Bsg -ds /3, ©)
Subscripts

at atmospheric

b bed

d dry

eq equilibrium

G gas

i internal

in inlet

S solids

sf surface

sat saturated

\% vapor

W water

0 initial, superficial
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