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1 | INTRODUCTION

Nan Fu? |

Jie Xiao® | Aditya Putranto? |

Abstract

Shrinkage parameters of highly shrinkable materials such as length, diameter and sur-
face area during drying are difficult to quantify in situ. However, these are significant
components of an accurate model. In this study, an attempt to isolate the surface
area effect is reported in order to fetch the REA model (reaction engineering
approach) parameters without knowing it a priori. Carrot cube and cabbage leaf were
selected as experimental material and dried with hot air under a range of conditions.
Shrinkages was calculated using an optical method which is used to qualitatively
compare with that “calculated” using the current approach. By matching the experi-
mental temperature and moisture content profiles against time after obtaining REA
parameters for both samples without knowing the surface area, the surface areas can
be “calculated” numerically. Surface area was found to be affected by sample tem-
perature as well as the moisture content. Drying simulations can be well carried out
when correlating the surface area against sample moisture content X and tempera-
ture T, and it provides the best accuracy in predicting data on T and X vs. time. In
addition, carrot cube can shrink ideally while cabbage leaf cannot. The overall relative

errors of predicted moisture content and temperature were less than 1%.
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shrinkage is also a significant factor that influences the drying rate pre-

dictions. Moreover, it is one of the important quality attributes of dried

Drying operations usually induce material shrinkage (volume reduction)
as moisture being removed. Highly shrinkable materials have shrinkages
in odd and complex shapes which sometimes are impossible to describe
in simple mathematical models. Of course, measuring them comprehen-
sively and accurately in situ present huge challenges if at all possible.
Dehydrated fruits and vegetables are highly shrinkable materials upon
drying. The shrinkage of fruits and vegetables during drying occurs
when the viscoelastic matrices contract into the spaces previously occu-
pied and strengthened by water.? In general, changes in shape and size

of the products affect their textures and transport properties.?> The

foods which strongly affects the preference of the consumers (appear-
ances and more inherently the texture).

Shrinkage changes may be characterized by volume, area, diame-
ter, length, and so forth. Since the volume measurement is more accu-
rate and simpler than that of the surface area, the shrinkage ratio (the
ratio of the volume change) has been used in most of previous studies.
The liquid displacement method has been widely used to determine
the volumes of food materials because of easy operation.>® Nowa-
days, some non-intrusive imaging techniques are used to measure

shrinkage parameters yielding surface area, shape parameters and
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perimeter. Gulati et al.® measured and analyzed area shrinkage in situ
during microwave drying utilizing a digital camera and ImageJ soft-
ware. Changes of area, perimeter, diameter, and shape factor during
drying of pineapple, mango, and banana were measured using image
analysis and these parameters were related to moisture content with
second order polynomials.? Mulet et al.” investigated the shape
changes in the drying of potato and cauliflower using image analysis
and experimental measurement. Hansson et al.® experimentally mea-
sured radial and tangential shrinkage of wood with an application of
computed tomography (CT). Computer vision systems were success-
fully designed and implemented for characterizing the shrinkage of
tobacco lamina and apple discs during drying.9 In order to determine
three dimensional shrinkage information of food samples during dry-
ing, several digital cameras fixed at different positions were used to
capture the non-isotropic contraction.'®*! For describing the overall

1.2 measured compactness and eccen-

shape of tomatoes, Jahns et a
tricities estimated from the parameters like area, perimeter, different
axes. In addition, image processing algorithm has also been effectively
employed to quantify the area reduction during convective drying of
sugar kelp.'® It is noted that despite these advancements extracting
guantitative data to represent shrinkage for vegetables for instance
remains elusive.

To accurately predict and simulate actual heat and mass transfer
during food drying process, it is inevitable to take shrinkage into
account.}*1> Although there were extensive studies conducted for
shrinkage measurement, most of them were conducted at a room
temperature under equilibrium conditions. Shrinkage is usually corre-
lated only against the moisture content. In situ measurement of
shrinkage is much more difficult and in particular, representing the
surface area in mathematical terms is also difficult. It is highly desir-
able to possess the technical capability of establishing meaningful
shrinkage data in terms of surface area.

In the current work, initially through mathematical manipulation,
it is shown that under certain conditions the surface area effect can
be “hidden” when wanting to obtain the drying kinetics parameters
using the REA model. The REA model has already been shown to be
highly effective in numerous studies previously. Upon the obtainment
of the REA parameters independently from the surface area, by
matching the experimental temperature—time and the moisture con-
tent—time profiles obtained in the current work, the most relevant
surface area can be “calculated.” The carrot cubes and cabbage leaves
were tested in the current work. It is the first time, so accurately, that
one can elucidate quantitatively the trends of surface area. A pathway
to accurate modeling of drying of highly shrinkable materials such as

vegetables is therefore demonstrated.

2 | MATERIALS AND METHODS

21 | Sample preparation

Fresh carrots and cabbages used in this study were purchased from

the local market. These carrots and cabbages were packed in fresh-
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FIGURE 1 Pictures of carrot cube and cabbage leaf sample

keeping bags and stored in a fridge at 4°C for less than a week until
commencing the drying experiments. Both of them were washed,
respectively when needed. Carrots were peeled and cut into cubes of
1 + 0.03 cm whereas cabbages leaves were cut into squares with side
length of 4 + 0.10 cm (see Figure 1). In each drying experiment of car-
rot cube and cabbage leaf, respectively, carrot cubes and cabbage
leaves with similar weight (+0.050 g) were selected as the experimen-
tal materials. Initial moisture content of the carrots and the cabbages
were determined to be 11.09 + 0.41 and 19.06 + 0.51 kg/kg on dry
basis, respectively.t®

2.2 | The dryer and drying experiments

All of the chosen carrot cubes and cabbage leaves were dried in a con-
vective dryer designed and made for this study (Nantong Dong Concept
New Material Technology, Nantong, China). Schematic diagram of the
dryer is displayed in Figure 2. Specific drying conditions for the carrot
cubes can be found in the latest literature.!” Drying conditions for the
cabbage leaves are listed in Table 1. This dryer needs 30 min to reach
stable after starting. Each carrot cube and cabbage leaf was placed on
the tray in the center of the drying chamber as shown in Figure 2.
Weights of the carrot cube and cabbage leaf were measured using a
built-in electronic balance (precision +0.001 g). Sample temperature
was measured using thermocouples connected to a data logger (TC-08,
Pico Technology, UK). The thermocouples were of K-type (accuracy
+0.50°C). All the experimental data were transferred automatically to a

computer. All the experiments were conducted in triplicates.

2.3 | Experimental side length and surface area

In order to capture the trends of shrinkage to allow a reasonable com-
parison with the theoretically obtained values. At intervals of 20 min,
the carrot cubes were taken out from the drying chamber and the
lengths at three directions (i.e., d,, dy, d.) were quickly measured using
a digital vernier caliper (1113-150, Insize Co., Ltd., China), and then it
was put back into the drying chamber for next measurement. The
measurement time was about 40 s. In this study, the side length of

carrot cubes was taken as the geometric length:
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FIGURE 2  Structural diagram of self-assembly convective dryer
TABLE 1 Drying conditions for cabbage leaf
Vegetable Initial size (cm?) Initial moisture content (kg/kg)  Drying air temperature (°C)  Airflow velocity (m/s)  Relative humidity (%)
Cabbage leaf 4 x 4 19.06 £ 0.51 50+0.5 1.5+£0.2 242+0.21
60 £ 0.5 1.84 +0.24
70+£0.5 0.07 £ 0.03

dcurrot = \3/ du ‘db 'dc- (1>

For quantifying surface area, concave edges of the carrot cube
could be taken into consideration also. Specific procedures to con-
sider this effect is given in Figure 3. Figure 3A shows the classification
strategy for the shrinkage stages of carrot cube during drying.
Figure 3B demonstrates the scheme for describing and calculating the
length and surface area of carrot cube during stage | and II. After
removing a large amount of surface free water, where the length and
width of carrot cube did not change much, and after that the shrink-
age is dominated by the edge deformation. Therefore, the area of a
concave surface can be properly tracked by calculating the area differ-
ence between a rectangle and four symmetrical semi-ellipses.

In contrast, owing to the soft texture of cabbage, it would be very
fragile upon drying. In this study, the surface area of cabbage leaf may
be determined from the following relationship*®:

m
Acubbage = ;t;-b\?\z;ge s (2)

where Acappage is the surface area of cabbage leaf (m?), Mcabbage 1S the
weight of cabbage leaf (g), and SLW means the leaf weight per unit
area (g/m?). Cabbage leaf is assumed to always shrink as a perfect

square, thus the side length can be approximately calculated as:

dcabbuge =V Acabbage- (3)

24 | Ideal shrinkage modeling for carrot cube and
cabbage leaf

As a bench mark to the new development in this work, ideal shrinkage
model as a common approach in literature was also considered. In this
case, the volume reduction may be solely considered as a result of
water loss. For fruits and vegetables with high initial moisture con-
tents, their shrinkage behaviors may be, at the beginning of the drying
experiments, regarded as being ideal. In previous literature, it was
found that the volume changes of foods such as carrot, potato, sweet
potato, and apple were proportional to the volume changes of their
water losses, although these literature might not be the instantaneous
volume changes measured in situ in real time in drying.>*7-22

In the current study, water loss (m,,, kg) was measured using the
electronic balance in situ in real time, and the density of water (p,,, kg/m%)
calculated using the established formula.2®2* Therefore, the volume ratio

of water loss can be calculated as:

Vo Vo “)
V=1, (5)
Pw

where V,, is the volume of water loss (m3), V) is the initial volume of

sample (m3), and V is the volume of sample at any time (m3).
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FIGURE 3 Quantification of surface
area and side length of carrot cube. (A:
classification of shrinkage stages; B:
description of concave edges and its
calculation)
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In the current study, the initial shape of carrot and cabbage
was fixed as cube and square, respectively. For the ideal shrinkage
calculations, the assumption that the carrot and cabbage always
keep their original shapes in entire drying was necessary. Thus, the
side length and surface area of carrot cube have been deter-
mined as:

dcarrot = \/3 VO - VWv (6)
Acarrot = 6d§arrot’ (7)

where dgo: is the ideal side length of carrot cube (m), Acgror is the

ideal surface area of carrot cube (m?).

Although the thickness of cabbage leaf is very small (about 0.50 mm),
it had to be taken into account when calculating the surface area of the
cabbage leaf once the volume was known. Therefore, the side length and

surface area of the cabbage leaf can be calculated as follows:

Vv
Acabbage = ﬁ’ (8)
dcabbage =V Acabbagev (9)

where H represents the thickness of cabbage leaf (m), and dcappage (M)
and Acabbage (m?) are the side length and surface area of cabbage leaf,
respectively.
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3 | MODELING THE DRYING PROCESS OF
THE VEGETABLES USING THE REACTION
ENGINEERING APPROACH

3.1 | A general description of the reaction
engineering approach model

The lumped reaction engineering approach (L-REA) is used in this work,
where an instantaneous temperature and a water content represents
the material's status at any instance during drying. The drying rate of a
moist material can be expressed using the following equation:

dX
Ms—— =

dt _hmA(pv,s _/)v,b)’ (10>

where m; is the dry mass of the material (kg), X is the moisture content
on dry basis (kg/kg), t is the drying time (s), p s is the vapor concentra-
tion at the material surface (kg/m3), pvp is the vapor concentration in
the drying medium (kg/m®), h,, is the mass transfer coefficient (m/s)
and A is the surface area of the material (m?), respectively. Normally,
the surface area A is regarded as a function of moisture content if the
material shrinks during drying.2>-28

In Equation (10), the surface vapor concentration (p, ) can be cor-
related with the saturated vapor concentration of water (pysqot) USINg
the following equation®?:

AE,
Pv,s =exp <T)pv,sat(-’—)v (11)

where AE, is the additional activation energy representing the addi-
tional difficulty in removing moisture from the material after free
water (J/mol) is removed. T is the temperature representative of the
material (K), and R is the ideal gas law constant (J/mol/K). With Equa-

tion (11), Equation (10) can be rewritten as:
dX —AE,
msa =—hpA (eXp <7TV> /’v,sat(T) 7/)v,b> . (12)

For small objects like droplets or thin layer materials, the material
temperature T is considered to be the same as the surface temperature
T,. This is a reasonable assumption when the Chen-Biot number is suffi-
ciently small.2%3! For samples with larger size, the uniform temperature
is not so correct due to the inherent temperature difference between
surface and center. In this case, a mean temperature representative of
the sample may be used. Empirical formula for calculating the saturated
vapor concentration under a wide range of temperature conditions (0°C

to about 200°C) was summarized by Keey and expressed as®%:

Dy.sat =4.844 x 1077 (T —273.15)* — 1.4807 x 10~ 7(T — 273.15)°+
2.6572 x 1075 (T —273.15)? —4.8613 x 10~>(T - 273.15) +8.342 x 10~°.
(13)
In this study, a mean or a characteristic temperature representing

the whole same is used. The mean temperature of sample material

AI?BIFJ R NALJF’;f20

may be expressed according to a relationship with the surface temper-
ature and the center temperature (see Appendix A). With this mean

temperature, a lumped energy balance can be written as follows:

=S =hA(T,—T) em X, (14)

mCp dt

where h is the heat transfer coefficient (W/m?/K), T, is the drying air
temperature (K), and AH, represents the latent heat of water vapori-
zation (J/kg). T is the mean temperature mentioned earlier (K). The
drying rate term dX/dt is negative when drying takes place. m is the
mass of the material being dried (kg) and can also be expressed as:

m=ms(1+X). (15)

C, represents the specific heat capacity of the material (J/kg/K)
and may be calculated as:

X

G =Cos X

+Cow (16)

1+X

where C,,; and C,,, are the specific heat capacity of solid substance
and that of water (J/kg/K), respectively. The mass transfer coefficient
h, and heat transfer coefficient h can be determined using the
established correlations for Sherwood number Sh and Nusselt number
Nu.®® Thus, the apparent activation energy AE, is conventionally

obtained by rearranging Equation (12), then one has:

o,
AE, — —RTIn | —PuA" Pvb] (17)
/)v,sat(T)

It is noted that the surface area A has to be known before this
additional activation energy can be obtained. Being a semi-empirical
model, AE, is usually found to be the mean moisture content depen-
dent. The dependence of this additional activation energy on moisture

content is found through normalization:

AE,
AE,p

=FX=Xp), (18)

where F is a function of moisture content difference (X — X,), X, is the
equilibrium moisture content. AE,, is the equilibrium activation
energy representing the maximum AE, determined by the relative

humidity and temperature of the drying medium (air or gas):

AE, 5= —RT,In(g), (19)

@y is the relative humidity of drying air, and T, is the drying air tem-
perature (K). It should be noted that the experiments for obtaining the
relevant Equation (19) have to be carried out under the very dry con-
dition, so the final moisture content involved in drying experiments is

extremely small. In addition, for individual material with the same
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FIGURE 4

FIGURE 5
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FIGURE 6 Framework diagram of the
program for obtaining the surface area
during drying
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FIGURE 7 Morphology changes of
cabbage leaf during drying
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initial water content, the relationship described using Equation (18)
was considered to be unique to the material and was insensitive to

the changes of drying conditions.3*

3.2 | Obtaining the parameters for the REA
without knowing the surface area a priori

As mentioned earlier, in above equations, if the surface area A and the
mass transfer coefficient h,, are known, or measured by individual

experiments, one reliable and accurate run of drying experiment under

1200 s 2400 s 5400 s

£
_ e

B 'R
i

Vo

the same drying air (gas) condition is sufficient for establishing Equa-
tion (18), which is the core of the REA model.

For highly shrinkable material, the shrinkage cannot be easily
described in a regular way. For vegetables in general, the moisture
contents are initially quite high and the products come in odd shapes.
This presents challenges in accurate modeling.

In this study, it is shown, after some manipulation of the mass
and energy balance in REA, the surface area effect could be “iso-
lated” first and the REA parameters obtained independently from
content records in the

the temperature and moisture

experiments.
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FIGURE 8 Curves of moisture content and temperature vs. time during drying of cabbage leaf
Basically, by combining Equation (15) with Equation (16), the 0.014
lumped energy balance shown in Equation (14) can be rewritten as: {° :g°g
0.0124 | e L3 ;2 E, .
1 \dT dX 1 x Py
1+X) [ Cow—c+Cps——< | =-=hA(T, —T —AH,, (20 .010 =
ms(1+ )< PR ‘°‘51+X>dt (To=T)tmsgpabh, (20) oot L E T
» 1 T
] = [
Then, on both sides, dividing with the rate of drying (Equation 12), go 006 N & .= 2 . L
one can obtain: % ] x’;;z‘ nn“ni
0.004 Bl B
T (h (T,—T) 1 &
(Cp, X+C,)—:7<—> — +AH,, (21) |
" Prax him eXp(%Ev)pv,sat(T) ~Pvb ! 0002
0.000 | T T T
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B +Pvb
AE, = —RTIn (e T (22)
Pusat(T) FIGURE 9 Curves of drying rate vs. moisture content during

One can see that with the known records of T and X vs. drying
time t, the relationship between T and X can be worked out, leading
to the obtainment of the additional activation energy which is the cru-
cial parameter for REA formulation. It can be seen that the above-
described derivations leading to Equation (22) can be of a new
method provided that the ratio of heat transfer coefficient to the
mass transfer coefficient is known and, in particular this ratio may be
independent of the transfer area A.

It is then interesting to note that, for many heat and mass transfer
scenarios, this parameter h/h,, is independent of gas velocity and
transfer area, and is a ratio of thermal physical properties of the drying
gas determined at the film temperature T; (the average of the sample
temperature and gas temperature). For a typical sample geometry (flat

plate, cube, sphere, cylinder, etc.) in the parallel flow, one can have:

dh

Nu:kff,

C(Re)M(Pr)V, (23)

drying of cabbage leaf

dh

Sh :Fm: C(Re)M(Sc)M. (24)
f
Then their ratio can be calculated as:
h Df (Pr\N
e () 2

where Nu and Sh are the Nusselt number and the Sherwood number,
respectively. Pr is the Prandtl number, and Sc is the Schmidt number.
d is the characteristic length of the sample used for calculating the Nu,
Sh, and the Reynolds number Re. k¢ and Ds refer to the thermal con-
ductivity (W/m/K) and the diffusivity (m?/s) at film temperature Ts,
respectively. Three constants C, M, and N are relevant to the sample
geometry and the fluid flow circumstance. Here, C, M, and N are
0.613, 0.5, and 0.33 for carrot cube, 0.664, 0.5, and 0.33 for cabbage
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FIGURE 10 Relative activation energy curves of cabbage leaf
generated by the REA new method

leaf, respectively. Noting again that the ratio of heat and mass transfer
coefficients would only involve the drying gas properties. In addition
to the limited usage in droplet drying because of the different heat
and mass transfer correlations, this parameter can be suitably used for

a wide range of sample geometries.>3

3.3 | Simulating the drying process using the
parameters obtained using the conventional approach
for REA which is based on Equation (17) and that
based on Equation (22)

The conventional approach for REA has been widely and success-
fully used to simulate and predict the drying process of fruits and
vegetables and other biomaterials.??*>-4° One of the crucial parts
it is the availability of a reliable transfer surface area. For carrot
cubes, the reliability and accuracy of the current approach have
been confirmed in the latest investigation by our team.?” In that
work, due to the more regular behavior of carrot shrinkage, the
optical method for measuring size change was found reasonable.
The frameworks of the conventional approach for REA and the
new one for REA to simulate the drying process are shown sche-

matically in Figures 4 and 5, respectively.

4 | THE APPROACH FOR THEORETICALLY
OBTAINING THE SURFACE AREA

4.1 | Equivalence of sample dimension and
surface area

It is noted, however, for a lettuce leaf, the shrinkage is difficult to cap-
ture using a simple visualization method so far. Usually for complex
shapes, a geometric equivalence is applied. For example, for a sample
cube with side length dcu., its equivalent sphere with a radius reppere,

may be worked out as:

70
| %‘A‘h,“ .
A n
eoH{. T A,
%a- """"""""""" A
] S ~mm T
T O T —— e
o(', o o Te=-a A
‘o 50 ° Tt .
g "‘T-hnn_u _____
2 B0 o.g _ a o ~~o
© 1 “H-.m CAAN
S - kY
g O 50°C Exp data L~ I AR
£ 40+ - 50°C REA new method R S T |
2 O 60°C Exp data \e
1 ----60°C REA new method . ‘b
A 70°C Exp data i
304 70°C REA new method &
20 . T . T . T .
0 10 15 20
Moisture content (kg/kg)
FIGURE 11 Curves of temperature vs. moisture content during

drying of cabbage leaf predicted by the REA new method

6d?,, =4rr? (26)

cube sphere*

According to Equation (26), the side length of carrot cube (dearrot)

may be expressed with an equivalent radius:

1

2 2
dcarrot = (5 ”) . requivalent = 1-447requivalent~ (27)

Similarly, corresponding to the side length of a cabbage leaf cut
into a square (dcapbage), s another example, the surface area of the
square cabbage leaf may be considered as a two-dimensional object,

yielding an equivalent circle with a radius of requivatent:

2 2
dcabbage = Tl equivalent (283)
or
dcabbage = \/7_T Fequivalent - (28b)
4.2 | Program for the “inverse calculation” of the

surface area

In the conventional REA framework, as mentioned earlier, with the
surface area (and the change of surface area) known, the REA
parameters like activation energy can be worked out from one
good experiment. The drying process can be nicely simulated even
for other testing conditions. Indeed, if the surface area information
is approximate by nature, it will affect the accuracy of the activa-
tion energy. In reality accurate shrinkage data are quite difficult to
obtain. Here in this section an inverse approach for obtaining the
surface area information for drying of highly shrinkable vegetables
is exercised and proven beneficial. Since one can base Equation (22)
to Equation (25) to evaluate the additional activation energy hence

the REA model can be furnished independently without the
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FIGURE 12 Comparison of shrinkage data obtained by the ideal shrinkage, the experimental measurement, and the program (see Figure 6).
(A: carrot's side length; B: carrot's surface area; C: cabbage's side length; D: cabbage's surface area)

accurate knowledge of the surface area (or the side length). Then, TABLE 2

cabbage leaf

Ideal shrinkage model equations of carrot cube and
with the REA model, one can “predict” the surface area (here the

equivalent surface area) by running calculations of T — t and X — t

Vegetables Model equations R?

profiles, to match as close as practical each set of the experimental

. Carrot cube d = 0.01255 - 0.00822exp(—[X/Xol/ 0.9921
T —tand X — t profiles. 0.84402) - 0.00193exp(—[X/Xol/
If the initial equivalent surface area (ESA) of the material is known 0.07893)
as Ao, the initial equivalent side length (ESL) dy can be determined A = 6d? 0.9986
after the above-mentioned geometric equivalence treatment. When Cabbage d = —0.0383exp(—[X/Xol/ 0.9935
the drying starts, after a time step At, the surface area and side length leaf 2.65245) + 0.06626
are updated to A4 and d4, respectively. In this way, time is increased A = 2d? 0.9978

according to the time step to find the ESL and the ESA at the

corresponding time point, so that the temperature and moisture con-

tent calculated by the REA model at each time point have the highest
matching with the experimental data points. The indicator of the

degree of matching is the relative error (RE) between them. In this

study, when the absolute value of the relative error is less than 0.01,
the relevant ESL and ESA are considered to be optimal. Therefore, in

this problem, the objective function is then the relative error between
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the numerically generated data from program shown in Figure 6 and

the experimental data:

Xexperiment — X, Texperiment — T
RE, i — <| experiment program| +| experiment prograrnl)Y (29)

Xexperiment Texperiment

where Xeyperiment and Texperiment are the experimental data, X, ogram
and Tprogram are the data generated from the program shown in Fig-
ure 6. this study, the global optimization function
“GlobalSearch” in Matlab (Matlab 2018b, MathWorks, Inc.) was

employed to solve the optimization problem. “GlobalSearch” func-

In

tion is the most efficient way to find the global minimum on a sin-

gle processor. It uses the inbuilt solver “fmincon” in Matlab, which

Time (s)

can be used to find the extremum of a function with several vari-
ables. The program framework for obtaining the surface area dur-
ing drying is shown in Figure 6. In this program, because
“GlobalSearch” function may misestimate the extremum of the
objective function (too high or too low) when the gradient range of
independent variable is extremely small, meanwhile, the surface
area change of the vegetables was actually very little within 1 s, so
the time step At in this study was set as 10 s which through exer-
cises was found appropriate. This way, one can generate the ESL
and the ESA vs. time. If according to the convention that a reason-
able relationship between the ESL and the ESA vs. moisture con-
tent can be established, one is now equipped with a good model

for the drying process.
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TABLE 3 The error analysis of all calculated results

Carrot cube

Cabbage leaf

IS ES (generated from program) 1S ES (generated from program)
Evaluation indicators X T X T X T X T
RE 7.95% 2.19% 0.05% 0.41% 57.55% 1.80% 0.09% 0.38%
RMSE 0.12 1.09 0.01 0.14 0.23 0.31 0.03 0.19
Abbreviations: ES, equivalent shrinkage; IS, ideal shrinkage; RE, relative error; RMSE, root mean square error.
(A) 0.0007 (B) 0.0035
-....43"015 50°C1s
—--—43°c10s 0 ees o
00006 | 0.0030] T80 C10s o~
- =43°C20s ----50°C20s 7
43°C30s e 50°C 308 e
0.0005.......43°C 60's 000254 - - s0°C 6o's e
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FIGURE 15 Surface area obtained by the program under five different time steps. (A: carrot cube; B: cabbage leaf)

5 | STATISTICAL ANALYSIS

Using the inbuilt fitting toolbox in Origin (Origin 8.5pro, OriginLab,
Inc.), the degree of fitting for the normalized activation energy, the
degree of matching of the temperature and moisture content pro-
files over time with either the conventionally obtained REA (where
a surface area model was known or established separately before-
hand) and the REA obtained without such as a surface area model a
priori, can be evaluated. The statistical indicators such as coeffi-
cient of determination (R?) and root mean square error (RMSE),

were used:

5N

n
2
Z (Ypre - Yexp)
RP=1-22 (30)

(Yexp - ymean)2

M=7

Il
iN

E]

1
RMSE = {n . (31)

1/2
(Ypre - Yexp)2:| s
i=1

where y.,,, is the experimental data (moisture content or temperature),
Ymean 1S the average value of experimental data, yy. is the predicted

one and n is the number of data points.

6 | RESULTS AND DISCUSSION
6.1 | Changes of morphology, moisture content,
and temperature during drying of cabbage leaf

The superficial morphology changes of cabbage leaf during drying were
recorded by a digital camera and shown in Figure 7. Cabbage leaf
deformed relatively uniformly before at least 1200 s and then gradually
turns to irregular shrinkage, and the similar phenomenon was reported
in the drying of carrot cube.!” Cabbage leaf drying at three tempera-
tures shrank considerably, the edges and the surfaces became curled
and uneven after drying. Generally, migration of free water has little
effect on material shrinkage during food drying, while transport of intra-
cellular and cell wall water strongly influences it.** Therefore, the defor-
mation of carrot cube and cabbage leaf are small and kind of uniform at
the beginning of drying. Noting that the drying temperature has effect
on shrinkage behaviors of carrot cube and cabbage leaf. It may be due
to that structural components in the materials are temperature sensi-
tive, especially toward higher temperatures. Previous studies also have
found that much higher rate of water diffusion made material exces-
sively dehydrated, leading to case hardening or crust.#243

As shown in Figure 8A, the moisture content of cabbage leaf

reduced rapidly in the early stage of drying, afterwards, the moisture



LIU eT AL. AI?BIl:.J RNAL 13 of 20
TABLE 4 Summary of the shrinkage model's parameters
Model parameters
Shrinkage models a, as as as as / R?
dearrot—X dependent 0.00393 0.00089 —0.0000081 —0.0000021 0 / 0.9942
dcabbage—X dependent 0.025 0.00042 0.00019 —0.000019 0.00000054 / 0.9795
Model parameters
Shrinkage models by b, bs by bs / R?
Acarot-X dependent 0.00009 0.000047 0.0000041 —0.00000038 0 / 0.9968
A abbage-X dependent 0.0012 0.000078 0.000013 —0.0000015 0.000000044 / 0.9866
Model parameters
Shrinkage models [ (2 C3 Ca Cs Ce R?
dearrot—X-T dependent —0.00268 0.00133 0.00024 —0.000044 —0.0000021 —0.0000052 0.9882
dcabbage=X~-T dependent 0.80594 —0.02906 —0.02547 0.00025 0.00021 0.0005 0.9762
Model parameters
Shrinkage models ks ka ks kay ks ke R?
Acarot-X-T dependent —0.00033 0.000076 0.000015 —0.0000014 —0.00000013 —0.00000007 0.9884
Acabbage=X~-T dependent 0.08185 —0.00306 —0.00258 0.000027 0.000021 0.000052 0.9868

content decreased with much slower rate until reaching equilibrium. The
trends of moisture changes at 60 and 70°C are similar, which means
some of the similar drying characteristics during drying (e.g., shrinkage).
Figure 8B shows that the temperature of cabbage leaf tends to be “equi-
librium” before the water content. This result was similar to that reported
in previous literature.** Under three different thermal conditions, the
time for temperature of cabbage leaf to achieve stable was 0.13, 0.23,
and 0.27 h earlier than that for moisture content, respectively.

The curve of drying rate of cabbage leaf vs. moisture content is plot-
ted in Figure 9. The drying characteristics of cabbage leaf show the similar-
ity with that of most crops.*>~*” The initial drying rate of cabbage leaf was
increased temporarily at 60 and 70°C, while that was little increase at

50°C. This may correspond to the well-known “warming up” effect.

6.2 | The REA parameters obtained using the REA
new method

For carrot cubes and cabbage leaves, the relative activation energy
(AE,/AE, ) is generated from the continuous convective drying at dif-
ferent drying temperature conditions. Thermophysical properties of
air, water and sample for model calculations are summarized in
Appendix B.*752 The function of relative activation energy generated
using the conventional approach (i.e., Equation 17) for carrot cube has

already been summarized and formulated as'”:

AAEE” =0.3243exp(— (X —X,)/0.9332)
v,b
+2.8564exp(—(X —Xp)/52.3376) —2.1726.  (32)

In the study by Yang et al.,” it was shown that for carrot cubes, it
was possible to extract the REA parameters using the new approach

(i.e., Equation 22). The model can do well once the surface area A is
available (in the study of Yang et al., it was optically measured). The
relative activation energy of carrot cube generated from the REA new
method is expressed as”:

Ay 6 2752exp(— (X X,)/0.4747)

+1.3822exp(— (X —X,)/26.2172) —0.7438.  (33)

v,b

Similarly, in this study, the relative activation energy of cabbage

leaf generated from the REA new method is expressed as:

AAEEV =0.93522—0.10916(X — X;,) +0.0282(X — X;)?—
v,b
0.00409 (X — X;,)® +2.64005 x 10~*(X — X;,)* — 6.17846 x 107°(X — X;,)°.

(34)

The coefficients of determination R? for Equation (32), Equa-
tion (33) and Equation (34) are 0.9913, 0.9790 and 0.9805, respec-
tively. Figure 10 shows the relative activation energy curve (AE,/AE,,
p) of cabbage leaf vs. moisture content difference (X — X,). As
expected, the decrease in moisture content caused the increase in rel-
ative activation energy, which indicated greater difficulty in removing
water from the cabbage leaf with the extension of drying. Moreover,
the relative activation energy of cabbage leaf exceeded 0.2 in the ini-
tial stage of drying, which was different from that of pure water or
droplets containing different solutes. It was indicated that the free
water content on the surface of cabbage leaf was finite. Using the
procedure introduced in Figure 5, the relationship between moisture
content and temperature during drying of carrot cube and cabbage
leaf can be simulated. Yang et al.'” have successfully and accurately
predicted the temperature and moisture content of carrot cube during
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FIGURE 16 Xdependent shrinkage curves of carrot cube and cabbage leaf. (A and B: carrot cube; C and D: cabbage leaf)

drying using the REA parameters obtained in the new method with
the measured surface area using photographic method. For cabbage
leaf, Figure 11 displays the comparison of temperature-moisture con-
tent results obtained experimentally and that matched by the trend
based on the REA new method. It is seen that the calculated results of
the REA new method are in good agreement with the experimental
results. The overall relative error of the calculated results is 2.03%. It
is noted again, this comparison does not involve the area of cab-

bage leaf.

6.3 | Changes of side length and surface area
during drying of carrot cube and cabbage leaf
calculated using the current method (new)

The shrinkage data (length and area) are generated by the three
methods, that is, the experimental measurement, the ideal shrinkage

model, and the “program” shown in Figure 6, are compared. The rele-
vant results are shown in Figure 12. Figure 12AB represents the
changes of side length and surface area during drying of carrot cube,
respectively. As for cabbage leaf, the changes of side length and sur-
face area are given in Figure 12C,D, respectively. It was found that
the shrinkage behaviors of carrot cube at 55 and 63°C were more
similar, while that at 43°C was slightly different. The shrinkage behav-
ior of cabbage leaf shows more similar trend at 60 and 70°C as well,
while the shrinkage behavior at 50°C is quite different. Carrot cube
drying at 43°C showed a period of slowing contraction. Under the low
drying temperature condition, the side length and surface area of car-
rot cube were smaller than that at high drying temperature condition.
This may be due to the carrot surface had case hardening and crust
when drying at high temperatures. This slows down further perhaps
more dramatic shrinkage. The shrinkage of cabbage leaf slowed down
in the middle period of drying. The shrinkage of carrot cube that is
generated using the ideal shrinkage assumption, the experimentally



LIU ET AL

(A)

43°C
55°C
63°C
Mean
Model

5
R
£
)
R
TN
, i

AICBE RN AL 15212

@ /w\ ‘ ‘ P e
6 e \ | 1‘ ‘ ‘ ‘ ° eg:g
‘ i o 7
l‘ “ \ ‘I \ | ‘ | X Mean
\

f
5
!
1 -
3 e
¥ - &
: B
30
f 20

‘ | 9/9 —— Model

=
=
=
=

&
éoﬂ“M
§

'

FIGURE 17 X — T dependent shrinkage curves of carrot cube and cabbage leaf. (A and B: carrot cube; C and D: cabbage leaf)

measured, and the data obtained using the new approach in this work
(see Figure 6), were very close at the end of drying. However, the
shrinkage trends obtained by the experimental measurement (photo-
graphic) and that calculated using the ideal shrinkage model were sim-
pler. This is expected due to the irregular deformation and the curling
of edges and the creation of more surfaces of carrot cube and cab-
bage leaf. The detailed processes may be complex and anisotropic.

6.4 | Modeling the drying process using the REA
parameters generated by Equation (22) under the
equivalent shrinkage and the ideal shrinkage

Using the inbuilt fitting toolbox in Origin, the shrinkage model equa-
tions of carrot cube and cabbage leaf are listed in Table 2. The accu-

racy and applicability of these ideal shrinkage models are shown in

Figures 13 and 14. As reported in previous literature, the ideal shrink-
age assumption is reasonable and desirable for modeling the shrinkage
of carrot sample.>?° However, Figure 14 shows that the predicted
moisture content of cabbage leaf does not match the experimental
moisture content very well. The equivalent shrinkage data are
obtained from the program shown in Figure 6. In other words, exact
surface area under each drying condition can be obtained. Using the

exact area vs. time or moisture content for each temperature test, one
can get exact matching (see Figure C1 in Appendix C). The error analy-
sis of all calculated results was summarized in Table 3.

6.5 | On “theoretically’” measuring shrinkage data

In order to investigate the robustness and accuracy of the program

(Figure 6) in this study, a sensitivity analysis of the program (see
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FIGURE 18 Moisture content and temperature of carrot cube and cabbage leaf predicted by coupling the X dependent shrinkage models

with the REA model. (A: carrot cube; B: cabbage leaf)

(A)y, 70

, I 60
_g, iéifii' ERgTETTENER 50 -
? e
-
c lag ©
8 [EReE o acssssasssses oosso [40 £
[ S0% X T L ®
Q % h 3 O 4'CExp O 4CExp hd
o Xk Ap —acPe  —aCPre 30 g
g, OF & & QO 49°CExp X 49°CExp £
S g2 \. wePe  ——agCPre b N
° 44 O SSCExp % 55CExp -
5 ——55°CPre sscpre 20
s O 6¥CExp ¥ 63CExp

——63°C Pre I

24 + 70°C Exp
—were [10
0 T T T : ;{7 ‘A : .-“7‘ :-;I.. —0
0 5000 10,000 15,000 20,000 25,000

Time (s)

Moisture content (kg/kg)

20 80

- 70

15 - 60
—~
I (]
. L50 &~
DD U U Y
5
o 50°CExp O 50°C Exp -
10 —s'cPre —5icpe  [40 B
O B6'CExp X 56°C Exp 2
56°C Pre ——56°C Pre L E
0 60°CExp # 60°C Exp |2

——60°C Pre 60°C Pre
54 0 B4°CExp % 6¢CExp  [20
——64°C Pre ——64°C Pre L
A 70°CExp + 70°CExp L 10
70°C Pre ——70°C Pre
3-8 82 REEEUgEROS R I
0 = 2 VNV Lo

2000 4000 €000 8000 10,00012,00014,00016,00018,000

Time (s)

FIGURE 19 Moisture content and temperature of carrot cube and cabbage leaf predicted by coupling the X — T dependent shrinkage models

with the REA model. (A: carrot cube; B: cabbage leaf)

Figure 6) was carried out. The time step At was set as 1, 10, 20, 30,
and 60 s, respectively. The program was subjected to obtain the sur-
face area of carrot cube and cabbage leaf at 43 and 50°C, respec-
tively. Figure 15 shows the surface area of carrot cube and cabbage
leaf obtained from the program under five different time steps. It is
demonstrated that the program is robust, stable, and reliable for this
wide range of time steps. It has not lost the ability to capture the real-
istic trend. The time step 10 s was chosen for the current study

according to the sensitivity analysis results.

6.6

Modeling surface area

The shrinkage data obtained from the program in this study (see Fig-

ure 6) under three different drying air temperatures were averaged

and fitted according to the conventional wisdom. The X dependent

shrinkage curves of carrot cube and cabbage leaf are fitted only

against moisture content X, using the following equations:

d=a1 +aX+asX? +asX® +asx?, (35)
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A=bq+byX+b3X? +byX3 +bsX?. (36)
Equation (35) is for the equivalent side length and Equation (36) is
for the equivalent area. In addition, the relationships between mois-
ture content, temperature, and shrinkage can also be fitted in current
study since the sample temperature is also known. The X — T depen-
dent shrinkage curves of carrot cube and cabbage leaf can be fitted
against moisture content X and temperature T using the following
equations:
d=c1+coX+caT+caX?+csT? +ceX-T, (37)

A=kq +koX +kaT +kaX? +-ksT? +keX - T. (38)

Time (s)

The coefficients a4-as, b1-bs, c1-Ce, k1-kg are the constants gen-
erated in these fitting procedures. The coefficients and the R? are
listed in Table 4. T is the mean temperature of the sample (K). The X
dependent one is not affected by sample temperature but the X — T
dependent one is affected by sample temperature. Figures 16 and 17
show the X dependent and the X — T dependent shrinkage correla-
tions of carrot cube and cabbage leaf, respectively. Coupling the
above X dependent and X — T dependent shrinkage models with the
REA model generated using Equation (22), the predicted moisture
content and temperature of carrot cube and cabbage leaf are pres-
ented in Figures 18 and 19. As shown in these figures, the predicted
results using the X — T dependent shrinkage models were better than

those using the X dependent shrinkage models, and their overall root
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mean square error (RMSE) for carrot cube and cabbage leaf are
reduced by 23.18% and 44.45%, respectively. Moreover, the response
of cabbage leaf results to the shrinkage model with the temperature
effect was more obvious. As can be seen in Figure 19, the predictability
of these X — T dependent shrinkage models was also validated by
predicting the drying process of carrot cube and cabbage leaf under
other drying temperature conditions (49 and 70°C for carrot cube,
56 and 64°C for cabbage leaf). The predicted results were roughly in
line with the experimental results. In this study, it is indicated that
the sample temperature during drying is also an important parameter
for modeling the shrinkage, in contrast to the common assumption
that the shrinkage is only a function of moisture content, especially
for modeling the shrinkage of leafy vegetables. For comparison, the
conventional REA approach with experimentally determined surface
area was used to simulate the process. Figure 20 shows that the
experimentally determined surface areas for carrot cube appear to
be appropriate. It is seen that the predicted result of cabbage leaf at
50°C shows worst agreement with the result generated with the
X — T dependent relationship. As shown in Figure 12C,D, the experi-
mentally measured surface area for carrot cube is in good agreement
with the generated one using the new approach while the data con-
sistency of cabbage leaf is slightly worse. It is shown that different
biological properties of the materials of concern influence the
corresponding shrinkage behaviors.

7 | CONCLUSION

In this study, a practically useful approach was proposed based on the
REA framework to ensure the high prediction accuracy of drying pro-
cesses, even for highly shrinkable materials like vegetables. This
approach can effectively obtain the surface area change during drying
through a simple optimization scheme upon using the actual drying
kinetics data and the established REA parameters (without knowing
surface area a priori). It is demonstrated that this approach has ability
to capture the shrinkage detail of the highly shrinkable vegetables
(e.g., carrot and cabbage) during drying while it is known to be difficult
to achieve experimentally. The surface area can then be correlated to
sample moisture content only or sample moisture content and tem-
perature both, respectively. Coupling the surface area model correla-
tions with the REA approach, one can obtain accurate predictions of
the drying process while the surface area model with the sample
moisture content and temperature both as dependent parameters

works the best.
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NOMENCLATURE

A surface area of sample (m?)

Co specific heat capacity (J/kg/K)

Cps specific heat capacity of dry mass (J/kg/K)

Cow specific heat capacity of water (J/kg/K)
d side length of sample (m)
D diffusivity (m?/s)

AE, apparent activation energy (J/mol)
AE,p  equilibrium activation energy (J/mol)

h heat transfer coefficient (W/m?/K)

hm mass transfer coefficient (m/s)

AH, latent heat of water vaporization (J/kg)

k thermal conductivity (W/m/K)

m mass (kg)

mg dry mass of sample (kg)

Nu Nusselt number (—)

Pr Prandtl number (—)

R ideal gas constant (8.314 J/mol/K)

@ relative humidity (%)

Re Reynolds number (—)

Sc Schmidt number (—)

Sh Sherwood number (—)

T temperature (K)

t drying time (s)

X average moisture content on dry basis (kg/kg)
Xo initial moisture content on dry basis (kg/kg)
Xp equilibrium moisture content on dry basis (kg/kg)

p density/concentration (kg/m°)
u dynamic viscosity (Pa-s)

\% volume (m%)
F

function of relative activation energy

Subscripts

b bulk, drying air, balance
f film condition

s surface/solid

0 initial state

v vapor

w water

sat  saturated condition
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