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Abstract

The reaction engineering approach (REA) has been proposed and
implemented for modeling a number of challenging drying cases. While the
modeling is simple and accurate, it is effective to generate the drying
parameters. The relative activation energy is the fingerprint of the REA
which describes the changes of internal behaviors inside the materials during
drying. In this paper, a new method, based on combined heat and mass
balance, is proposed and implemented to retrieve the relative activation
energy of flat materials. The results indicate that the new approach can be
used to retrieve well the activation energy of flat materials. The relative
activation energy retrieved by the new approach is independent on the
external drying conditions. This new approach can also potentially be used to
evaluate the change of surface area of materials during drying
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1. Introduction

The reaction engineering approach (REA) is a ‘middle path’ approach to model drying in
which the changes of material structure during drying is encapsulated in the relative
activation energy. It has been successfully applied to model a number of challenging drying
cases including intermittent drying, infared-heating drying and microwave drying [1].
While the modeling is accurate, it has been found that the REA is effective in terms of
generating the drying parameters. The relative activation energy calculated based on one
accurate drying run can basically be used to project drying at other conditions since the
relative activation energy is independent on the drying conditions. The relative activation
energy of different drying conditions would collapse to the similar profiles [2]. In these
studies, the activation energy is retrieved based on the mass balance where measurements
of surface area, temperature and surface area of materials being drying are required.

In this study, for the first time, a new approach based on combined heat and mass balance is
proposed and implemented for retrieving the activation energy of flat materials. The study
is aimed to evaluate the applicability of the new approach to generate the relative activation
energy as well as assess its applicability to mode drying kinetics of flat materials. Initially,
the reaction engineering approach is reviewed briefly followed up by the proposal of new
approach and applications of the new approach for generating the relative activation energy
and modeling of drying of flat materials.

2. Materials and Methods

The reaction engineering approach (REA) was first proposed as a lumped parameter model
where the drying rate (flux multiplied by surface area) of the moist materials can be
expressed as the following:

mch:NcA:hmA(pv,spv,m) (1)

Equation (1) is basically correct for all cases where water leaves solid in vapor form. Even
in the case of the lumped approach, there is no assumption of uniform moisture content in
this REA approach. It was characterized with the mean moisture content.

The surface vapor concentration (pvs) can be correlated in terms of saturated vapor
concentration of water (pvsa) by the surface relative humidity (RHs) in the following
equation [3]:

plgs: H-’s.pv,.ﬂ(-’;):exp{_%Jpv;d(-’;) (2)

5

One can see that the surface RH is represented in an Arrhenius form. 4Ey represents the
increasing difficulty to remove moisture from materials as moisture content reduces (in
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addition to the free water effect). Being a semi-empirical model, 4E, is ideally to be the

mean moisture content ( X ) dependent. Ts is the surface temperature of the material being
dried (K). For a small temperature range say from 0°C to just over 100°C, pysat (kg.m3) can
in fact be approximated with the following equation [3]:

E
Pus(T)= Kvexp[— R;'] ®3)

The approach of the activation process for moisture removal is thus claimed. On the other
hand, condensation is a kind of precipitation process thus is not an activation process. The
activation energy of the pure water evaporation reaction is equivalent to the value of the
latent heat of water evaporation, which is also in line with the classical physical chemistry.

By using the REA, equation (1) can be expressed as:

— AEV
= _hmA(exp(?)pv,ﬂ ( 7;) - Pv,m] (4)

Noting that the above equation has a parameter that is the surface temperature (Ts) for the
moist porous material being dried, it can be troublesome to measure under certain
circumstances.

It has been found, based on many previous practical experiences of using the REA
approach, that drying experiments for generating the REA parameters need to be conducted
where the air (or gas) humidity is very low in order to cover the widest possible range of

AE versus X.

The dependence of the additional activation energy on moisture content can then be
normalized as:

AE'If
AE

Vo0

=6(X=X,) )

where ¢£'is a function of moisture content difference (the current moisture content less the

final equilibrium one), 4Ey,c0 is the maximum when the moisture concentration of the

sample approaches relative humidity and, for convective drying, the temperature of the
drying air (gas):

AE,.,=—RT,In(RH.) (6)
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Xoo is the equilibrium moisture content corresponding to RH. and Teo, which can be

related to one another using the equilibrium isotherm. It is noted again that so far the
experiments for gaining the relevant equation (7) has to be under the very dry condition so
the final water content attained in experiments is usually fairy small.

For convective drying, the Ilumped energy balance can be represented as:

dar ax

The relative acti\iation energy is usqally found by rearranging equation (4) into:
dX
m—
B hmf\t i
AEV=—RT Inf| —& (8)
Pust(T)

If the surface area A and the mass transfer coefficient hy, are known, or measured by
separated experiments, one good run of drying experiment under the same drying air (gas)
condition is sufficient for establishing equation (6), which is the core of the REA approach.

Here, now, we introduce another kind of approach based on the temperature-moisture
content relationship. The lumped energy balance can be written as:

. X 1 |dT - dxX
ms(1+x)(cf’”1+x+0“1+xJEzhA(T"_T)+ H,, L )

On both sides, we now divide them with the rate of drying, incorporating equation (9), we
can obtain:

dr_ [ h h(T.-T)
m exp( RT )pugﬂ ( ) _pv,nu
For flat sample geometry and parallel flow, one may have:
Nu=TE _ CRemprt (1)
Ikf
@ ';Ji _CR"S” (12)

T
Combining equations (10) and (12) results in the expression of relative activation energy
retrieved by the new approach:
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o n
L(E) @-n
ky \Sc Pu.b
ﬂEu = _RTIH a7 —+ . (14)
Pysar DHy— (XCpy +5P3)E Py.sat

3. Results and discussion

The new method (based on equation (14)) is implemented to generate the relative activation
energy of a mixture of polyvinyl alcohol (PVA) during drying at 35 and 55 °C [4-5]. The
experimental details are presented previously [4-5] and reviewed briefly here in order to
better understand the modeling framework. Materials used in this experiment were a
mixture of equal proportion of partially hydrolyzed polyvinyl alcohol (80 wt%) and
glycerol which has 88 wt% of water. 8 mL of the mixture was poured into a 90 mm
diameter of Petri dish so that the initial thickness of sample was 1.3 mm. The velocity of
the drying medium was set to 1 m.s. The experiments were undertaken at drying air
temperature of 35°C and 55°C.

Figure 1 indicates the relative activation energy of polyvinyl alcohol (PVA) during drying
at drying air temperature of 55 °C. By using the new method (combined heat and mass
balance, equation (14)), the relative activation energy of drying at drying air velocity of 1
and 2.8 m s collapses to the similar profiles. As expected, similar profiles are also
produced based on the calculation using the mass balance only (equation (6)). Comparing
the relative activation energy retrieved using the heat and mass balance with the mass
balance only indicates that the profiles are very similar. The results suggest that the new
method can produce well the relative activation energy of polyvinyl alcohol at drying air
temperature of 55 °C.

Figure 2 shows the relative activation energy of polyvinyl alcohol (PVA) during drying at
drying air temperature of 35 °C. The new method generates the very similar profiles of the
relative activation energy for drying at drying air velocity of 1 and 2.8 m s%. In addition,
the profiles of relative activation energy generated using the combined heat and mass
balance collapse to those retrieved using the mass balance only.

The relative activation energy generated by the new method can be represented as:
AE,
AE,

The similar expression is also shown for the relative activation energy retrieved by the mass
balance only [6]. This is also supported by the profiles of relative activation energy
generated by both methods as show in Figures 1 and 2. Therefore, the expression of the
relative activation energy is independent on the retrieving method.

= exp[-1.0794(X — X, )**"]
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Figure 1. The relative activation energy of PVA mixture during drying at 55 °C
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Figure 2. The relative activation energy of PVA mixture during drying at 35 °C

Based on the generated relative activation energy, the new method can also be used to
evaluate the change of surface area of materials during drying. Measurements of areas of
materials (such as dairy droplets, fruits and leafy vegetables) can sometimes be difficult due
to highly deformation during drying and irregularity of the materials. The accuracy of the
measurements is needed in order to project the drying kinetics accurately. This new
approach offers advantage of ability to measure the surface area during drying by
combining the generated relative activation energy of specific materials with the mass
balance or heat balance. Nevertheless, it is still uncertain whether the new approach can be
implemented to generate the relative activation energy for spherical or cylindrical materials
where the heat and mass transfer correlations are more complex.

4. Conclusions

In this study, the new approach to generate the relative activation energy of the reaction
engineering approach (REA) is proposed and implemented. In the new approach, the heat
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and mass balance is combined to yield the activation energy. Only a set of experimental
data of moisture content and temperature during drying time is required to generate the
relative activation energy. The results indicate that the new approach is applicable to
retrieve the relative activation energy of flat materials. Different drying conditions result in
the similar profiles of the relative activation energy. It is independent on external drying
conditions which has also been highlighted for the relative activation energy retrieved using
the mass balance only. The relative activation energy retrieved using combined both heat
and mass balance gives the similar profiles of that evaluated based on mass balance only.
Implemented in the REA, the relative activation energy evaluated by the new approach
projects well the drying Kinetics of flat materials.

5. Nomeclature

X Moisture content on dry basis, kg.kg*
X Mean moisture content on dry basis, kg.kg™
N Drying flux, kg.m2.s!

A Surface area of single droplet or particle, m?
Bi Biot number (for heat transfer Bi = hL/k)
Ch-Bi Chen-Biot number

D Diffusivity, m?.s?

Dy Vapor diffusivity in air, m2.s

E Activation energy, J.mol*

f Relative drying rate function

g Gravitational acceleration, m.s

Harying Heat of drying/wetting, J.kg*

h Heat transfer coefficient, W.m2K!

hm Mass transfer coefficient, m.s

k Thermal conductivity, W.m™.K™!

M Molecular weight, g.mol

ms Mass of solids, kg

Nu Nusselt number (Nu = hL/k)

Pr Prandtl number

R Ideal gas law constant

Re Reynolds number (Re = pulL/ 1)

RH Relative humidity

Sc Schmidt number (Sc = v/D)

Sh Sherwood

T Temperature, K

t Time, s

Ts Surface temperature, K
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Tsat Adiabatic saturation temperature of drying air, K
u Gas velocity, m.s?

Xeo Equilibrium moisture content on dry basis, kg.kg™
Symbols

P Density or concentration, kg.m

7 Dynamic viscosity, Pa.s

1) Thickness, m

T Dimensionless time

o Vapor concentration, kg.m-3

@ Dimensionless water content

S Relative activation energy function

& Relative rate of drying

6. References

[1] Chen, X.D., Putranto, A., 2015. Reaction engineering approach (REA) to modeling drying
problems: recent development and implementations. Drying Technology 33, 1899-1910.

[2] Chen, X.D., Putranto, A., 2013. Modeling Drying Processes: a Reaction Engineering
Approach, Cambridge: Cambridge University Press (ISBN: 9781107012103).

[3] X.D. Chen, G.Z. Xie, Fingerprints of the drying behavior of particulate or thin layer
food materials established using a reaction engineering model, Trans. IChemE Part C
75 (1997) 213-222.

[4] N. Allanic, P. Salagnac, P., 2006. Glouannec, Convective and radiant drying of a
polymer aqueous solution, Heat Mass Transfer 43, 1087-1095.

[5] N. Allanic, P. Salagnac, P. Glouannec, B. Guerrier, 2009. Estimation of an effective
water diffusion coefficient during infrared-convective drying of a polymer solution,
AIChE J. 55, 2345-2355.

[6] Putranto, A., Chen, X.D., Webley, P.A., 2010, Infrared and convective drying of thin
layer of polyvinyl alcohol (PVA)/glycerol/water mixture - The reaction engineering
approach (REA). Chemical Engineering and Processing: Process Intensification 49,
348-357.

@@@@ 215" INTERNATIONAL DRYING SYMPOSIUM
EDITORIAL UNIVERSITAT POLITECNICA DE VALENCIA

138


http://creativecommons.org/licenses/by-nc-nd/4.0/



