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ABSTRACT

Drying is a simultaneous heat and mass transfer process which involves significant
energy consumption. For sustainable processing practice, ultrasonic-assisted drying is often
implemented. In order to assist in process design and optimization, a physically-meaningful
drying model is useful. The REA (reaction engineering approach), which has been shown to
be accurate to model several challenging drying cases, is implemented here to model the
ultrasonic-assisted drying with various intensities. The relative activation energy (4Ep)
generated from one accurate drying experiment is used to model the ultrasound-assisted
drying with various intensities. The results of modeling match very well with the
experimental data. The REA is accurate to model the ultrasonic-assisted drying. The
mechanisms of ultrasonic-assisted drying can be explained well by the REA. A landmark for
process intensification of drying process has been set up by the REA. The model can be

readily adopted in industrial settings for process design and optimization.
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CHAPTER 1

INTRODUCTION

1.1. Background

Drying is a process of water removal involving simultaneous heat and mass transfer
process. Study of drying is important since drying is an energy-intensive process and affects
the product quality. Several drying schemes, controlled drying operations and process
intensification of drying need to be implemented to minimize energy consumption of drying
and maintain the product quality of the materials being dried (Chou at al, 2000; Chua et al,
2001; Allanic et al, 2006; Shi et al, 2008; Garcia-Perez et al, 2007). Innovative process design
of dryer and exploration of operating conditions of dryer were also conducted in order to
reduce the energy consumption and maintain the product quality (Huang et al, 2003; 2004;
Wu et al, 2007; Woo et al, 2008; Jin and Chen, 2009*°; Jamalladine and Ray, 2010).

Drying was reported to require significantly large amount of energy since it requires
large heat for evaporating water (Midili et al, 2001; 2002; Dincer, 2002a*b). However, not all
the heat supplied is received by the product being dried since there is usually heat carried by
hot air vent, flue gas loss, convection loss, loss to ground as well as loss to structure
(Tippayawong et al, 2008). The energy consumption was reported to be very dependent on the
drying methods and operating conditions (Sharma and Prasad, 2006; Koyuncu et al, 2007;
Motevali et al, 2011*"). Microwave drying was shown to give the least specific energy
consumption followed by the combined hot air and infrared heating drying while the
convective drying alone resulted in the highest specific energy consumption (Motevali et al,
2011). For convective drying, the decrease of velocity and increase of temperature decreased
the specific energy consumption while for infrared heating drying, the increase of infrared-
heating intensity decreased the specific energy consumption (Sharma and Prasad, 2006;
Koyuncu et al, 2007; Motevali et al, 2011a*b).

Drying was shown to affect the product quality of the materials being dried
significantly. For food materials, drying was shown to influence the loss of ascorbic acid,

volatiles, aroma and caretenoids (Timoumi et al, 2007; Di Scala and Crapiste, 2008; Mrad et
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al, 2012; Ramallo and Mascheroni, 2012). Degradation of ascorbic and caretenoids was
shown to be more enhanced with the increase of drying air temperature and product moisture
content (Di Scala and Crapiste, 2008). The rehydration ability and ascorbic acid retention
were dependent on the drying air temperature (Ramallo and Mascheroni, 2012). Similarly, the
increase of temperature enhanced the loss of aroma (Timoumi et al, 2007). The survival of
probiotics was also found to be very dependent on the temperature and moisture content
(Huang et al, 2009). Drying was shown to induce fissuring of rice as a result of high gradient
of moisture content inside the samples (Yang et al, 2003). For non-food materials, drying was
shown to induce cracking of kaolin samples. Convective drying resulted in cracking at the top
of the cylinder samples where the tensile stress are maximum while microwave drying was
damaged internally as a result of high pore pressure (Kowalski et al, 2005). Convective drying
of kaolin did not result in cracking of the samples but application of combination of
convective and microwave led to fracture of the samples (Kowalski and Pawlowski, 2009).
Controlled drying can give the desirable bending strength and sintered density of ceramic
samples (Misra et al, 2002).

For minimization of energy consumption during drying, several schemes intermittent
drying is often practiced (Li et al, 1999; Cnossen et al, 2002; Yang et al, 2003; Kowalski and
Pawlowski, 2010*"). Intermittent drying is conducted by supplying different heat inputs
during drying time to the materials being dried or exposing the materials to time-varying
environment conditions. The intermittent drying was reported to be able to reduce energy
consumption significantly while achieving the similar moisture content (Chou at al., 2000;
Chua et al., 2001). Saving of effective drying time of 25%, 48% and 61% was revealed by
intermittent drying with fractions of heating time to total drying time of 0.25, 0.5 and 0.67
(Chou et al., 2000). In addition, infrared-heating drying, microwave drying and ultrasonic-
assisted drying have been implemented and it was reported to result in accelerated drying rate
(Jain and Pathare, 2004; Sharma et al, 2005; Allanic et al, 2009; Jambrak et al, 2007; Garcia-
Perez et al, 2007; 2009; Aversa et al, 2011). Application of infrared-heating with intensity of
2.3 kW.m? and maintaining the similar operating conditions of drying of polymer solution
was shown to increase the drying rate to more than double that of convective drying (Allanic
et al, 2006). The application of infrared heating-drying of blueberries was reported to make
the drying rate of blueberries three times higher than that of convective drying with the drying

air temperature of 60°C (Shi et al, 2008). Similarly, the microwave drying was reported to
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result in much higher drying rate than the conventional one so that significant reduction of the
drying time can be achieved (Prabhanjan et al, 1995; Wang and Chen, 2000; Alibas, 2007). In
addition, the application of ultrasonic-assisted drying was indicated to result in higher drying
rate than the conventional convective drying (Ortuno et al, 2010; Jambrak et al, 2007; Garcia-
Perez et al, 2007; 2009; Aversa et al, 2011). It was reported that the ultrasonic-assisted drying
alters the mass transfer properties while require less power input than hot air drying (Ortuno
et al, 2010). Similarly, the increase of power of ultrasound increases the diffusivity of

materials being dried (Garcia-Perez et al, 2007).

The intermittent drying, infrared-heating drying, microwave drying and were also
found to yield better product quality than the conventional convective drying (Prabhanjan et
al, 1995; Li et al, 1999; Cnossen et al, 2002; Yang et al, 2003; Mulet et al, 2003; Sumnu et al,
2005; Alibas et al, 2007; Kowalski and Pawlowski, 2010a*b). For intermittent drying,
tempering was shown to affect significantly the internal moisture redistribution, which is
favorable to prevent fissuring of rice (Li et al., 1999; Cnossen et al., 2002). The reduction of
non-enzymatic browning and loss of ascorbic acid and beta carotene can be achieved by the
intermittent drying (Chou et al., 2000; Thomkapanich et al., 2007). For non-food materials,
the application of intermittent drying resulted in minimized cracks (Kowalski and Pawlowski,
2010*"). The combination application of hot air and microwave drying was shown to give
better surface color and lower rehydration ratio of the food products than the conventional hot
air drying (Sumnu et al, 2005; Alibas, 2007; Orsat et al, 2007). The application of infrared-
heating drying was also shown to give better texture, firmer, and more cohesive than the
conventional drying (Nsonzi & Ramaswamy; 1998; Fernandes et al, 2006; Shi et al, 2008).
Similarly, ultrasonic-assisted drying was shown to be able to preserve the qualities of color,

flavor and nutrition during drying (Mulet et al, 2003).

Another possible method of process intensification of drying is ultrasonic-assisted
drying. This drying method has been implemented to various ranges of materials including
vegetables, sugar crystals, powdered milk, coal, polymer and sludge (Fairbanks, 1984;
Boistier-Marquis et al, 1999; Gallego-Juarez et al, 1998). The application of ultrasound-
assisted drying was indicated to result in higher drying rate than the conventional convective
drying (Ortuno et al, 2010; Jambrak et al, 2007; Garcia-Perez et al, 2007; 2009; Aversa et al,

2011). It was reported that the ultrasonic-assisted drying alters the mass transfer properties
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while require less power input than hot air drying (Ortuno et al, 2010). The increase of the
power intensity of ultrasound above the threshold value results in an increase of drying rate
(Garcia-Perez et al, 2006). Similarly, the increase of power of ultrasound increases the
diffusivity of materials being dried (Garcia-Perez et al, 2007). Ultrasound may induce
contraction and refraction of materials being dried; during contraction small amount of water
may be expelled towards the surface (Gallego-Juarez, 2006). In addition, ultrasound drying
was shown to be able to preserve the qualities of color, flavor and nutrition during drying
(Mulet et al, 2003).

Drying model is useful for assisting in process design and maintaining product quality
during drying. The useful model is the one which can capture the physics of drying process,
require minimum sets of experiments to generate the parameters and offer simplicity in
mathematical modeling and solution. For ultrasonic-assisted drying, several models have been
implemented to describe the process (Garcia-Perez et al, 2007; 2009; 2011; Ortuno et al,
2010; Schossler et al, 2012). Most of the modeling implemented diffusion-based model to
model the ultrasonic-assisted drying Garcia-Perez et al, 2007; 2009; 2011; Ortuno et al, 2010;
Schossler et al, 2012). Crank-diffusion-based model was implemented by several researchers
(Garcia-Perez et al, 2007; 2009; 2011; Schossler et al, 2012). However, this model is valid
only for isothermal, negligible shrinkage and negligible external resistance (Crank, 1975; Seth
and Sarkar, 2004; Doymaz, 2008; Vega-Galvez et al, 2008). The effective-diffusion model
was applied by Ortuno et al (2010) and Garcia-Perez et al (2011). The model was shown to
model the ultrasonic-assisted drying reasonably well but the model requires several sets of
experiments followed by non-linear optimization to generate the diffusivity function (Ortuno
et al, 2010; Garcia-Perez et al, 2011).

The reaction engineering approach (REA) is simple drying model proposed by X.D.
Chen in 1996 and implemented in various drying systems. The REA takes advantages of
simplicity, minimum number of experiments to generate the parameters and accuracy (Chen
and Xie, 1997; Chen, 2008). The reaction engineering approach (REA) was applied to
describe convective drying of thin layer of food materials and it was proven to be accurate
and robust (Chen, Pirini, Ozilgen, 2001; Chen and Lin, 2005). The application of the REA has
also been shown to be useful for non-food materials (Putranto, Chen and Webley, 2010*").

Indeed, the REA has been proven to be able to model the cyclic drying of food materials and
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non-food materials well (Putranto, Chen and Webley, 2010b, Putranto, Xiao, Chen and
Webley, 2011). The REA has also been revealed to be accurate to model the heat treatment of
wood which is essentially a drying process under linearly-increased gas temperature
(Putranto, Chen, Xiao, Webley, 2011). Similarly, the REA was also shown to be accurate to
describe the intermittent drying of kaolin under slow periodically changed drying air
temperature and humidity (Putranto, Chen, Devahastin, Xiao and Webley, 2011). Similarly,
the REA has been shown to describe baking and roasting very well (Putranto, Chen and Zhou,
2011; Putranto and Chen, 2012%).

Due to the complex phenomena of ultrasonic-assisted drying and intermittent drying,
it is worthwhile to implement the REA to describe the process and apply the model to
evaluate the mechanisms of the processes. Although the REA has been shown to model
several challenging drying cases very well, it may be a challenge for the REA to model
ultrasonic-assisted and intermittent drying since the processes are relatively complex. This
study is aimed to investigate and assess the applicability of the REA to model the ultrasonic-
assisted drying as well as use the REA to study the mechanisms of ultrasonic-assisted drying.
The outline of the paper is as follows: the REA is briefly introduced followed by the brief
review of the experimental details. The results of modeling and the mechanisms of ultrasonic-

assisted drying are discussed subsequently.
1.2 Research objectives

Because of the efficiency of the REA so far, it is worthwhile to develop the REA
framework and investigate its applicability to model the ultrasonic-assisted and intermittent
drying. The main objectives of this study are to develop the REA framework in an innovative
manner, apply and evaluate its accuracy to describe various challenging drying processes. The
REA framework is also developed more comprehensively in order to obtain better
understanding of transport phenomena of drying process. The main objectives are divided into

several specific objectives including:

1. To develop, implement and evaluate the accuracy of the lumped reaction engineering

approach (L-REA) to describe the ultrasonic-assisted drying.
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2. To develop, apply and evaluate the accuracy of the spatial reaction engineering
approach (S-REA) as non-equilibrium multiphase drying approach to model the

intermittent drying.

1.3 Scope of research

This research is focused on the development and assessment of accuracy of the
reaction engineering approach (REA) framework to model various challenging drying
processes. The L-REA (lumped reaction engineering approach) is developed and implemented
to describe ultrasonic-assisted drying. The validity of the L-REA to model the above cases is

tested against published experimental data and the accuracy is then evaluated.

By using the REA as local evaporation rate, the S-REA (spatial reaction engineering
approach) is developed as non-equilibrium multiphase drying model and applied to model the
intermittent drying The validity of the REA to model the local evaporation rate as well as the
accuracy of S-REA to model these cases are tested against published experimental data. The

accuracy is then assessed.

1.4 Expected outcomes

It is expected that this research project has the outcomes of publications in:

1. 1 international refereed journal (Drying Technology or Journal of Food Engineering or

Chemical Engineering and Processing: Process Intensification)
2. 1 national conference paper

The expected outcomes are reasonable considering the originality and depth of the research
and the experience of the main researcher (Aditya Putranto) in publications in the area of
drying technology (See Appendix: Published international peer-reviewed journals and

conference papers from Aditya Putranto)

1.5 Expected outputs
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It is expected that this research has output of effective mathematical model which can
be used for process design and product quality purposes. For process design, the model can be
applied to design a new brand dryer and evaluation of performance of existing dryer. The
model can be implemented to evaluate the energy consumption as well as the profiles of
moisture content and temperature inside the dryer so that troubleshooting and optimization
can be conducted. For product quality purpose, the profiles of moisture content and
temperature generated by the model can be used to indicate the quality level of the products

being dried.

CHAPTER 2
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LITERATURE REVIEW

In this chapter, various mathematical models proposed and implemented to describe drying
processes are presented. Generally, the mathematical models of drying processes can be
classified into: empirical and mechanistic model. The latter one can be further divided into

lumped and spatial models. Discussions of these models are given below.
2.1 Empirical models

Several empirical models were applied to model thin layer drying including Page,
Newton, Modified Page, Henderson Pabis, logarithmic, two term, two term exponential,
Midili and Verma (Page; 1949; Westerman, White and Ross, 1973; Overhults et al, 1973;
Henderson, 1974; Wang and Singh, 1978; Sharaf-Eldeen et al, 1980; Bengtsson et al, 1998;
Yagcioglu et al, 1999; Midilli et al, 2002). It is revealed that the empirical models describe the
drying rate reasonably well but the models are not physically meaningful because of incapable
of capturing physics during drying. In addition, the models are not valid for other conditions
being tested. This makes the application of the models very limited. Further investigation
indicates that the empirical model is also incapable of describing drying kinetics under time-
varying ambient conditions (Baini and Langrish, 2007). Several empirical drying models are

shown in Table 2.1.
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Table 2.1 Empirical models of drying kinetics

No. Model name Model Equation no.
1. Newton MR = exp(-kt) (2.1-1)
2. Page MR = exp(—kt") (2.1-2)
3. Modified Page MR = exp[—(kt)"] (2.1-3)
4. Henderson Pabis MR = aexp(—kt) (2.1-4)
5. Logarithmic MR = aexp(—kt) +c (2.1-5)
6. Two term MR = aexp(—k,t) + bexp(—k,t) (2.1-6)
7. | Two term exponential MR = aexp(—kt) + (L—a) exp(—kat) (2.1-7)
8. Midili et al MR = aexp(—kt") + bt (2.1-8)
9. Verma MR = aexp(—kt) + (L—a)exp(—gt) (2.1-9)

where MR is the moisture ratio, t is time (s), k, n, a, b, ¢, g, ko and ki are model constants.

2.2 Lumped models

Two models using lumped models to describe drying kinetics are characteristics
drying rate curve (CDRC) (Keey, 1978; 1992; Langrish and Kockel, 2001) and reaction
engineering approach (REA) (Chen and Chen, 1997; Chen and Xie, 1997; Chen, 2008).

2.1 Characteristics drying rate curve (CDRC)

In CDRC, the drying rate is modeled as (Keey, 1978; 1992) as:
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N =¢N, (2.2-1)
where X>X., (=1 and for X<X, (=f(D),

where N is the flux of drying rate (kg H,0.m?2.s™), N is the drying rate at critical condition
(kg H,0.m?%s™), ¢ is the coefficient representing the relative drying rate, @ is the
characteristics moisture content, X is moisture content on dry basis (kg H,0.kg dry solids™)

and X. is the critical moisture content on dry basis (kg H20.kg dry solids™).

The drying rate at critical conditions is expressed as:
Nc = hm (pv,sat (wa) _pv,b) (22_2)

where hy, is the mass transfer coefficient (m.s™), Tw, is the wet bulb temperature (K), py,sat i
the saturated water vapor concentration (kg.m™) and p, is the water vapor concentration of

drying medium (kg.m).
The relative drying rate can be related to the moisture content by:
¢ =0 (2.2-3)

where j is the coefficient representing sensitivity of the relative drying rate towards the

characteristics moisture content.

The characteristics moisture content is written as:

AT (2.2-4)
Xc - Xe
where X, is the equilibrium moisture content (kg H,0.kg dry solids™).
Combining equation (2.2-3) and (2.2-4) results in:
X=X,
_ eyl 2.2-5
(=G (2.2-5)

In order to obtain the profile of moisture content and temperature of materials being dried, the
mass balance applying CDRC needs be coupled with the heat balance (Langrish and Kockel,
2001). CDRC was applied to model drying kinetics of milk droplet and reasonable agreement
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with experimental data was observed (Langrish and Kockel, 2001). However, the CDRC
model was shown not to be able to model the intermittent drying (Baini and Langrish, 2007).

2.2. Reaction engineering approach (REA)

The general REA is an application of chemical reaction engineering principles to
model drying kinetics which was first reported in 1997 (Chen, 2008). In this approach,
evaporation is modeled as zero-order kinetics with activation energy while condensation is
described as first order wetting reaction with respect to drying air solvent vapor concentration
without activation energy (Chen, 2008). The REA approach offers the advantage of being
expressed in terms of simple ordinary differential equation with respect to time. This negates
the complications arising from use of partial differential equation (Chen and Xie, 1997). This
approach has been firstly employed to express the overall drying rate for the entire object
being dried — a lumped approach. A summary of the developments of the lumped approach of
REA was, given by Chen (2008).

Generally, with no assumption, the drying rate of a material can be expressed as:

dXx
m—= _hm A(pv,s - pv,b) (22_6)

* dt
where m; is the dried mass of thin layer material (kg), X is the average moisture content on
dry basis (kg.kg™), tis time (s), pys is the water vapor concentration at interface (kg.m™), pup
is the water vapor concentration in the drying medium (kg.m®), hy is the mass transfer

coefficient (m.s™) and A is surface area of the material (m?).

Equation (2.2-6) is a basic mass transfer equation. The convective mass transfer
coefficient (hy) is determined based on the established Sherwood number correlations for the
geometry and flow condition of concern or can be established experimentally for the specific
drying conditions involved (Lin and Chen, 2002; Kar and Chen, 2009). The surface vapor
concentration (py ) can then be scaled against saturated vapor concentration (pysat) USINng the
following equation (Chen and Chen, 1997; Chen and Xie, 1997; Chen, 2008):
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E
—exp| —v T 2.2-7
Pus p[ o7 jpv,sat( 5) (2.2-7)

S

where AE, represents the additional difficulty to remove moisture from the material beyond
the free water effect. This 4E, is the average moisture content (X) dependent. Ts is the surface

temperature of the material being dried (K) and py s.: for water vapor can still be estimated by:

Dot =4844x10°° (T, — 273)*~1.4807 x 107 (T, — 273)° + 2.6572x 10 ° (T, — 273)?

(2.2-8)
—4.8613x10°°(T, —273) +8.342x10°°

based on the data summarized by Keey (1992).

When material is “thermally’ thin, the surface temperature is considered to be the same
as the sample temperature (Chen and Peng, 2005; Patel and Chen, 2008), i.e. Ts=T.

The mass balance (equation 2.2-6) is then neatly expressed as:

R LTy E N 2.29)

From equation (2.1-4), 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 reaction
engineering approach, i.e. the L-REA. It must be noted that, though the average moisture
content is used, the L-REA does not assume uniform moisture content. Of course, no spatial
distribution of moisture content can be computed using L-REA. The L-REA may also be
applied to cases where the temperature within the material is not uniform as long as the

surface temperature can be determined or predicted accurately.

The activation energy (4E,) (which is the characteristic of the material being dried; it
is material dependent) needs to be determined experimentally. Upon the attainment of the
drying data, notably the surface temperature of the material (or the sample temperature in the
case of thermally thin situation) and moisture loss against time, plus the information about the
external mass transfer coefficient, one can obtain the activation energy. This can be done by

re-arranging equation (2.2-9) as follows:

Page 14



ax 1
s dt hmA pv,b
pv,sat(Ts)

AE,=-RT,In (2.2-10)

The rate of moisture loss dX /dt is experimentally determined. The surface area A should
also be recorded in drying experiments in the case of shrinkable material. The dependence of

activation energy on average moisture content on a dry basis (X) can be normalized as:

AE

E = f(X-X,) (2.2-11)

Vib

where f is a function of water content difference, AE,, is the ‘equilibrium’ activation energy
representing the maximum AE, determined by the relative humidity and temperature of the

drying air:
AE,, =—RT, In(RH,) (2.2-12)

RHy, is the relative humidity of drying air, X, is the equilibrium moisture content under the
condition of the drying air (kg.kg™) and Ty is the drying air temperature (K).

2.3.Diffusion-based model

The effective diffusion is considered to be a fundamental mechanism of moisture
transport in literatures (Pakowski and Adamski, 2007, Mariani et al, 2008;
Thuwapanichayanan et al, 2008; Vaquiro et al, 2009). The effective diffusivity is usually used
to lump the whole phenomenon during drying including liquid diffusion, vapor diffusion,
Darcy’s flow, capillary flow and evaporation/condensation (Pakowski and Adamski, 2007,
Mariani et al, 2008; Thuwapanichayanan et al, 2008; Vaquiro et al, 2009). For one-
dimensional of convective drying of a slab, the simplest mathematical model of diffusion of

moisture can be expressed as:

oc o0 ,.0C

= - (D= 2.3-1

ot ax( ax) ( )
where C can be considered as concentration of liquid water (kg.m™), D is the effective

diffusivity (m.s™), tis time (s) and x is the axial position (m). Equation (2.3-1) usually does
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not consider the shrinkage velocity effect and the most important parameter is the effective
diffusivity (D).

2.3.1 Crank’s effective diffusion

Crank’s effective diffusion has been used by several researchers and considered as a
fundamental drying model (Crank, 1975; Cihan and Ece, 2001; Hassini et al, 2007; Corzo et
al, 2008; Arslan and Ozcan, 2011; Castell-Palou, 2011). However, they usually neglect the
criteria of Biot number (Bi) and ignore the correct boundary conditions. They often do not
report the operating conditions of their experiments in details so that the clear justification of
the requirement of the validity of the Crank’s effective diffusion cannot be made (Chen,
2007). For slab geometry, the solution of Crank’s effective diffusion of equation (2.3-1) can
be written as (Crank, 1975):

X=X 8 & 1 27[2
e =2y = exp[-(2n+1)2 7, D, t 2.3-2
Xo =X, ﬁznzz(;(ZH—i-l)z PI=( ) L2 err 1] ( )

where D is the effective diffusivity (m?s™), X is the moisture content on dry basis (kg
water.kg dry solids™) which can be evaluated by (X=C/ps), X, is the initial moisture content
(kg water.kg dry solids™), X. is the equilibrium moisture content (kg water.kg dry solids™)
and L is the half thickness (m) where L=0.5b and the materials are dried symmetrically. For
long time period of drying, only the first term of equation (2.3-2) is significant so that
equation (2.3-2) can be simplified into (Crank, 1975):
2
In( ;( __>; ©)~ In(%) —(Z?Deﬁ,, )t (2:3-3)

0 e

The Crank’s effective diffusion should only be valid for the conditions of isothermal drying,
negligible shrinkage, negligible external resistance, constant diffusivity and uniform initial
moisture content (Crank, 1975). In addition, the approach should only correlate well with the
experimental data for towards the end of drying (Srikatden and Roberts, 2006). However, this
has been implemented largely where the assumptions may not be fulfilled and justifications
are not made (Cihan and Ece, 2001; Hassini et al, 2007; Corzo et al, 2008; Arslan and Ozcan,
2011; Castell-Palou, 2011)
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In addition, the Crank’s effective diffusion is based on the surface boundary

conditions (at x=L, for the slab geometry) of (Crank, 1975):
dX
_Deﬁ,lazﬂ(xs_xe) (23_4)

where De is the effective liquid water diffusivity (m%s™), X; is the surface moisture content

(kg water.kg dry solids™).

Equation (2.3-4) is in contrast of the boundary conditions of vapor transfer which can be
expressed as (Chen, 2007):

dC

- Dv d_v = ﬁ(pv,s - pv,e) (23_5)
X

where D, is the effective vapor diffusivity (m?.s™?), C, is the concentration of water vapor
(kg.m™), pys is the surface water vapor concentration (kg.m™) and p is the equilibrium water
vapor concentration (kg.m™) which should be similar to the ambient water vapor

concentration.

Equations (2.3-4) and (2.3-5) are similar if only at the interface, the moisture content is in

equilibrium with the water vapor concentration (Chen, 2007).
2.3.2 Several formulations of diffusion-based models

Various formulations of diffusion-based models have been implemented extensively
by a lot of researchers (Cihan and Ece, 2001; Adhikari et al, 2004; Corzo et al, 2008; Vaquiro
et al, 2009; Kar and Chen, 2009). The diffusion-based models are usually implemented as the
mass balance coupled with the heat balance (Adhikari et al, 2004; Pakowski and Adamski,
2007; Guine, 2008; Kar and Chen, 2009; Vaquiro et al, 2009). However, several researchers
(Viollaz and Rovedo, 2002; Loulou et al, 2006; Batista et al, 2007; Garcia-Perez et al, 2009)

implemented the diffusion-based model without coupling with the heat balance.

Vaquiro et al (2009) used the diffusion-based model implementing the effective
diffusivity coupled with the heat balance to describe the drying kinetics of a cube of mango

tissues dried uniformly in x, y and z directions (Sanjuan et al, 2004). By implementing the
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diffusion-based model, the mass balance of convective drying of mango tissues can be

expressed as (Vaquiro et al, 2009):

20,225, %)..2 0, %)% 234
OX ox ) oy oy ) oz 0z ot
with the initial and boundary conditions:
t=0, X = X, (2.3-7)
x=0, y=0, z=0, X = X = X =0 (2.3-8)
ox oy oz
P
=L, D.p. XLy, 2.ty = Mu oLy ZORMLYZY _@:Fey 554
OX R T(L,y,zt1) T,
P
y=L, D.p. ZXx Lty = —h M@K LZORKLZY 97 5540
OX R T(xL,z,t) .
P
2=, D,p. X xy Lty = —h M @K Y LORGY LY 0T 5545y
OX R T(x,y,L,t) T

0

where D, is the effective diffusivity (ms™), ps is the density of solid (kg.m?), X is the
moisture content on dry basis (kg H20.m™), hy, is the mass transfer coefficient (m.s™), M,, is
the molecular weight of water (kg.kmol™), ¢ is the surface relative humidity, Ps is the
saturated vapor pressure (Pa), T is sample temperature (K), ¢, is the drying air relative
humidity, Ps. is the vapor pressure in drying air (Pa), T is the drying air temperature., L is the

thickness of sample (m).

while the heat balance can be expressed as (Vaquiro et al, 2009):

ox\_ ox) oy\ oy) o\ oz

P (Cy, +XC, )a_T_DePdst a_xa_T+a_X6_T+a_Xf}_T
* Vot “\ ox ox oy oy oz oz

(2.3-12)

with the initial and boundary conditions:
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t=0, T =T, (2.3-13)

x=0, y=0, z=0, ﬁ=ﬁ o _ 0

ax ay = E = (23'14)

-1 kT _ T1-D.p. X ]
x=L, —k P (L,y,z,t) =h[T(L,y,z,t)-T_]1-D,pg = (L,y,z,1)Q,(2.3-15)
y=L, — k%(x, L,z,t) =h[T(x,L,z,t)-T,_ 1- D, py %(x, L,z,1)Q, (2.3-16)

=L, — k(Z—T(x, y,Lt)=h[T(x,y,L,t)-T_1-D,p4 (Z—X(x, L,z,t)Q, (2.3-17)
Z Z

where k is the thermal conductivity of sample (W.m™.K™), h is the heat transfer coefficient
(W.m2K™), pgs is the density of dry solid (kg.m™®), Qs is the heat of evaporation of water
(J.kg™h), Cpgs is the specific heat of dry solid (J.kg?.K™), Cpy, is the specific heat of water
(kg™ .K™.

Several sets of experiments followed by optimization procedures were carried out in order to
establish the effective diffusivity as function of temperature and moisture content. Vaquiro et

al (2009) reported that the effective diffusivity of mango tissues can be represented as:

~38924, X iaeaoc
( )1.885 10 ]

D, =2.933x10° exp[
8.314T X +1

(2.3-18)

By using the diffusion-based model shown in equation (2.3-6) with the initial and boundary
conditions indicated in equations (2.3-7) to (2.3-11) in conjunction with the heat balance
shown in equation (2.3-12) in conjunction with the initial and boundary conditions
represented in equations (2.3-13) to (2.3-17), a reasonable agreement towards the

experimental data was shown (Vaquiro et al, 2009).
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CHAPTER 3

METHODOLOGY

3.1. Ultrasonic-assisted drying

The meaningful experimental data for study of ultrasound-assisted drying is derived
from the previous published work of Garcia-Perez et al (2009). For better understanding of
the modeling implemented here, the experimental details of Garcia-Perez et al (2009) are
reviewed briefly here. The experimental setup is shown in Figure 3.1. The raw materials of
lemon were obtained from Javea, Spain in the end stage of ripeness. The lemon-peel was
separated from the pulp by hand and the samples of lemon-peel were cut into slabs with
thickness of 7 mm (Garcia-Perez et al, 2009). The convective dryer equipped by the
ultrasound power generator was used to study the drying kinetics of lemon-peel. The details
of the equipment were presented previously (Garcia-Perez et al, 2006). The ultrasonic
generator produced a high intensity ultrasonic field and reached an average sound pressure
level of 154.3 dB. The digital power meter was used to monitor the voltage, intensity, power,
phase and frequency of the electric signal (Garcia-Perez et al, 2009). Convective drying
experiments were conducted at drying air temperature of 40 °C and air velocity of 1 m.s™.
The ultrasonic-assisted drying of lemon-peel is conducted at various levels of ultrasonic
power i.e. 8, 12, 21, 29 and 37 kW/m®. This was conducted by adjusting several electric
powers to the ultrasonic transducer. The load density of lemon-peel of 36 kg.m™ was used for
the experiments. During drying, the air velocity and temperature were controlled by a PID
controller and the weight of the samples was monitored by a balance wired to the sample load
chamber (Garcia-Perez et al, 2009).
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Figure 3.1. Equipment setup for ultrasonic-assisted drying (Garcia-Perez et al,
2006)

3.2. Lumped reaction engineering approach (L-REA) model for ultrasonic-assisted

drying

The reaction engineering approach (REA) is an application of a chemical reactor
engineering principle to model drying kinetics first proposed by X.D. Chen in 1996 (Chen and
Xie, 1997; Chen, 2008). A recent summary of the reaction engineering approach (REA) was
given by Chen (2008).

In general, the drying rate of a material can be expressed as:

dX
mg——= _hm A(pv,s - pv,b) (32_1)
dt
where ms is the dried mass of material (kg), t is time (S), X is the average moisture content on
a dry basis (kg.kg™), pvs is the vapor concentration at the material-air interface (kg.m™), pup
is the vapor concentration in the drying medium (kg.m™), hy, is the mass transfer coefficient

(m.s™) and A is the surface area of the material (m?). Equation (1) does not involve much
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assumption at all. The mass transfer coefficient (hy,) is determined based on the established
Sherwood number correlations for the geometry and flow condition of concern. The mass
transfer coefficient (hm) may also be established experimentally and directly for the specific
drying conditions involved. The surface vapor concentration (p,s) can be scaled against
saturated vapor concentration (pysar) Using the following equation (Chen and Xie, 1997; Chen,
2008):

- AE
=exp —— T 3.2-2
pus = "t oM 322

AE . - . .
where the term exp( T ! jrepresents the relative humidity at the surface of the solid domain

exposed to the gas phase. 4E\ represents the additional difficulty to remove moisture from the
material beyond the free water effect. This 4E, is moisture content (X) dependent. T is the
temperature of the material being dried (K) and pysa (kg.m™®) for water can be estimated with

the following correlation:

Do =4844x107° (T — 273)*~1.4807 x 107 (T — 273)* + 2.6572x 10" (T — 273)°

(3.2-3)
—4.8613x107°(T — 273) +8.342x10°°
where T is temperature (K) based on the data summarized by Keey (1992).
The mass balance (equation 1)can then be rewritten:
dX - AE
m, — =—h_A| ex ! - 3.2-4
s dt m |: p( RT )pv,sat pv,b:l ( )

Equation (3.2-4) is an ordinary differential equation with respect to time predicting the change
of moisture content during drying. The model shown in equation (3.2-4) is called the lumped
reaction engineering approach (L-REA).

The activation energy (4Ey) is determined experimentally by rearranging equation (3.2-4) in

the following:
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m dxX 1 +p
T T A v.b
AE, =—RTIn dt hy, A (3.2-5)
Py sat

where dX/dt is the rate of mean water content change during drying determined
experimentally. Basically, for a given drying run, the parameters on the RHS (right hand side)
are all known so that the activation energy can be obtained. The dependence of activation

energy on moisture content X can be normalized as:

AE
AE

= f(X-X,) (3.2-6)
Vib
where f is a function of water content difference, AE,, is the ‘equilibrium’ activation energy

which is the maximum A4E, under the relative humidity and at the temperature of the drying

air:
AE,, =—RT, In(RH,) (3.2-7)

Xp is the equilibrium moisture content on a dry basis corresponding to RHy, (relative humidity
of drying air) and T, (drying air temperature) which can be related to one another through the

equilibrium isotherm of the same material.

For similar drying condition and initial water content, it is possible to obtain the
necessary REA parameters (apart from the equilibrium isotherm), expressed in the relative
activation energy (4E./AE,p) as indicated in equation (3.2-6), in one accurate drying
experiment. Of course, different temperatures might cause microstructural changes that alter
the internal transport characteristics. One cannot rule out running out several experiments to
cover the range of practical interest. The relative activation energy (4E./4E\p) generated can
then be implemented to other drying conditions provided the same material and similar initial
moisture content since the relative activation energy usually can collapse to the similar profile
(Chen and Xie, 1997; Chen and Lin, 2005; Chen, 2008).

In order to model the convective and ultrasonic-assisted drying of lemon-peel using
the reaction engineering approach (REA), the relative activation energy (4EvAEy) is

generated from one accurate drying experiment which is the convective drying of lemon-peel
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at drying air temperature of 40 °C. The activation energy during drying is evaluated using
equation (3.2-5) and divided with the equilibrium activation energy represented in equation
(3.2-7) to yield the relative activation energy as mentioned in equation (3.2-6).

The heat balance of convective drying of lemon-peel can be expressed as:

d|m,@+X)C,T|
dt

~hA(, =T)+m, (L—):AHV (3.2-8)

where ms is sample mass (kg), C, is the heat capacity of the sample (J.kg™.K™), T is the
temperature of the sample (K), h is the heat transfer coefficient (W.m?.K™), 4H, is
vaporization heat of water (J.kg'), Ty is the gas temperature (K). The drying rate dX/dt is

negative when drying occurs.
while the heat balance of the ultrasound-assisted drying of lemon-peel can be written as:

d|m, @+ X)C,T]
dt

~P+hA(T, -T)+ mscij—):AHv (3.2-9)

where P is the ultrasonic power received by the sample (W).

In order to yield the profiles of moisture content and temperature during convective
drying of lemon-peel, the mass balance implementing the REA shown in equation (3.2-4) is
solved simultaneously with the equilibrium activation energy, relative activation energy and
heat balance shown in equations (3.2-7), (3.2-8) and (3.2-9) respectively. The ordinary
differential solver ode23s available in Matlab® (Mathworks Inc, 2012) is used to solve these
equations simultaneously. Similarly, for ultrasound-assisted drying, the mass balance
implementing the L-REA, equilibrium activation energy and heat balance presented in
equations (3.2-4), (3.2-7), (3.2-8) and (3.2-9) are solved simultaneously using ode23s
available in Matlab® (Mathworks Inc, 2012). The results of the modeling are validated
against the experimental data of convective and ultrasonic-assisted drying from the previous
published work of Garcia-Perez et al (2009).
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In order to model the convective and ultrasonic-assisted drying of lemon-peel using the
reaction engineering approach (REA), the relative activation energy (4E./AE,,) is generated
from one accurate drying experiment which is the convective drying of lemon-peel at drying
air temperature of 40 °C. The activation energy during drying is evaluated using equation (5)
and divided with the equilibrium activation energy represented in equation (7) to yield the
relative activation energy as mentioned in equation (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® (Microsoft Corp, 2011).
The relative activation energy can be represented as:

A8 |- 0.217(X - X,)°* Jexp[0.163(X - X,)°*%] (8)

v,b

The good fit of the relative activation energy is shown in Figure 1 (R? of 0.998). The format
of equation (8) can be varied but in this case equation (8) seems to be sufficient to describe
the relative activation energy of drying of lemon-peel.

The heat balance of convective drying of lemon-peel can be expressed as:

dX

d 1+ X)C.T
[mS( i ) P thA(Tb _T)‘i‘msEAHV (9)

dt

where mg is sample mass (kg), C, is the heat capacity of the sample (J.kgh.K™), T is the
temperature of the sample (K), h is the heat transfer coefficient (W.m?2.K™), 4H, is
vaporization heat of water (J.kg'), Ty is the gas temperature (K). The drying rate dX/dt is
negative when drying occurs.

while the heat balance of the ultrasound-assisted drying of lemon-peel can be written as:

d|m, @+ X)C,T]
dt

zP+hA(Tb—T)+mScL—>:AHV (10)

where P is the ultrasonic power received by the sample (W).
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CHAPTER 4
RESULTS AND DISCUSSION

The profiles of relative activation energy of convective drying are shown in Figure 1.
At the beginning of convective drying, the relative activation energy is close to 0 and it
increases as drying progresses. When equilibrium moisture content is achieved, the relative
activation energy is 1. It increases from O at the beginning of drying and approaches to 1

when the equilibrium moisture content is achieved.

For modeling of ultrasound-assisted drying at various intensities in this study, the
relative activation energy generated from convective drying run as shown in equation (8) is
used. As mentioned before, the good fit between the fitted and experimental activation energy
is shown in Figure 1 (R? of 0.998).
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Figure 1. The fitted and experimental relative activation energy (4E/AE, ;) of

convective drying at drying air temperature of 40 °C

Results of modeling using the REA are shown in Figures 2 to 7. Figures 2 and 3
present the results of modeling of convective drying and ultrasonic-assisted drying at intensity
of 4 kW.m™ using the REA. A good agreement between the predicted and experimental data
is observed. Table 1 indicates that the good agreement is supported by R? of higher than 0.995
and RMSE lower than 0.086. In addition, the profiles of temperature during drying are shown
in Figure 3. Compared to the diffusion-based modeling implemented by Garcia-Perez et al
(2009), the REA vyields advantages of generating temperature profiles during drying; not

shown by the other model.
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Figure 2. Profiles of moisture content of convective drying at drying air temperature of

40 °C and ultrasonic-assisted drying at intensity of 4 kw.m
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Figure 3. Profiles of temperature of convective drying at drying air temperature of 40

°C and ultrasonic-assisted drying at intensity of 4 kW.m

The results of implementation of the REA for ultrasonic-assisted drying at intensity of
8 and 12 kW.m™ are presented in Figures 4 and 5. Figure 4 shows the profiles of moisture
content during drying. The REA describes the profiles of moisture content during drying very
well. The good agreement is indicated by R? of higher than 0.996 and RMSE lower than 0.071
(refer to Table 1). Figure 5 reveals the profiles of temperature during drying. Again, the REA
yields the advantages of generating the temperature profiles during drying; not shown by the
modeling applied by Garcia-Perez et al (2009). The REA can model the ultrasonic-assisted
drying with intensity of 8 and 12 kw.m™ well.
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Figure 4. Profiles of moisture content of ultrasonic-assisted drying at intensity of 8 and
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In addition, the results of modeling of ultrasonic-assisted drying at intensity of 21, 29
and 37 kwW.m™ are shown in Figures 6 and 7. The profiles of moisture content during drying
are shown in Figure 6. The REA models the profiles of moisture content during ultrasonic-
assisted drying at intensity of 21, 29 and 37 kW.m™ very well. The results of modeling match

well with the experimental data. The good agreement between the predicted and experimental
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data is also confirmed by R? and RMSE shown in Table 1. Figure 7 presents the profiles of
temperature during drying. The REA is indeed accurate to model the ultrasonic-assisted
drying at intensity of 21, 29 and 37 kw.m™*,
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Figure 6. Profiles of moisture content of ultrasonic-assisted drying at intensity of 21, 29
and 37 kw.m
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Figure 7. Profiles of temperature of ultrasonic-assisted drying at intensity of 21, 29 and
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It has been shown that the REA models the convective and ultrasonic-assisted drying
of lemon-peel very well. The relative activation energy generated from one accurate
convective drying can be used for modeling of ultrasonic-assisted drying at various
intensities. The accuracy of the REA could be because of applicability of the relative
activation energy to capture the physics of ultrasonic-assisted drying. Ultrasound wave
implemented may alter the internal and external resistance of mass and heat transfer
(Scarborough et al, 2006). The ultrasound was postulated to cause “sponge effect” i.e.
expansion and compression in the material which facilitates water removal (Garcia-Perez et
al, 2007). Application of ultrasonic wave resulted in change of microstructure at the surface
and inside the materials. At the surface, the pores were obstructed by wax component
scattering (Ortuno et al, 2010) and the ultrasonic wave may result in pressure variation,
oscillation and microstreaming which reduces the thickness of boundary layer (Gallego-
Juarez et al, 1999). Inside the materials, the ultrasound wave was shown to make the cellular
structure were more compressed and destroyed with large air intercellular spaces (Ortuno et
al, 2010). It was postulated to cause developed force inside the materials which allows the

formation of micro-channel favorable for removal of water vapor (Da Mota and Palau, 1999).
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Similarly, the ultrasound wave may promote the growth of new cavities and bubbles inside
the materials (de Fuente-Blanco et al, 2006). The applicability of the REA on ultrasonic-
assisted drying indicates that the complex mechanisms of ultrasonic-assisted drying can be
explained by the relative activation energy. It seems that the relative activation energy can
incorporate the alteration of internal and external transfer resulted by ultrasonic wave. The
effects of change in microstructure inside the materials and at the surface, expansion-
compression inside the materials, oscillation and pressure variation seem to be represented
well by the relative activation energy. It can be used to lump all phenomena generated by

ultrasonic wave on the materials being dried.

It can be said that the REA is accurate to model the ultrasonic-assisted drying. While
the results are accurate, the modeling itself is still simple and requires minimum number of
experiments for generate the drying parameters. It can also explain the mechanisms of
ultrasonic-assisted drying well. This has extended the application of the REA significantly
and revealed that the REA can be used to explain the physics of ultrasound-assisted drying. It
has followed the accuracy of the REA to several challenging cases of drying, baking and
roasting as well as the ability of the REA to explain the physics of these processes (Putranto et
al, 2010*"; Putranto et al, 2010*"; Putranto and Chen, 2012).

Conclusion

In this study, the REA is applied to model the ultrasonic-assisted drying at various
intensities. The relative activation energy is generated from one accurate drying experiment is
implemented to describe the change of internal behavior inside the materials during
ultrasound-assisted drying at various intensities. The results of modeling match well with the
experimental data. The REA is accurate to model the ultrasound-assisted drying. The REA
can model the ultrasound-assisted drying very well. The mechanisms of ultrasonic-assisted
drying can be explained well also by the REA. While the results are accurate, the modeling is
still simple. Another significant landmark of the REA on process intensification of drying has

been shown here.
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