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Abstract
A reliable mathematical model is useful for predicting the internal profiles inside the materials
during drying.In this study, for the first time, the spatial reaction engineering approach (S-
REA) is used to model the local profiles of food materials during drying. The REA is applied
as the local rate of phase change and combined with a set of equations of conservation of heat
and mass transfer to yield the spatial temperature and concentration profiles during drying. The
S-REA predictions are benchmarked against the Magnetic Resonance Imaging (MRI) data. The
study indicates that the S-REA is applicable to model the internal profiles inside food materials
during drying. The S-REA predictions also show closer agreement towards the experimental
data than the effective diffusion model. While the S-REA predictions are accurate, it requires
minimum number of experiments to generate the drying parameters. The S-REA has
contributed to better analysis of transport phenomena inside food materials during drying
through generation of local profiles. The S-REA predictions are useful to interpret the sensory

and quality matters during drying such as hardness and crispiness.

Key words: drying, internal profiles, model, heat and mass transfer, spatial reaction

engineering approach
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Drying is commonly employed in food and bioproduct processing to remove moisture
to extend the shelf life and to minimise transportation costs (Chou et al., 2000). It is an energy
intensive process since large amount of heat needs to be supplied for vaporising water. Drying
may also alter the product structure, impacting on the quality. For fruits and vegetables, drying
may lead to non-enzymatic browning, loss of ascorbic acid, loss of beta carotene content, color

changes and many other chemical changes (Pan et al., 1999; Cnossen et al., 2002).

Tailoring drying schemes and conditions are feasible to ensure good product quality is
met. The internal profiles of moisture content and temperature along with the microstructures
are essential information. This understanding is useful to systematically fine-tune the drying
schemes. The ability to manage average moisture content and average temperature seems not
sufficient these days. The antioxidant capacity, phenolic content, loss of vitamin C and color
changes during drying of fruits and vegetables can be related to the local moisture content and
the local temperature (Fan et al., 2017; Horuz et al., 2017). For rice, high temperature and
moisture content gradients may induce fissuring and breakage. Drying under time-varying
conditions has shown to minimise the fissuring since it allows the moisture and heat to
equilibrate inside the samples (Aqueretta et al., 2007; Dong et al., 2010). In baking, the
understanding of local variables assists in optimising crispness, softness and color changes due
to browning reactions, starch gelatinisation and protein denaturation (Hadiyanto et al., 2008).
Since evaporation/condensation occurs inside bread, the temperature gradients inside the

samples need to be studied (De Vries et al., 1989).

Reliable drying models can be used assist in predicting the internal profiles during
drying. For this purpose, the spatial drying models are useful. The diffusion-based models are

commonly implemented to describe drying with a wide range of accuracy is shown (Vaquiro
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et al., 2009; Brasiello et al., 2013; 2017). Most of the models use the effective diffusivity to
lump the capillary and water vapor diffusivity (Mariani et al., 2007; Vaquiro et al., 2009;
Brasiello et al., 2011; 2017). In addition, Luikov’s based models (Luikov, 1975) based on
classical thermodynamics are used to represent the spatial profiles. The models postulate that
the thermal and moisture potential gradient within a porous body cause the vapor and liquid
water transfer so that the flux of liquid water and water vapor is proportional to the thermal
gradient and moisture potential gradient. The two-way coupled system of Luikov’s approach
was implemented to model timber drying and a reasonable agreement towards the experimental
data is shown (Thomas et al., 1980; Kulasiri and Samarasinghe, 1986). Similarly, Whitaker’s
approach (Whitaker, 1977) can be implemented to generate the spatial profiles during drying.
Darcy’s law is usually used to describe the momentum transfer in liquid and gas phases while
the mass transfer considers capillary action as well as evaporation/condensation. This approach

has been used to model several drying process well (Hager et al., 2000; Torres et al., 2011).

The reaction engineering approach (REA) is basically a ‘middle-path’ approach to
model drying. The major physics of drying is captured by the relative activation energy of the
REA. The relative activation energy is essentially material characteristics which describe the
difficulty to remove moisture from materials being dried. At the beginning of drying, the
relative activation energy is zero and it keeps increasing as drying progresses. When the
equilibrium condition is achieved, the relative activation energy is one. The REA requires
minimum number of experiments to generate the relative activation energy since the one
generated from one accurate drying run is applicable to project drying the same materials at
other conditions provided the similar initial moisture content (Chen and Putranto, 2013). When
compared to characteristics drying rate curve (CDRC), the REA gives advantages in yielding

natural transition during drying since it does not depend on the critical moisture content (Baini
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and Langrish, 2007). Therefore, it is applicable to describe the heat and mass transfer processes
under time-varying conditions (Putranto et al, 2011%°). Benchmarks against diffusion-based
models also showed that the REA result in closer agreement towards experimental data

(Putranto and Chen, 20113),

The REA in its lumped format is further called as the lumped reaction engineering
approach (L-REA) and it has been combined with a set of equations of conservation of heat
and mass transfer to yield a spatial model labelled as the spatial reaction engineering approach
(S-REA) (Chen and Putranto, 2013). The S-REA is non-equilibrium multiphase model in
whichthe REA is used as the local evaporation/condensation rate. The use of non-equilibrium
multiphase model is suggested as it is more general and can be used to assess the applicability
of the equilibrium multiphase drying model (Zhang and Datta, 2004; Chen, 2007). It also yields
better understanding of transport phenomena during drying since the profiles of concentration
of water vapor can be established. In S-REA, the moisture content inside the solid matrix is not
assumed to be in equilibrium with the concentration of water vapor inside pore spaces. The S-
REA has been used so far to describe a number of heat and mass transfer processes including
convective drying, intermittent drying, baking and water vapor sorption (Putranto and Chen,
2015%°). In these studies, the S-REA is shown to be able to model well the average moisture

content.

However, it is not certain whether the S-REA can be used to model the internal profiles
inside food materials during drying. In this study, for the first time, the S-REA 1is applied to
model the local profiles during drying. The capability of the S-REA is tested by benchmarking
the S-REA predictions against a set of Magnetic Resonance Imaging (MRI) data. The eggplant

is chosen as a shrinkable vegetable that present reasonable challenges to model. The outline of
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this paper is as follows. The experimental details are reviewed briefly followed by the

mathematical modelling using S-REA. The reported results of modelling are then discussed.

2. Review of experimental details

The experimental data for validating the results of modelling are derived from previous
study (Brasiello et al., 2017). For better understanding of the modelling, the experimental
details are reviewed briefly here. The fresh eggplant is firstly stored in the fridge at 4 °C before
processing. The samples are then washed, cut longitudinally around the centre from left to right
and shaped using a steel mould to give an initial diameter of 2 cm. The samples are randomised
before processing to avoid unavoidable difference in material structure. The initial sample
moisture content is 12.75+ 0.96 kg water.kg dry solids' (Brasiello et al., 2017). Drying is
conducted in a forced convective dryer (Espec Corp SU221) at drying air temperature of 50 °C
and air velocity of 1.2 m.s™\. During drying, the weight loss is measured at particular timings
using gravimetric method and the moisture content is analysed using the AOAC standards
(Helrich, 1990). For the measurement of the internal moisture content distribution at different

timings, Magnetic Resonance Imaging (MRI) is implemented (Brasiello et al., 2017).

3. Mathematical modelling using the spatial reaction engineering approach (S-REA)
The spatial reaction engineering approach (S-REA) is used to model the convective

drying of eggplant in this study. The details of the reaction engineering approach (REA) have
been published previously (Chen and Putranto, 2013; Putranto and Chen, 2015°; 2016;
Putranto et al., 2017). The S-REA consists of a set of equations of conservation of heat and
mass transfer in which the REA is used to describe the local evaporation rate. In S-REA, the

moisture content inside the solid matrix is not assumed to be in equilibrium with the
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concentration of water vapor inside pore spaces. The REA serves as a source and depletion

term for equation of conservation of water vapour and liquid water, respectively.

The mass balance of liquid water can be represented as (Chen and Putranto, 2013; Putranto and

Chen, 2015%°):
6(CSX) zli(Dwr a(CA\-X))_j (1)
ot r or or

where ¢ is the time (s), 7 is the sample radius (m), X is the concentration of liquid water (kg

H>0 kg dry solids™), Dy is the capillary diffusivity (m? s™),Cs is the solids concentration (kg

dry solids m™), I is the local evaporation or condensation rate (kgm™s™') and Iis >0 when

evaporation occurs locally.

The mass balance of water vapor can be written as (Chen and Putranto, 2013; Putranto and

Chen, 2015%°):
oC 10 oC :
v 2 9y g 2
ot r 6r( o or ) @

where C, is the concentration of water vapor (kg H2O m™) and D, is the water vapor diffusivity

(m? s,

In addition the heat balance can be represented as (Chen and Putranto, 2013; Putranto and

Chen, 2015%°):
or 10 oT .
C —=——(~kkr—)-1AH 3
pp@t r@r(rar) ' ®)

where T'is the sample temperature (K). p is the sample density (kg m™), Cpis the sample specific
heat capacity (J kg! K''), AH, is the water vaporization enthalpy (J kg'!) and k is the sample

thermal conductivity (W m! K).
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The initial and boundary conditions of equations (1) to (3) are:

t=0, X=Xo, Cy=Cvo, T=T, (initial condition, uniform initial concentrations and temperature)

4

r=0,,d£:0,dcv _ o dl

,—=0 symmetrical condition 5
dr dr dr (sy . ©

r=R,

dX Cs . .
-C.D, = h,&,(—=—p,,) (convective boundary for liquid water transfer) (6)
r &

where e is the fraction of surface area covered by liquid water.

dc,

-D, P h,&,(—=—p,,) (convective boundary for water vapor transfer) (7)
r &

where ¢y 1s the fraction of surface area covered by water vapor.

k fl—T =n(T,-T) (convective boundary for heat transfer) (8)

r

I is the local drying or wetting rate within the solid structure described as (Putranto and Chen,

2015%°);

I=h, 4,(C,,~C) ©)

where /min is the internal mass transfer coefficient (m s™'), A is the total internal surface area
available for phase change (m*m™), C..s is the internal-solid-surface water vapor concentration

(kg m?).
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By implementing the REA, internal-surface water vapor concentration can be written as (Chen

and Putranto, 2013):

AE
C =e *\C 10
v = exp( 2T )C st (10)

where AE, is the activation energy (J mol! K!) and Cy.sas is the internal-saturated water vapour

concentration (kg m™)
Therefore, the local drying or wetting rate can be expressed as (Chen and Putranto, 2013):

A - AE
I=h A (ex ) —C (11
m;, in ( p( RT ) v,sat v ) )

The relative activation energy of convective drying of eggplant, as fingerprint of the
REA, is established from eggplant drying at drying air temperature of 60 °C (Adiletta et al,
2014). Only one temperature data set is used to generate the relate activation energy function.
Based on the experimental data set of drying at 60 °C, the activation energy is calculated.
Dividing the activation energy (4Ev) with the equilibrium activation energy (4Ev.») yields the
relative activation energy (4Ev/AEv»). The detailed equations to evaluate the activation energy
and equilibrium activation energy have been presented previously (Putranto and Chen, 2015%
). The relationship between the relative activation energy and average moisture content can be
represented by simplified mathematical equation obtained by least square method. The relative

activation energy (4E/AEy») of eggplant during convective drying can be represented as:

AE — — —
AEV =-7.69x10(X - X,)’ +232x107°(X - X, ) —2.48x107" (X - X,) +1(12)

v,b

The good agreement between the fitted and experimental relative activation energy is shown

by R? 0f 0.999 and plotted in Figure 1. The format of equation (12) can be varied to be the best
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fit but in this case, equation (12) is sufficient to describe the relative activation energy of

eggplant.

For modelling using S-REA, equation (12) is implemented to describe the ‘local’
relative activation energy by substituting the average moisture content (X ) with the local
moisture content (X). This is to say that the kinetics obtained for average parameters can also
be used as the local kinetics. Combining the ‘local’ relative activation energy with the
equilibrium activation energy results in the ‘local’ activation energy which represents the
‘local’ behavioural changes of eggplant as affected by the local variables and structures. The
‘local’ activation energy is then implemented to represent the local evaporation and
condensation rate shown in equation (11). The determination of transport properties used in the
modelling is presented in Appendix A while the calculation of internal surface area (A4in) is

shown in Appendix B.

In order to yield the spatial profiles of moisture content, concentration of water vapor
and temperature, equations (1) to (3) are solved simultaneously in conjunction with the initial
and boundary conditions (equations (4) to (8)) as well as the relative and equilibrium activation
energy. Matlab® is used to solve the equations simultaneously and the results of modelling are
validated towards the Magnetic Resonance Imaging (MRI) data of convective drying of

eggplant at drying air temperature of 50 °C.

4. Results and Discussion
Figure 2 indicates the average moisture content during drying modelled by the S-REA.

A very good agreement with the experimental data is resulted by the modelling. It is further

10
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confirmed by R of 0.999. When benchmarking against the diffusion-based model (Brasiello
et al., 2017), the S-REA results in closer agreement with experimental data. The diffusion-
based model gives R%of 0.92 (Brasiello et al., 2017). This indicates that the S-REA describes
accurately the average moisture content during drying. The applicability of the S-REA may be
because the relative activation energy is accurate to represent the structural changes inside the

eggplant samples during drying.

The distribution of moisture content inside the samples at drying time of 1800s is shown
in Figure 3. The S-REA predicts accurately the spatial profiles of moisture content at this initial
drying period. At the sample edge, the moisture content is lower than that at the core since the
moisture is transferred from the centre to the drying air via convection. This also indicates that
the moisture migrates outwards during drying. Although the modelling implemented by
Brasiello et al. (2017) represents the parabolic profiles, the other model seems to overestimate

the drying rate.

For drying time of 3600 s, the spatial profiles of moisture content inside the eggplant
samples are represented in Figure 4. Similar to Figure 3, the S-REA predictions match well
with the experimental data and confirmed by R’ of 0.98. As drying progresses, the moisture
content at this drying period is lower than that at 3600 s. Similar to the profiles at drying time
of 1800 s, the maximum moisture content is located at the centre of the eggplant samples. Both
the MRI data and the S-REA show the similar behaviors. The other model (Brasiello et al.,

2017) shows the lower predictions of the moisture content at this drying time.

Figure 5 shows the distribution of moisture content at drying time of 5400 s. The S-

REA also represents accurately the internal profiles of moisture content at this drying period.

11
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Compared to the modelling by the other modelling, a better agreement towards the
experimental data is shown by the S-REA. Similar results are also found during drying at
drying time of 7200 s as indicated in Figure 6. As drying progresses, the gradient of moisture
content inside the eggplant samples decreases in line with the depletion of moisture inside the

samples.

As a whole, the S-REA outlined in this paper has performed very well in predicting the
local behaviour of moisture transfer. It is in fact quite precise, which is a nice surprise
considering it is based on the lumped model to obtain the kinetics data. For better representation
of transport processes inside the materials, the spatial concentration of water vapor during
drying time is generated and shown in Figure 7. At the beginning of drying, the distribution of
concentration of water vapor is not large but this increases until drying time of 8000s. More
plateau-like profiles are then observed in the later drying period. This seems to correspond well
with a relatively uniform moisture content and temperature profiles. The maximum
concentration of water vapor is attained at the sample core which may be due to the maximum
local moisture content at this location. The water vapor at the sample core diffuses outwards
during drying since the concentration of water vapor in the drying air is lower than that at the

sample surface.

Figure 8 indicates the spatial profiles of the local evaporation rate during drying inside
the eggplant samples. At the beginning of drying, the local evaporation rate seems to be
relatively uniform although the moisture content at the sample core is higher. The initial
porosity of the samples is 0.72. As drying progresses, the local evaporation rate at the inner
part becomes higher than that that at the outer part which may bedue to the higher local pore

surface relative humidity at the inner part of the samples as shown in Figure 9. The higher

12
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moisture content at the core of the samples as indicated in Figure 2 to 5 seems to correspond
to this condition. This also corresponds to the profiles of water vapour concentration as shown
in Figure 7. Along drying, the local evaporation rate increases because of the increase of
temperature. Nevertheless, this only lasts until drying time of 5000 s. After this period, the
moisture content inside the samples decreases and the equilibrium condition is approached.
The gradient of local evaporation rate also decreases towards the end of drying. In agreement
with this, as shown in Figure 10, the local pore surface relative humidity inside the samples
decreases as drying progresses. It has been shown here that the REA serves well as the local

evaporation rate.

The spatial temperature profiles during drying are shown in Figure 10. The sample
temperature increases as moisture being reduced to approach to the drying air temperature. The
temperature at the outer part of the eggplant sample is slightly higher than that at the sample
core. This is reasonable since the sample receives heat from the surrounding and the heat is
mostly used for vaporizing the moisture. Any heat left is then penetrated inwards via
conduction to increase the sample temperature. Nevertheless, the gradient temperature inside
the eggplant samples is essentially small which is also indicated by Ch Bi(Chen and Peng,
2005) which is found to be about 0.002. The low gradients of temperature during drying of
food materials are also reported previously (Putranto and Chen, 2015*¢; Putranto et al., 2017).
As drying progresses, the temperature gradient actually decreases and no noticeable of
temperature difference is observed at the end of drying. This is in line with plateau profiles of
moisture content, concentration of water vapor and local evaporation rate at the end of drying
as discussed above. No temperature profiles are published by the other model (Brasiello et al.,

2017).
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In this study, the S-REA has been shown to be able to model the internal profiles of
eggplant during drying. The capability is probably because of the accuracy of ‘local’ activation
energy, resulted from combination of both ‘local’ relative and equilibrium activation energy.
The ‘local’ activation energy seems to be flexible to represent the ‘local’ drying behaviours at
micro-scale as affected by local structure and drying conditions. As the local evaporation rate,
the REA is useful not only to link equations of conservation of liquid water and water vapor
but also to interpret the complex interrelationships of moisture content, concentration of water

vapor and temperature during drying.

Since the S-REA is applicable to model the internal profiles of food materials during
drying, the S-REA can be implemented to evaluate the local mechanical properties. These
predictions are useful to interpret the sensory and quality matters such as hardness and
crispiness. These sensory properties cannot yet be predicted even with the most comprehensive
models (Wang et al., 2012; Kharaghani et al., 2013). In addition, it is interesting to see the S-
REA applications in predicting the local profiles of more challenging drying cases including

intermittent drying, infrared-heating, microwave and ultrasonic-assisted drying.

Conclusions

In this study, for the first time, the S-REA is used to model the internal profiles inside
food materials during drying. The REA 1is used as the local evaporation/condensation rate and
coupled with a set of equations of conservation of heat and mass transfer. When benchmarked
against the available MRI data, the S-REA shows excellent predictions. The local evaporation
rate has also been plotted to provide an insight to the transport phenomena. The understanding

of local profiles during drying of food materials can be gained by the S-REA. The S-REA is

14
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readily implemented as a tool to analyse the transport phenomena inside food materials during

drying. The S-REA framework can be used to fine-tune the drying schemes to yield food

materials with the desirable product characteristics.

Nomenclatures

A surface area of samples

Ain internal surface area

Ap cell surface area

Gy specific heat of sample

Cs solids concentration

Gy water vapor concentration

Cys internal-surface vapor concentration
Cy,sat internal-saturated vapor concentration
Dy effective water vapor diffusivity
Do water vapor diffusivity

Dy liquid diffusivity

h heat transfer coefficient
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374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390

391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410

411

412

413

414

hm
hm,in

RH»
rp

T

Ts

t

T»
V
Vo

v,
Vw
X

X

Xb

Xo

AEy

AEv,b
AEV,/AEV,[J
AHy

&

Ew

Ev

Eo

pP

Ps
Pv.b
Pv.s
Pv.sat
Pw

T

mass transfer coefficient
internal mass transfer coefficient
local evaporation/condensation rate
thermal conductivity of sample
dry mass of cell

dried mass sample of material
mass of liquid water

constant

number of cell in samples
number of cell per unit volume
radial position

relative humidity of drying air
cell radius

sample temperature

surface sample temperature
time

drying air temperature

volume of sample

initial volume of sample

cell volume

mass fraction of water
moisture content on dry basis

average moisture content on dry basis
equilibrium moisture content on dry basis

initial moisture content
apparent activation energy
equilibrium activation energy
relative activation energy
vaporization enthalpy of water
porosity

fraction of surface area covered by liquid water
fraction of surface area covered by water vapor

initial porosity
sample density
density of solids

vapor concentration in drying medium

surface vapor concentration
saturated vapor concentration
density of water

turtuosity

(ms™)
(ms™)

(kg ms™)
(Wm'K™
(kg)

(kg)

(kg)

(kg.m™)
(kg.m™)
(kg. m?)
(kg.m™)
(kg m™)
(kg m™)
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432
433  Appendix A. The physical and transport properties used in the modeling

434 p=670 kg m> (B1)
435  where p is the density of eggplant(kg m™) (Llave et al, 2016).

436 C, =1470+2720X (B2)

437  where Cpis the specific heat of eggplant (J kg”' K'') (Lamb, 1976).
438 k=148+493X (B3)

17



439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

where k is the thermal conductivity of eggplant (W m™! K!) (Sweat, 1974).
D =D % (B4)
‘T

where Dy is the effective water vapour diffusivity (m?s™!) (Bird et al, 2002).

D, =2.09x10" +2.137x107(T-27315) (B5)
where Dy, is the vapour diffusivity (m?s!)(Slattery and Bird, 1958).

r=¢" (B6)

where 1 is the turtuosity, € is the porosity and # is the value between 0 to 0.5(Audu and Jeffreys,

1975).
l1-¢
C =———— B
ST X (B7)
Ps P

where Csis the solid concentration (kg m™), ps is the solid density (kg m™) and pw is the water

density (Putranto and Chen, 2015%°).

'OSX+1

)
e=1-"0(1-5) P (BS)

1+ X,
P

where ¢ is the porosity, Vis the sample volume (m?) , Vo is the initial sample volume (m?) and

Xois the initial moisture content (kg water kg dry solids™) (Madiouli et al, 2007).

X
- (B9)

w
p w

where ¢w 1s the fraction of surface area covered by liquid water (Ousegui et al,, 2010).
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£, = (B10)

where ¢, is the fraction of surface area covered by water vapour (Ousegui et al., 2010).

©3265.91

D, =1.05x10"* exp( ) (B11)

where Dy is the capillary diffusivity (m? s™') (Brasiello et al, 2017).

R=R,(0.1817+ 0.9185X£)°‘5

0 (B12)

where R is the sample radius (m) and Ry is the initial sample radius (m) (Adiletta et al, 2014).

Appendix B. Evaluation of internal surface area (Ain) (Kar and Chen, 2010; Putranto and

Chen, 2015%°)
4, =4 (1)

V =—m)’ (C2)

where V), is the cell volume (m?)

m, = p,V,(1-,) (C3)
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492

where my, is the cell mass (kg) and vw is the volume fraction of water

N="% (C4)

where N is the number cell in samples and s is the dried mass of the samples (kg)

N
n o=— C5
v (C5)

p

where 7, is the number of cell per unit volume and Vs is the dried cell volume (m?)

A =n_ A (B6)

where Ain is the internal surface area (m? m™)
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Figure 3. The internal moisture content profiles during convective drying of eggplant at

drying time of 1800 s
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Figure 4. The internal moisture content profiles during convective drying of eggplant at

drying time of 3600 s
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Figure 5. The internal moisture content profiles during convective drying of eggplant at

drying time of 5400 s

30



724
725

726
727
728
729
730
731
732
733
734
735
736
737
738

45F
T
T
ao4r
=
=
= 35f
o
g
m df
=
5
= 25}
]
o
ai]
s 2}
A
2 * —— S-REA

15F +  modeling by Brasiello et al (2017) +

2 MRl data
"l | | | | | |
-8 B 4 -2 0 2 4
fim) 10

Figure 6. The internal moisture content profiles during convective drying of eggplant at

drying time of 7200 s
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Figure 7. The spatial profiles of concentration of water vapor during convective drying

of eggplant at drying air temperature of 50 °C

32



754
755

756
757
758
759
760
761
762
763
764
765
766
767
768

1.6 T T T T T T T T T

local evaporation rate {kgf{m3 5)

0 0001 0002 0003 0004 0005 0006 0007 0008 0009 0.0
r(m)

Figure 8. The spatial profiles of local evaporation rate convective drying of eggplant at

drying air temperature of 50 °C
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Figure 9. The spatial profiles of local pore surface relative humidity during convective

drying of eggplant at drying air temperature of 50 °C
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Figure 10. The spatial profiles of temperature during convective drying of eggplant at
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