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Drying is a complex process which involves simultaneous heat and mass transfer. Complicated structure and heterogeneity
of food and biological materials add to the complexity of drying. Drying models are important for improving dryer design
and for evaluating dryer performance. The lumped reaction engineering approach (L-REA) has been shown to be an
accurate and robust alternative for cost-effective simulations of challenging drying systems. However, more insightful
physics has to be shown spatially. In this study, the REA is coupled with the standard mechanistic drying models to yield the
spatial-REA (S-REA) as nonequilibrium multiphase mass-transfer model. The S-REA consists of a system of equations of
conservation with the REA representing the local evaporation and wetting rate. Results of the modeling using the S-REA
match well with the experimental data reported previously. This is the first comprehensive REA approach to model the
profiles of water vapor concentration during drying of food and biological materials. This study indicates that the S-REA
can be an accurate nonequilibrium multiphase mass-transfer model with appropriate account of the local evaporation rate.
The overall REA concept is expected to contribute substantially for better and cost-effective representation of transport

phenomena of drying process. © 2012 American Institute of Chemical Engineers AIChE J, 59: 55-67, 2013
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Introduction

Food and biological materials are highly perishable
because of the high water content and biological nature. Sev-
eral chemical and biochemical changes may occur during
storage and transportation. To retard the changes, drying has
long been recognized as one of the most effective ways to
maintain food and biological product quality. The lower
water content inside the product can lengthen the storage
life, while minimizing the transportation costs.

Drying involves simultaneous heat and mass transfer.
Studies of drying are important for process and equipment
design, and product technology perspectives. Drying is usu-
ally energy intensive process, in particular, when hot air is
used to evaporate the water contained in the product.
Because of the rise of climate change issues, sustainable dry-
ing techniques are desirable. Intermittent drying, as an exam-
ple for more efficient operation, is recently applied by sup-
plying time-varying heat input during drying period. It has
been shown to be effective in reducing drying time and
energy, yet resulting in similar final moisture content.'”
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Drying may affect product quality; for example, nonenzy-
matic browning, ascorbic acid loss, beta carotene reduction,
fissuring, and cracking were reported to be closely associated
with drying. Appropriate drying schemes need be identified
to maintain the quality during drying.l’z’b_m

A reliable drying model is extremely useful for exploring
drying schemes for low energy use and high quality prod-
ucts. Drying models are usually classified into empirical and
mechanistic models. The first ones, especially those of
explicit time functions, cannot capture physics during drying
and cannot be extrapolated to other conditions. These models
are not appropriate as predictive tools. The mechanistic mod-
els usually use diffusion-based models and the models are
represented in partial differential equation to describe the de-
pendence of moisture content and temperature on time and
position.!'™"> The diffusion-based models are often marked
by the effective liquid diffusivity usually represented as
function of moisture content and temperature. Many diffu-
sion-based models have been implemented with various
degree of success.''™"”

Many of these extensive diffusion-based models imple-
mented usually assume that “effective” liquid diffusion
occurs.'®'? Several researchers simply used effective diffu-
sivity to represent the whole phenomenon (liquid and vapor
diffusion).”*** Chen®* analyzed that the effective diffusivity
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is actually a complex interaction of variables involved dur-
ing drying including temperature, moisture content, and pres-
sure. Crank’s effective diffusivity was also generally used
without necessary justification although the process of exper-
imentally obtaining it is only valid under condition of iso-
thermal, negligible shrinkage, and negligible external resist-
ance.”” For better understanding of the transport phenomena,
application of effective liquid diffusion alone may not be
sufficient as it cannot represent the water vapor concentra-
tion during drying which could be affected by pore struc-
ture.* Vapor generation and transfer may affect the other
volatile transport in the same material.

Implementation of multiphase drying model with appropri-
ate source/depletion term for better representation of trans-
port phenomena of drying process is important as the models
without the source term “generated” an anomaly.?*2%2%
This encourages the application of the multiphase drying
model with source/depletion terms. For more generic appli-
cation of the multiphase drying model, it is suggested that
the nonequilibrium approach is perhaps more appropriate.27
The good nonequilibrium multiphase drying model is also
useful in determining the appropriateness of the equilibrium
approach for the situation of concern.”’ The application of
the internal evaporation/condensation rate is a crucial factor
in the modeling of nonequilibrium multiphase drying.27 The
evaporation rate should be affected by both vapor and liquid
transport and this is not equal to the moisture loss.”’ It is
necessary to represent the internal evaporation rate explicitly
and appropriately to implement this model. The internal
evaporation/condensation rate is implemented in the multi-
phase drying model as depletion term for the liquid phase
and as source term for the vapor phase. It was proposed that
the internal evaporation rate can be related to the difference
of equilibrium vapor pressure and the vapor pressure at par-
ticular time inside the pore spaces.27_3°

The reaction engineering approach (REA) was first sug-
gested by Chen (the second author) in 1996 and has been
implemented to model several challenging drying systems.>'~
3 The REA was shown to be accurate and robust to model
convective drying of thin layer or small food materials.®' ¢
The REA was also accurate in modeling drying of nonfood
materials including the one with infrared—heating.37 Applica-
tion of the REA on the cyclic drying of polymer drying was
shown to be successful.®® Application of the REA has also
been extended not only on the thin layer or small food mate-
rials but also on the thick sample materials. The combination
of the REA and the approximation of the temperature distri-
bution inside the sample can describe both moisture content
and temperature profiles accurately for thick samples.”’43
Recently, the REA has been applied to model the cyclic dry-
ing under time-varying humidity and temperature, the heat
treatment of wood under time-varying gas temperature as
well as the baking of thin cake. The results of the modeling
matched well with the experimental data. This indicates that
the REA is indeed flexible to model the more challenging
drying systems.‘“)_43

Although the nonequilibrium multiphase drying model is
suggested as mentioned previously, to the best of our knowl-
edge, there has been no nonequilibrium multiphase drying
model implemented apart from the work of Kar and
Chen,*** which implemented the spatial-REA (S-REA)
while neglecting liquid diffusion to model the convective
drying of very thin porcine skin (as a model for transdermal

56 DOI 10.1002/aic

Published on behalf of the AIChE

|

[ BT |
4 3 s

)

Figure 1. Drying equipment of convective drying of
mango tissues.*®
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drug delivery as influenced by moisture transfer) to demon-
strate the “bottom line” of the model. The exercise there***’
was to see if the liquid diffusion is crucial factor in gaining
physically sound profiles. It has been turned out that it pre-
dicted a concave water content that is not reasonable. There-
fore, it has naturally progressed to this work which is much
more complete. Here, the REA is combined with the stand-
ard mechanistic drying model to yield the nonequilibrium
multiphase drying model called S-REA, which is the first
model applied for nonequilibrium multiphase drying. The
liquid diffusion is also incorporated based on the analysis
given by Kar and Chen.** The S-REA is expected to
describe the spatial moisture content, water vapor concentra-
tion and temperature during drying accurately and a better
understanding of transport phenomena of drying process can
be gained.

The study is aimed to implement a comprehensive REA
approach, that is, the S-REA to model the convective drying
of food materials. In this article, the S-REA is applied to
model the convective drying of potato tissues, where appropri-
ate experimental data are available. The applicability of the
REA as the local evaporation rate as well as the accuracy and
robustness of the S-REA as a candidate for nonequilibrium
multiphase drying model has been investigated in this study.
The outline of the article is: first, the REA is introduced to
explain briefly the fundamentals of the REA followed by the
explanation of the S-REA. Subsequently, the S-REA is
applied to model convective drying of potato tissues, the
results of the modeling and their comparison against available
experimental data are presented then the relevant discussions
on the applicability of the S-REA are provided.

Experimental Details
Convective drying of mango tissues

The experimental data of drying of mango tissues are
derived from the previous study.15 For better understanding
of the predictions, the necessary experimental details are
summarized and reviewed in this section. The experimental
setup is shown in Figure 1. The samples of mango tissues
were made cubes with initial side-length of 2.5 cm, while
the initial moisture content and temperature were 9.3 kg
kg’l and 10.8°C, respectively. The laboratory drier was
described in Sanjuan et al.** During drying, the weight
change of the sample and the center temperature history
were recorded. The drying air temperature and air velocity
were controlled at preset values by proportional integral de-
rivative (PID) control algorithms, whereas air humidity was
maintained constant during drying. The experimental setting
for convective drying is shown in Table 1. The density,
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Table 1. Experimental Conditions of Convective Drying of
Mango Tissues'®

Air Air Humidity
Air Velocity Temperature (kg H,O kg
Number (ms™H “C) dry air )
1 4 45 0.0134
2 4 55 0.0134
3 4 65 0.0134

thermal conductivity, heat capacity, equilibrium moisture
content, and shrinkage of the samples are presented in previ-
ous publication.*?

Convective drying of potato tissues

The experimental data on drying of potato tissues used
were taken from the previous work.*” Their experimental
details are also reviewed here for better understanding of the
modeling approach.*’™* The cylindrical samples of Russet
potatoes with diameters of 1.4 and 2.8 cm were obtained
using cylindrical cutters. The samples were sealed at top and
bottom ends with epoxy to establish approximately a one-
dimensional (1-D) (radial direction) moisture transfer. The
experiments were conducted in a laboratory convective dryer
with the drying air temperature of 70°C and axial velocity of
1.5 m s~ '. The experimental setup is shown in Figure 2.*®
The fan at the bottom of the sample draws air downward
and this reduces the turbulence effect near the sample as the
air moves downward.*’ The position of thermocouples inside
the samples is shown in Figure 3. The samples with the di-
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Figure 2. Experimental setup of convective drying of
potato tissues.*®
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Figure 3. Core and cortex of potato tissues with diam-
eter of 2.8 cm.*’

ameter of 1.4 cm were cut into two concentric parts for mea-
surement of moisture content distribution, that is, core and
cortex (the core is a cylinder with the radius of 0.35 cm
derived from the inner part of the potato tissues, whereas the
cortex is a concentric shell derived from the outer part of
the potato tissues). For the samples with the diameter of 2.8
cm, the samples were cut into four concentric parts, that is,
core, cortex 1, cortex 2, and cortex 3. Similar to the samples
with the diameter of 1.4 cm, the core is a cylinder with the
radius of 0.35 cm derived from the innermost part of the
potato tissues. The procedures were repeated for a number
of intervals.*” The physical properties of potato tissues are
shown in Appendix A.

Brief Review of the Reaction Engineering
Approach

The general REA is an application of chemical reaction
engineering principles to model drying kinetics which was
first reported in 1997315 A summary of the developments
of the REA, in particular, the lumped approach of REA, was
given by Chen.”

In general, with no assumption, the drying rate of a mate-
rial can be expressed as

dXx
s T = _hmA vs — Py 1
m dt (p s P ,b) ( )

Equation 1 is a basic mass-transfer equation. The convec-
tive mass-transfer coefficient (4,,) is determined based on
the established Sherwood number correlations for the geome-
try and flow condition of concern or established experimen-
tally for the specific drying conditions involved. The surface
vapor concentration (p,s) is then scaled against saturated
vapor concentration (py sor) using the following (equation31’50

Ey
pvﬁs = exXp <R—Tg) pvﬁsat (Tﬂ) (2)

where AE, represents the additional difficulty to remove
moisture from the material beyond the free water effect. This
AE, is the moisture content (X) dependent. T is the surface
temperature of the material being dried (K) and p, 55 for water
vapor can be estimated by
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Pyt = 4.844 x 107°(T — 273)* — 1.4807 x 1077(T, — 273)
+2.6572 x 107 (T, — 273)> — 4.8613 x 1073 (T, — 273)
+8342x 107 (3)

Based on the data summarized by Keey,”' where T is the
sample surface temperature (K) used in eq. 2. When material
is “thermally” thin, the surface temperature is considered to
be the same as the sample temperature.Sz’53 The mass bal-
ance (eq. 1) is then expressed as

dX —AE,
mg E = _hmA exp(R—TS)pv,sat(TS) ~ Pvp (4)

From eq. 4, it can be observed that the REA is expressed in
the first-order ordinary differential equation with respect to time
and the model is the core of the lumped-REA (L-REA). The
L-REA does not assume uniform moisture content, but it evalu-
ates average moisture content of the samples during drying.

The activation energy (AE,) is determined experimentally by
placing the parameters required for eq. 4 in its rearranged form

ms %ﬁ + Py

AE, = —RT,In [ 5)

Py sat

where dX/dt is experimentally determined. Besides the average
moisture content, the surface area, temperature, and mass-
transfer coefficient need to be measured or known. The
dependence of activation energy on average moisture content
on a dry basis (X) can be normalized as

AE,
AE, ,

=f(X —Xp) (6)

where fis a function of water content difference, AE, j, is the
“equilibrium™ activation energy representing the maximum
AE, determined by the relative humidity and temperature of
the drying air

AE,, = —RTy, In(RH,) 7)

RH,y, is the relative humidity of drying air and T}, is the
drying air temperature (K).

To generate the relative activation energy (AE./AE,)
shown by eq. 6, the activation energy (AE,) can be evaluated
by eq. 5 from one accurate drying experiment. So far, the
experiments conducted to generate the relationship (eq. 6) gen-
erally used fairly dry air so the relationship covers a complete
range of water content difference (X — Xy), while X, in the
experiments for generating REA parameters is set to be very
small value. Because eq. 6 is intended to describe the water re-
moval that is restricted by solid matrix as well as to reflect the
transition from the free water regime to the restricted regime,
the experiment(s) that need to be performed for the REA must
be covering the range toward equilibrium water content.

The activation energy is divided by the equilibrium activa-
tion energy (AE, ;) indicated by eq. 7 to yield the relative
activation energy during drying. For similar drying condition
and initial water content, it is possible to obtain the neces-
sary REA parameters (apart from the equilibrium isotherm),
expressed in the relative activation energy (AE,/AE,;) as
indicated in eq. 6 in one accurate drying experiment. The
relative activation energy (AE,/AE, ;) generated can then be
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used to project to other drying conditions provided the mate-
rial has the same initial moisture content.>>~"

The Spatial Reaction Engineering Approach for
Modeling Convective Drying of Mango Tissues

In this section, we describe the adaptation of L-REA to
spatially distributed cases, that is, S-REA. Here, the experi-
ments reported by Vaquiro et al.'> which have been used to
help establishing the REA, the samples were dried from
three directions (x, y, and z directions), so 3-D modeling of
the S-REA for convective and intermittent drying of mango
tissues needs to be setup which is presented below.

The mass balance of water in the liquid phase (liquid
water) is written as>*?7-?°

ACX) 0 (Dw a(g;x)) L0 (DW a(g;X))

ot Ox

dy

9, 9CX). .
+ o DS - (8)

while the mass balance of water in the vapor phase (water
vapor) is expressed as>**7"*

aC, 0 (. 9CN\ 0 [ 8CN\ 0 (. C\
az_ax(DVax>+ay(DVay>+az<D"az>“
)

where X is the concentration of liquid water (kg H,O kg dry
solids ") and Cj is the solids concentration (kg dry solids m )
which can change if the structure is shrinking, [ is the
evaporation or condensation rate (kg H,O m > s~ ') and ] is
>0 when evaporation occurs locally.

The heat balance is represented by the following equa-
tion2427:29

ar & [ or\ o[ T\ o[ T\ .
9L _ 0 (RN L 9 (RO L O (k91N _jam,
P05 = ox (k ax) o (k 8y> t o <k az) !

(10)

where T is the sample temperature (K).
The initial and boundary conditions for eqs. 810 are

t=0,X=Xy,Cy, =Cy,, T =Ty

uniform initial concentrations and temperature) (11)

(initial condition,

ax dc, dr
—0.y=027=0 2= =0 —
'x 7y 7Z 7dx 7dx 7dx

(symmetry boundary) (12)

=0

dX Cys
x=Ly=Lz=L, —CSDWE = Nméw (T — pv7b)

(convective boundary for liquid water transfer)  (13)

dc, Cy .
-D, I hmey (TS - pv_b> (convective boundary for
™ :

water vapor transfer) (14)

(convective boundary for heat transfer)

5)

dTr
k—=h(T,—T
dx (T )

where &, and ¢, are fraction of surface area covered by liquid
water and water vapor, respectively. Procedures to evaluate ¢,
and ¢, are shown in Appendix B.
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The sample dried was cube shape dried uniformly from all
directions (x, y, and z directions)15 “+7 5o the mass balance of
water in liquid phase can be simplified into>*3

ACX) _ 40 <DW 8(CSX)> _;

o " ox ax

16)

while the mass balance of water in vapor phase can be
expressed as

aCy 3 0 aCy

ot &( Y O

Y1 (17)

In addition, the heat balance can be represented as

ar o ( or .
pCp573a(k§> — [ AH, (18)

[ is the local drying rate within the solid structure described
45

44
as

1 = hminAin(Cv,s - Cv) (19)

where hy, i, is the internal mass-transfer coefficient (m s’l),
Aj, is the total internal surface area available for phase change
(m?), C, s 1s the internal-solid-surface water vapor concentra-
tion (kg m ), and C, sat 1s the internal-saturated water vapor
concentration (kg m73).

By implementing the REA, internal-surface water vapor
concentration can be written as***°

—AE,
Cv,s - eXP(W)CV,saI (20)

Therefore, the local rate can be expressed as*®

. —AE
1= hminAin (CXP (TTV) Cv,sat - Cv) 21)

The relative activation energy of convective drying of
mango tissues is generated from one accurate drying run of
convective drying of mango tissues under constant environ-
ment conditions with the drying air temperature of 55°C."
The activation energy during drying is evaluated using eq. 5
and divided with the equilibrium activation energy repre-
sented in eq. 7 to yield the relative activation energy as
mentioned in eq. 6. The relationship between the relative
activation energy and average moisture content can be repre-
sented by simple mathematical equation obtained by least-
square method using Microsoft Excel®.>® The relative activa-
tion energy can be represented as

AE,
AE,

=992 x 107*(X — Xp)* +9.74 x 1073(X — X;)?

—0.101(X — Xp) + 1.053  (22)

The good agreement between the fitted and experimental
relative activation energy is shown by R* of 0.999. Although
the above equation involves X}, as mentioned earlier, all suc-
cessful applications of REA so far suggested that the experi-
ments carried out should dry the materials to X, of very
small value to allow the correlations such as eq. 22 to cover
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the widest range of water content of practical interest. If X,
is close to initial water content, the activation energy calcu-
lated from the laboratory data can be misleading.

The relative activation energy correlated with eq. 22 has
been implemented to model the convective and intermittent
drying of mango tissues using the lumped reaction engineer-
ing approach (L-REA) and the results of modeling already
matched well with the experimental data.”*** For modeling
using the S-REA here, the relative activation energy shown
in eq. 22 is used but the average moisture content X in eq.
22 is substituted by the local moisture content (X), as the
REA is used to represent the local evaporation rate instead
of the overall drying rate of the whole sample. In addition, it
is emphasized that for the S-REA, the equilibrium relative
activation energy (AE, ;) is evaluated at corresponding hu-
midity and temperature inside the pores of the samples under
equilibrium condition.

The effective vapor diffusivity is deduced from®’

D,=D,° 23)
T

while D,, is the water vapor diffusivity (m* s'), which is
dependent on temperature, which can be expressed as>®

Dy, =2.09 x 107° +2.137 x 1077(T — 273.15)  (24)

The tortuosity (t) of the samples is generally related to
the porosity. The relationship can be represented as”%°

t=¢" (25)

where 7 is the value between 0 and 0.5.°2°C There is no
noticeable effect of various values of n on the profiles of liquid
water concentration, water vapor concentration and tempera-
ture as witnessed in many numerical tests performed in this
study and n = 0.5 is chosen in this study.

Cs is the solid concentration which can be expressed
py20:43:44

1—¢
Co=1—x (26)

P pw

while ¢ is the porosity, dependent on shrinkage and local
moisture content. This can be determined according to®!

Ps Y
Vo va—i—l
=121 —g) | Ler 27
‘ y 80)<1+—/‘)"X0 @7

hmin shown in eq. 19 is associated with the pore surfaces
(porous media) or surfaces of the particles (packed beds) and
internal to the sample being dried. Initially, the moisture is
present in the void spaces of pores and within the pores. As
drying proceeds, the moisture may migrate within the pores
(on the pore surfaces) by liquid (surface) diffusion and from
the surfaces of the pores through evaporation. Even at low
water content, “surface” diffusion of liquid could occur along
the pore surface accessible to air.°” The internal mass-transfer
coefficient shown in eq. 19 incorporates the restriction factor,
as it may be affected by the pore structure and pore network
inside the samples. This makes the value of 4, ;, grow from
small value to the value of ~D,/r,, (when constriction factor =
1).264849 [y this study, /i iy of 0.01 m s~ ! is chosen as it is in
the order of D,/r, (hence deterministic) and application of
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hmin higher than this does not yield any noticeable difference
in the profiles of moisture content and temperature.‘m"‘5 The
internal surface area (A;,) is evaluated according to the
procedures outlined®***> based on the area of single cells
inside the samples or particles and number of cells per unit
volume inside the samples explained in Appendix C. The
effective diffusivity of mango tissues presented by Vaquiro
et al.'” is expressed as

3 —1.885x1072
Deff —=2.933 x 1073 exp |:_ 38.924 x 10 (XX > :|

8.314T +1
(28)

Equation 28 can be used as an approximation to determine
the liquid water diffusivity of mango tissues, but a little
adjustment of the constant is needed to match the prediction
with the experimental data of moisture content and tempera-
ture. The liquid water diffusivity used in this study can be
expressed as

31.924 x 103 / x \ -885x107
Dw =2.933 1073 —
g P [ 8.314T (X + 1)

(29)

To yield the spatial profiles of moisture content, water
vapor concentration and temperature of the convective of
mango tissues, the mass and heat balances shown in eqs.
16-18 in conjunction with the initial and boundary condi-
tions represented in eqs. 11-15, and the relative activation
energy shown by eq. 22 are solved by method of lines. 536
By this method, the partial differential equations are trans-
formed into a set of ordinary differential equations with
respect to time by first discretizing the spatial derivatives.
The ordinary differential equations are then solved simulta-
neously by ode23s in Matlab®.%® The spatial derivative here
is discretized into 10 increments; application of 200 incre-
ments has been conducted and there is no real difference in
the profiles observed as shown in Figure 4. The shrinkage43
is incorporated in the modeling by moving mesh in which
the number of intervals is kept constant but the intervals of
each increment are allowed to change according to the
shrinkage relationship. Moving mesh was found to give bet-
ter agreement toward experimental data than fixed coordinate
(immobilizing boundary).'*

The average moisture content of mango tissues during
convective drying is evaluated by

L(t)
J X(x)dx

v_ 0
X = 0 (30)

[ dx

0

The profiles of average moisture content and center tem-
perature are then validated against the experimental data of
Vaquiro et al.'?

The spatial reaction engineering approach for modeling
convective drying of potato tissues

In the experiments reported by Srikiatden and Roberts*’
which are the subject of interest, the samples were covered
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Figure 4. Moisture content profiles of convective dry-
ing of mango tissues at drying air tempera-
ture of 45°C solved with method of lines with
10 and 200 spatial increments.

at both top and bottom end to promote the 1-D drying condi-
tion with respect to radial direction,”’” so 1-D modeling (at
radial direction) of the S-REA of the convective drying of
cylindrical potato tissues is possible and can be represented
by a set of equations of conservation below.

The mass balance of liquid water can be represented
ag2427:29

ACX) 12( Wra(CSX)> _j 31)

o ror or

where X is the concentration of liquid water (kg H,O kg dry
solids™) and C; is the solids concentration (kg dry solids
m73), [ is the evaporation or wetting rate (kg H,O m~> s7h
and [ is >0 when evaporation occurs locally.

The mass balance of water vapor can be expressed
5242729

ac, 19 (_ 9C)\
o ror (Dv’ W) i ¢2)

where C, is the concentration of water vapor (kg H,O m > ).
In addition the heat balance can be written as”**”*

p "ot ror

or 10 oT
or

kr—) — I AH, (33)

where T is the sample temperature (K).
The initial and boundary conditions of eqs. 31-33 are

t=0,X=X,C,=Cy,T=T,
initial concentrations and temperature)  (34)

(initial condition, uniform

dX dcC, dT

r=0, 7= O’W = 075 =0 (symmetry condition)
(35)
ax C, .
r=R,—CDy o= Mty (—S - pv_b) (convective
r e

boundary for liquid water transfer) (36)
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dcC, Cys .
- D, e hméy (T — Py b) (convective boundary for
= :

water vapor transfer)  (37)

T
v ery -

p (convective boundary for heat transfer)
»

(38)

Similar to the convective drying of mango tissues, the
local evaporation rate (/) and internal-solid-surface water
vapor concentration are evaluated using eqs. 19-21. The rel-
ative activation energy of convective drying of potato tissues
is generated from one accurate drying run of convective dry-
ing of potato tissues with the diameter of 1.4 cm at drying
air temperature of 70°C.*7 The activation energy during dry-
ing was evaluated using eq. 5 based on the experimental
data of moisture content and surface temperature during dry-
ing.*’ It is then divided with the equilibrium activation
energy represented in eq. 7 to yield the relative activation
energy as mentioned in eq. 6. The relationship between the
relative activation energy and average moisture content can
be represented by simple mathematical equation obtained by
least-square method using Microsoft Excel®.’® The relative
activation energy can be represented as

AE, _
— exp[—0.364(X — X,)"¥7%) (39)
AE, )

For modeling using the S-REA, the average moisture con-
tent X in eq. 40 is substituted by the local moisture content
(X) as the REA is then able represent the local evaporation
or condensation rate here instead of the global drying rate.
Similar to modeling for mango tissues, it is emphasized that
for the S-REA, the equilibrium relative activation energy
(AE,y) is evaluated at corresponding humidity and tempera-
ture inside the pores under equilibrium condition.

Srikiatden and Roberts*’ reported the effective liquid dif-
fusivity as

25.77 x 103

Desy = 1.0418 x 107% exp(— 34T

) (41)

This was generated through isothermal drying experiments
carefully arranged so the temperature dependence is corre-
lated against the sample temperature. This is in contrast to
many papers published in the literature. The real liquid dif-
fusivity is, however, expected to be smaller than the effec-
tive diffusivity shown in eq. 41. This is due to that effective
diffusivity expressed in eq. 41 is used to represent the total-
ity of water transport (liquid diffusion, vapor diffusion, evap-
oration, and condensation). In this study, the sensitivity test
is used to establish the best estimate of the liquid diffusivity.
Equation 41 can still be used as the basis but is altered as

25.77 x 10°

Du=Duyexp(=—g337

) (42)

Here, the temperature dependence is preserved, which is a
reasonable proposition. D,,, is obtained by the numerical sensi-
tivity test to match the predicted with the experimental data of
moisture content and temperature. So far, no method has been
presented anywhere in the literatures to measure the “pure lig-
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Figure 5. Moisture content profiles of convective dry-
ing of potato tissues with diameter of 1.4 cm
solved with method of lines with 10 and 200
spatial increments.

uid diffusivity” as such. In contrast, the vapor diffusivity in a
structure can be made more definitive. The effective vapor dif-
fusivity, tortuosity, solid concentration, and porosity are
deduced from the procedure outlined above similar to that of
the convective drying of the mango tissues. The same calcula-
tion procedures are used as that for the case of convective dry-
ing of mango tissues mentioned earlier. The spatial derivative
is discretized into 10 increments; application of 200 increments
has been conducted and there is no real differences in the pro-
files as indicated in Figure 5.

The average moisture content in the core of potato tissues
(Xcore) 1s evaluated by

Reore
J X(r)rdr

Xecore = ORT (43)

[ rdr
0

The average moisture content in corteX (Xomex) 1S eval-
uated by

Rsample _out

| X(r)rdr
Reortexin
Xeortexy = —————— (44)

RCOT[CX —out
rdr

Reortex _in

The results of modeling average moisture content in core
and cortex (hence, the spatial distribution) are validated
against the experimental data of Srikiatden and Roberts.*’

Results and Discussion
Convective drying of mango tissues

The S-REA is used to model the convective drying of
mango tissues at drying air temperature of 45, 55, and 65°C.
The original formulation of the L-REA is implemented in
the partial differential equation set for transport in porous
media, to represent the local drying or condensation rate.
Thus, it is coupled with the system of equations of conserva-
tion to describe the spatial profiles of moisture content,
water vapor concentration, and temperature. It is noted that
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Figure 6. Average moisture content profiles of mango
tissues during convective drying at different
drying air temperatures.

if locally there is no vacant pore space which is connected
with other pores or channels, the internal mass-transfer area
should be considered to be zero; hence, the REA term is
zero if the pores or channels are fully hydrated. In this study,
the internal mass-transfer coefficient [hy,;, (see eq. 19)] is
chosen to 0.01 m s~' as the sensitivity analysis indicates
that /i, is likely to be higher than 0.01 m s~! but any
higher than this does not give any noticeable difference in
the profiles of moisture content and temperature predicted.
More importantly, the value of 0.01 m s~ ' is also in the
order of D,/rp,,*** thus, it is a fundamental value.

The good agreement between the predicted and experi-
mental data of the average moisture content and the center
temperature are shown in Figures 6 and 7. It is also sup-
ported by R? of moisture content higher than 0.996 and R*
of temperature higher than 0.985 as listed in Table 2. The
results of the S-REA modeling match well with the experi-
mental data. Benchmarks against diffusion-based model'’
indicate that the S-REA yields comparable or even better
agreement toward the experimental data.

Figure 8 shows the spatial profiles of moisture content of
convective drying of mango tissues at drying air temperature
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Figure 7. Center temperature profiles of mango tissues

during convective drying at different drying
air temperatures.
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Table 2. R* and RMSE of Convective Drying of Mango

Tissues
Drying Air
Temperature (°C) R* for X RMSE for X R?for T RMSE for T
45 0.998 0.103 0.998 0.285
55 0.999 0.079 0.985 1.004
65 0.996 0.150 0.994 0.842

of 45°C. The moisture content at the outer part of the sam-
ples is lower than that at the inner part which indicates the
effect of moisture removal. Initially, the gradient of moisture
content inside the samples is relatively high but this
decreases as the drying progresses. At the end of drying, no
noticeable gradient of moisture content is observed which
indicates the equilibrium moisture content is nearly
approached. If no liquid diffusion mechanism is used, the S-
REA model would not be able to project this kind of liquid
water proﬁles.“’45

The S-REA can generate the spatial profiles of water
vapor concentration. The spatial profiles of water vapor con-
centration of convective drying of mango tissues at drying
air temperature of 45°C are shown in Figure 9. The profiles
of water vapor concentration are significantly affected by the
local composition and structure of the samples being dried.
Along drying, the concentration of water vapor achieves
maximum at particular position inside the samples. This
could be because at the core of samples, the moisture con-
tent is higher than that of the outer part which makes the po-
rosity of the core of samples smaller than that of the outer
part. The lower porosity retards the evaporation rate at the
sample core. At the outer part of the samples, the water
extraction rate may be enhanced because of higher porosity
but this seems to be balanced by high-diffusive water vapor
transfer, as a result of higher porosity and higher temperature
at the outer part of the samples. The S-REA seems to cap-
ture this physics well and can model the profiles of water
vapor concentration well qualitatively.

The spatial profiles of temperature are presented in Figure
10. The temperature of the outer part of the samples is
higher than that of the inner part because the samples
receive heat by convection from the drying air and it is used
for vaporization and if any “left” as such, it would further
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Figure 8. Spatial moisture content profiles of mango
tissues during convective drying at drying air
temperatures of 45°C.
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Figure 9. Spatial water vapor concentration profiles of
mango tissues during convective drying at
drying air temperatures of 45°C.

water vapor concentration (kg!rr?)

penetrate inward by conduction. However, the gradient of
temperature inside the samples is not large which may indi-
cate that the temperature inside the samples is essentially
uniform. This is in agreement with the prediction of Chen—
Biot number (Ch_Bi),‘B’52 which remains low (less than 0.3)
during drying reported previously.*?

Figure 11 indicates the local evaporation rate inside mango
tissues during convective drying at drying air temperature of
55°C. As drying proceeds, the evaporation rate at the inner
part is smaller than that of the outer part which could be due
to high moisture content at the inner part of the sample. This
means a lower porosity there that retards the evaporation rate.
The observation is also in agreement with the intuitive expla-
nation of profiles of water vapor concentration during drying
by Chen.®® As drying progresses, the evaporation rate
increases as the temperature increases. However, the increase
is observed up to drying time around 15,000 s. After this pe-
riod, the evaporation rate decreases as the moisture content
inside the samples is depleted. At the end of drying, essen-
tially there is no much difference in evaporation rate inside
the samples because the moisture content has nearly achieved
equilibrium, under the drying conditions.

Therefore, it can be said that the S-REA approach models
the convective drying of mango tissues well, and the original
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Figure 10. Spatial temperature profiles of mango tis-
sues during convective drying at drying air
temperatures of 45°C.
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Figure 11. Profiles of evaporation rate inside mango
tissues during convective drying at drying
air temperature of 55°C.

REA is a simple alternative approach to represent the local
evaporation and condensation rate. In addition, the S-REA
has been easily operated to yield the profiles of water vapor
concentration, local evaporation rate, and local heat evapora-
tion rate inside the mango tissues during drying.

Convective drying of potato tissues

As mentioned earlier, the S-REA has also been imple-
mented to model the convective drying of potato tissues.
The relative activation energy is generated from one accurate
drying run which is the convective drying at air temperature
of 70°C. It is represented in eq. 39. Similar to the convective
drying of mango tissues, the internal mass-transfer coeffi-
cient [hy,;, (on eq. 19)] is chosen to be 0.01 m s~ ! as the
sensitivity analysis indicates that A, ;, of higher than 0.01 m
s~! does not give any noticeable differences in the profiles
of moisture content and temperature. Nicely, this is also in
the order of D,/r, as suggested by Kar and Chen;*** hence,
hmin 18 a fundamental value. However, D,,, (on eq. 42) is
determined by sensitivity analysis and it is found that D,,, of
6.5 x 10°° m? s~ gives the best agreement against the ex-
perimental data. It is emphasized that the temperature de-
pendence function for the liquid diffusivity in this case was
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Figure 12. Moisture content profiles in core and cortex
during convective drying of potato tissues
with diameter of 1.4 cm
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Figure 13. Moisture content profiles in core and cortex
during convective drying of potato tissues
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obtained in isothermal drying experiments specially designed
by Srikiatden and Roberts,*® in contrast to many studies pub-
lished in literatures that the diffusivity in the material is
related to drying air temperature instead.”*

Results of modeling of convective drying of potato tissues
are shown in Figures 12—-14. Figure 12 shows the profiles of
moisture content of each part of potato cylindrical tissues
with the diameter of 1.4 cm during the convective drying. It
can be shown that the results of modeling match well with
the experimental data with correlation coefficient R? of 0.98.
Benchmarks against modeling implemented by Srikiatden
and Roberts*” with the liquid diffusivity concept indicate
that the S-REA yields comparable results.
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Figure 14. Core temperature profiles during convective
drying of potato tissues with diameter of
1.4 cm.
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during convective drying of potato tissues
with diameter of 1.4 cm predicted using
S-REA and L-REA.

In addition, the profiles of moisture content of each part
of samples with the diameter of 2.8 cm are shown in Figure
13. Again, a good agreement toward the experimental data is
observed (R2 of 0.992). Indeed, the S-REA describes the
moisture content profiles accurately during convective drying
of potato tissues the diameter of 2.8 cm. Benchmarks toward
modeling implemented by Srikiatden and Roberts*” indicate
that the REA yields comparable or even better results. It can
be said that the S-REA can be used to model the profiles of
moisture content very well.

Figure 14 indicates the core temperature during convective
drying of potato tissues with the diameter of 1.4 cm. The
predictions of temperature using the S-REA match well with
the experimental data with R* of 0.99. Benchmarks against
modeling implemented by Srikiatden and Roberts*” indicate
that the S-REA yields comparable results. Overall, S-REA
seems to be a sound approach to model the details of spatial
distributions of temperature, liquid water, and water vapor
concentration in the material being dried.

Figure 15 shows the comparisons of the core temperature
during drying of potato tissues with the diameter of 1.4 cm
predicted by the S-REA and L-REA. By the combination
with the approximation of temperature distribution inside the
samples,”® the L-REA predicts the core temperature reason-
ably well. The L-REA results in a slight overestimation of
core temperature at the beginning of drying. The S-REA
models the core temperature very well; the slight overesti-
mation at the beginning of drying is not observed by the
S-REA. Nevertheless, the distinct advantage of the S-REA
over the L-REA is the local moisture content, concentration
of water vapor, and temperature that can be predicted,
thus, it gives better understanding of transport phenomena of
drying.

Conclusions

In this article, the S-REA is used as nonequilibrium multi-
phase mass-transfer model to describe drying of food and bi-
ological materials. The basic, original REA formulation is
used to describe the local evaporation and condensation rate.
This is then incorporated with the standard mechanistic
energy and mass-transfer equation sets to model the convec-
tive drying. The relative activation energy as the fingerprint
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of drying of one particular material, which is implemented
in the L-REA, is generated from one accurate drying run of
a sample of the same material. The predictability of the
REA model lies on the fact that the parameters obtained
from one condition may be used to project other different
conditions. Solving a set of differential equations of conser-
vation yields the spatial profiles of moisture content, water
vapor concentration, and temperature. The local rate of evap-
oration/condensation is also linked to the local exposed pore/
liquid surface which is a local structural parameter. As such,
the microstructural aspect may also be incorporated in near
future. In any case, the results of modeling using the S-REA
in this study match well with the experimental data. The S-
REA also yields the profiles of water vapor concentration
and evaporation/condensation rate during drying, which
gives better understanding of transport phenomena of drying.
Based on this study, it is revealed that the S-REA can model
the convective drying of food and biological materials very
well. The S-REA can be made as an accurate model of the
nonequilibrium multiphase transport during drying. A signifi-
cant contribution of the development of REA for describing
the transport phenomena of drying processes has thus been
made here.
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Notation

A = surface area of samples, m?>
= internal surface area, m”
= initial surface area of samples, m?>
= cell surface area, m?>
= specific heat of sample, J kg K '
Cpmix = specific heat of mixture, J kg~' K™
specific heat of solids, J kg ' K!
Cpw = specific heat of water, J kg ' K!
C, = solid concentration, kg m°
C, = water vapor concentration, kg m™~
C, s = internal-surface vapor concentration, kg m?
C, sa = internal-saturated vapor concentration, kg m
D, = effective water vapor diffusivity, m s 2
D, , = water vapor diffusivity, m s~
D,, = capillary diffusivity, m s >
h = heat-transfer coefficient, W m 2K
hy = mass-transfer coefficient, m s~
N in = internal mass-transfer coefficient, m s—
I = local evaporation rate, kg m 2 s '
k = thermal conductivity of sample, W m~' K~!
my, = dry mass of cell, kg
mg = dried mass sample of material, kg
my, = mass of liquid water, kg
m, = mass of water vapor, kg
n = constant
N = number of cell in samples
n, = number of cell per unit volume, m?
r = radial position, m
RH,, = relative humidity of drying air
= cell radius, m
= sample temperature, K
= surface sample temperature, K
= time, s
= drying air temperature, K
= volume of sample, m>
= cell volume, m"
= mass fraction of water
= moisture content on dry basis, kg kg~
= average moisture content on dry basis, kg kg '
= equilibrium moisture content on dry basis, kg kg™
= initial moisture content, kg kg '
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AE, = apparent activation energy, J mol ™'
AE,;, = “equilibrium” activation energy, J mol !
AH, = vaporization heat of water, J kg~

pvp = vapor concentration in drying medium, kg m™

& = porosity
&y = fraction by liquid water
&, = fraction by water vapor
&, = initial porosity

©® = constriction factor

p = sample density, kg m™
ps = density of solids, kg m~*

3

3

. -3
pv.s = surface vapor concentration, kg m

Pv.sar = saturated vapor concentration, kg m™

3

pw = density of water, kg m >
T = tortuosity
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