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ABSTRACT

Although a detailed mathematical model incorporating all physical mechanisms of moisture and
heat transfer in the material would yield valuable design information, it is not feasibetlis

on a routine basis for the design of dryers. A simple liquid diffusion model was developed in this
report to quantitatively assess the influence of various operating parameters of engineering
interest in drying of heatensitive materials. Heat wfetting, temperature and moisture dependent
effective diffusivity and thermal conductivity, changes in product density and diyinduced

ideal shrinkage of the product are considered in this model. The effects of combining convection
with conduction, adiation and volumetric heating using a microwave field are simulated in view
of the increasing interest in multimode heat input drying processes. Numerical results are reported
on drying of potato slices to demonstrate how the moisture and temperatiles @® well as

drying performance are affected by muttode heat input. Effects of stepwise change of drying

air temperature, air relative humidity, flipping of product and performance of sun drying are
computed and discussethis model can be extendéadl two and three dimensional geometries
including effects of drying on quality parameters.

1. INTRODUCTION

Drying is one of the most energytensive unit operations because of the high latent heat
of vaporization and the inherent thenploysical poperties of the drying materials. Over four
hundred types of dryers have been reported in the literature, while over one hundred distinct types
are commonly available (Mujumdar and Devahastin, 2000). However, design of dryers to produce
dried products of esired quality with minimum energy consumption and maximum throughput
still remains a challenge. The drying process is a highly nonlinear and coupled heat and mass
transfer operation, which must be analyzed carefully for efficient design and operatidryef.a
A simple yet reasonable mathematical model that captures the salient features of the transport
behavior is therefore useful for practical applications.

Although the limitations of the diffusion model are well recognized the model is still
useful br engineering calculations. Many authors have applied it successfully for a range of solids
dried in a variety of dryers. The following is only a short survey of recent papers on the subject.

Numerous modeling and experimental studies have been correlsitegl the diffusion
model. Earlier Chen and Pei (1989) proposed a drying model to describe the drying behavior in
the first and second falling rate periods of both hygroscopic anehygnoscopic materials.
Convective drying of hygroscopic and rbygrosopic solids was analyzed by Chen and Schmidt
(1989) using integral techniques. Mujumdar (1991) identified use of multiple modes of heat input,
simultaneous or consecutive, as well as cyclical variations in velocity or operating pressure as
technologies othe future for batch as well as continuous drying processes. The diffusion model
for liquid transfer during falling rate period for nonporous materials has been deployed



extensively in the archival literature. Mujumdar (1995) and Mujumdar and Devaha3fi@) (2
among many others have presented the simple diffusion model, its advantages and limitations
despite the simplifying assumptions involved. Hosseinalipour and Mujumdar (1997) presented a
diffusion model for superheated steam drying in impinging dryedd&e and Langrish (1999) as

well as Liu and Simpson (1999) have analyzed the drying performance of wood under different
modes of drying conditions using a drying model based on Fickian diffusion. Effects of shrinkage
are considered in some of the modeited. Hawlader et al. (1999) used a -almmensional
diffusion model to describe the heat and mass transfer in the wet and dry regions of materials
undergoing shrinkage during drying. Coumans (2000) has provided an excellent tutorial overview
of the use ofliffusion equation to analyze drying charactergst€ slabs. Herman et al. (2001)

have successfully developed four couple nonlinear partial differential equations to simulate the
drying process of fixethed where slab internal diffusion was considersdtte controlling
parameter of moisture transport. Raderer (2001) proposed a mathematical model for the drying of
viscous, shrinking materials where internal mass transfer was described by diffusion and internal
convection. Vinjamur and Cairncross (200Eed diffusion equation to study the mass transfer
during drying of polymer solvent coatings at high flow rates of air. Elbert et al. (2001) used
moisturedependent diffusion coefficient to simulate drying of rice using the diffusion model.
Ranjan et al. (@02) have presented a numerical solution of the coupled heat and diffusive
moisture transfer equations for drying with an infrared source term. Madhiyanon et al. (2002)
assumed a constant diffusion coefficient in their-dimeensional diffusion model to @dict
moisture content, air and grain temperature distributions in a continuous spouted beldalgter.

al. (2002) developed a mathematical model to analyze heat as well as liquid and vapor migration
in a drying product under constant and cyclic air teapee variations.

Kardum et al. (2001) determined the effective diffusion coefficients in convective, vacuum
and microwave drying of chlorpropamide. Chen et al. (2001) numerically investigated the effects
of uniform, sinusoidal and rectangular microwdasat input patterns in fluidized bed drying of
spherical particles by solving the coupled heat and mass transfer equation. Sanga et al. (2002
analyzed the drying of a shrinking solid surrounding a-stminking material using microwave
energy. They solvethe diffusionmodel for the transient heat and mass transfer processes.

Rahman (1995), Sablani et al. (2000) and Saravacos and Maroulis (2001) have
comprehensively summarized the transport properties including moisture diffusivity, thermal
conductivity and water activity for different food materials.

Although much literature exists that considers the diffusion model for the falling rate
period, there are several simplifying assumptions that authors have made. Effects of concentration
and temperature depeence have been considered in depth and found to be very important. Some
have included the heat of desorption when removing bound water, but many authors have not.
Often more complex models (e.g. vapor transport) are applied even for low temperatuge dryin
when only liquid phase transport can occur. Some have not considered thermal conduction in the
material when applying the thermal boundary conditions. Few included the effects of ideal or real
shrinkage that occurs during drying. For practical applioatithe simple diffusion model still
appears to yield reasonable results although it can only be consideredeargenaal model.

The objective of this work is to utilize the simplest possible model for diffusion of water
in the liquid phase within therging material and to quantitatively assess the influence of various
parameters of engineering interest in convection as well as combined mode drying-of heat
sensitive materials. The commonly used terms in drying processes has been explained. In the
simulaion exercise we have focused on -@hw@ensional diffusion i.e. heat and moisture transfer
only in the thickness direction of a large flat model material. Thus distortion of the solid as a
result of drying included stress is not accounted for. Distor@mncause twalimensional effects
even in thin materials due to variable heat and mass transfer coefficients over the evaporating
surface of the solid. It is assumed that the material shrinks ideally only in the thickness direction.
Published data are empkd for the required temperature and concentratependent moisture
diffusivity values.



2. DEFINITIONS OF COMMONLY USED TERMS IN DRYING
2.1 Dry-Bulb Temperature, Tqp

1 The ordinary temperature of atmospheric air measured by a (dry) thermometares! nefas
dry-bulb temperature.

2.2 WetBulb Temperature, Typ

1 If the bulb of a thermometer is covered with a cotton wick saturated with water and air is
blown over the wick, the temperature indicated by the thermometer is known -asillvet
temperature.
When unsaturated air passes over the wet wick, some of the water in the wick evaporates.
Temperature of the water drops, creating a temperature difference between the air and the
water.
1 Finally, the heat loss form the water by evaporation equals thegaieatrom the air and the
water temperature stabilizes. The thermometer reading at this point is tHeullvet
temperature.

= =4

2.3 Absolute Humidity,w

1 Mass of water vapor per unit mass of dry air, kg of vapor/kg of dry air

e M RVIRT) _ RIR, _ o6 PR - 0622R, Q)
Mair I:)airV/(RairT) Pair / Rair Pair P-R

2.4 Relative Humidity, G

1 Amount of moisture the air holdsn() relative to the maximum amount of moisture the air
can hold (ng) at the same temperature

f = rn\/ — I:)VV /(R\/T) — I:)V (2)

Mgy B Psat@TV/(RvT) B Psat@T
1 Relative humidityd can be calculated from known absolute humietipy combining Equs.
(1) and (2) as

wP

f= 3)
(0-622+ W) Psat@T
91 Similarly absolute humidityv can be determined from knowelative humidityl as
0.6227P,
W= sat@T (4)
P- fPsat@T

2.5 Adiabatic Saturation Temperature, Tas

Adiabatic saturation picess is shown schematically in Fig.1

If the channel is long enough, the air stream will exit as saturated air (relative humidity =
100%) at temperature,,Twhich is called the adiabatic saturation temperature.

Makeup water is supplied to the channel atridite of evaporation at temperatuge T

Mass conservation equation for dry air:

I"Mair,l = '#air,z = My (5)
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Fig. 1 Adiabatic saturation process

Mass conservation equation for water vapor:

Whair V4 + oy = Mgjr 15 (6)
Conservatiorof energy:
Fhairt = Moyt atTy = Mhairhy (7)

Combining Equs. (5), (6) and (7) gives

E

= =

by + (15 - W) arry, =y
(CpTl + V"ihgl)"' (WZ - W_L)hf atTo = (CpTZ + W2hgz)
_ Cp(TZ - Tl)"' wohyg atTp (8)
hgl - hy atTp
Adiabatic saturation process is another way of determining absolute or relative humidity.

Absolute humidity of saturated air at the exit of channel is
_ 0-622Pv, satatTo

(9)

275 TR
2~ Tv,satatTp

In general: Adiabatic saturation temperatuge dnd wetbulb temperature ;, are not same.

For air water vapor mixtures at atmospheric pressure, Adiabdticaten temperature I°
wet-bulb temperature g, since Lewis number = 1.0.

Tas IS a thermodynamic entity; w§ is a kineticone (dependent on rates of heat and mass

transfer).

2.6 Unbound Moisture

T

Moisture in solid which exerts vapor pressure equalthat of pure water at the same
temperature.

2.7 Bound Moisture

T

Moisture physically and/or chemically bound to solid matrix so as to exert a vapor pressure
lower than that of pure water at the same temperature.

2.8 Equilibrium Moisture Content Xm*

1 At a given temperature and pressure, the moisture content of moist solid in equilibrium with

the airvapor mixture.

1 Various types of moisture is shown in Fig. 2.



2.9 Free Moisture, X f

1 Moisture content in excess of the equilibrium moisture contergfiven air humidity and
temperature.
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Fig. 2 Various types of moisture content (Mujumdar and Devahastin, 2000).

2.10 Constant Rate Drying Period

1 Under constant drying conditions, drying period when evaporation rate per unit dryanig are
constant.

1 Typical drying rate curve under constant drying conditions is shown in Fig.3.

2.11 Falling Rate Period

1 Drying period during which the rate falls continuously with time.
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Fig. 3 Typical drying rate curve under constairying conditions (Mujumdar and Devahastin,
2000).



2.12 Critical Moisture Content, Xm,c

1 Moisture content at which the constant drying rate first begins to drop (under constant drying
condition)

2.13 Enthalpyof Wetting, DHw

1 For hygroscopic solids, the enthalpy of the attached moisture is less than that of pure liquid by
an amount equal to the binding energy, which is termed the enthalpy of wBtiRgKeey,
1978).

M DHw is zero for unbound water.

DHy increases with decreasing of bound moisture contents (Fig. 4).
1 DHw may be estimated from the following equation:

d(in 7) _ DHy

dl/T,) i

=

(10)
Xm=constant P
where

F = relative humidity of air
Tp = product temperature

Xm = moisture content
R = universal gas consta®315 J kmofl K-1)
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Fig. 4 Enthalpy of wetting for some substances (Keey, 1972)

1 Total heat required to evaporate bound water = Latent heat of vaporiz&dyy +
1 For hydrophobic materialg.g. peanut oil), the binding energy can be negati

2.14 Water Activity, Aw

Ratio of vapor pressure exerted by water in solid to that of pure water at the same temperature.
Determined empirically; depends on material.

Equilibrium content expressed ag for foods.

Variation of water activity with maiture content for potato is shown in Fig. 5.

= =4 =4 -4
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Fig. 5 Equilibrium moisture content versus water activity for potato. Graphs: (a) from initial
moisture content, (b) at low moisture content. (Saravacos and Maroulis, 2001arRd1995).

1 For potato, water activity can be expressed as a function of moisture content as

A, =12328X% - 64614X3 +98541X 2 - 0.3406X,,- 0.0008(X,,, <0.22

Ay =- 0.512946465992(% +0.63981302910%,,, +0.5994828988941% (0.22¢ X,,, ¢ 0.6)
Ay = O.OOlC%Xr:’;1 - 0.0197X§1 +0.1164X , +0.7448 (X, > 0.6) (11)

2.15 Conduction Heat Transfer

A
T1 \
q > T,
- X
dx
Fig. 6 Onedimensional heat transfer bgraduction
T Fourierdés | aw of heat conduction
T,-T
q:-kd_T:_k1—2 (12)
dx 0- dx
where,

q = heat flux, W/rh
k = thermal conductivity, W/(m K)

2.16 Diffusion Mass Transfer

ja —>><

dx
Fig. 7 Mass transfer by diffusion in a binary mixture




T Fickds | anassdiffusidmi nar y
. d -
Jo =+ Day- & = Doy 0 (13)

0- dx

where,

J. = mass flux of species a, ki

Das=binary diffusion coefficient or mass diffusivity,’fa

I =ra+rp= mixture mass density, kgfm

r .= mass density species a, kg/m

I, = mass density spesid, kg/m

m, = mass fraction of speciesra/ r

A Heat and mass fluxes are relative to stationary frame of reference.

2.17 Convection Heat Transfer

q
T. T A Ts
V: / I
Fig. 8 Onedimensional heat transfer by convection

b,

1 Average convective heat flux
a=h(Ts-Ta) (14)
where, h = average convection heat transfer coefficient, Vikin
Ts = uniform surface temperatuf®
T. = free stream temperatuf€;
1 Combining Equs. (12) and (14) gives
9T
dy y:O
(Ts - Tq )
where, ki = thermal conductivity of fluid, W/(m K)

h= (15)

2.18 Convection Mass Transfer
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Fig. 9 Onedimensional species transfer by convection

1 Average convective mass flux

ja= hm(fa,s - lan ) (16)
where, Iin = average convection mass transfer cogdfit, m/s

ras= uni form concentrat.i oh of S

rss= Cconcentration of sﬂeci es 0
1 Combining Equs. (13) and (16) gives

peci es
ad in

6abd
free



- /'Dabidn‘b‘
dy y:O
hy =—¢ \ a7
(fa,s - lao )
1 Analogy betweerconvective heat and mass transfemakes them independent of surface
geometry

1 Jais theflux of species relative to stationary frame of reference.

3. THE MATHEMATICAL MODEL

During drying liquid moisture evaporates from the drying surface of the product
because of the differencé wapor pressure between the drying air and the surface of the drying
product. As the moisture content at the surface of the product drops, liquid moisture diffuses from
the product bulk to the drying surface. The heat required for the vaporizationidfrigisture,
that is the heat of vaporization, is supplied to the product. Consequently, the drying process
becomes a coupled heat and mass transfer process as shown schematically in Fig. 10. Potato |
used as a model material; results similar to thossepted here can be obtained readily for other
materials as well.
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Fig. 10.Schematic of the control volume for the physical model

3.1 Assumptions

The following assumptions are made in developing the present physical model appbcairé

sided drying of a thin slab like material:

1. The drying product is compact, homogeneous and without voids with trapped air.

2. The temperature and moisture content are initially uniform inside the product.

3. Mass diffusivity, thermal conductivity and mk&aty of product are known functions of moisture
content and temperature of the product.
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4. The product shrinks ideally during drying, i.e. the volume occupied by the dry matter and
water decreases by an amount equal to that of evaporated water. This asswaptbe
relaxed if real shrinkage data are available.

5. Heat transfer by conduction and liquid moisture transfer by diffusion govern the drying rate.
No deformation other than shrinkage in the thickness direction occurs as a result of drying.

6. Moisture transfer inside the product in the vapor phase is negligible compared to that in the
liquid phase (low temperature drying). No phase change occurs within the drying material i.e.
evaporation occurs only at the evaporating surface.

Despite the large number aksumptions, the model is applicable to a large number of products

dried in practice.

3.2 Governing Equations

The energy conservation equation for the general control volume considering heat is transferred
only by conduction process in theditectioncan be expressed as

T 8 MT, 0
/’pCprzég pEPS'FQmW(Xm’Z’t) (18)

where Q. is the microwave source term which is a function of the dry basis moisture content,
Xm, at different depth of the product. (See nomenclature for meaning of symbols.)

Due to the dissipation ahicrowave power, the generated heat at deptZ)(ffom the drying
surface can be determined as [Sanga et al., 2002]

Qmw(xmrz’t) = 2Qmwobexd' Zb(H - Z)] (19)
where Qw0 is the incident microwave flux at the drying surface of the productbarsdthe
attenuation enstant which can be expressed in terms on dielectric properties of material as

& . 2 1/2 2

ei§1+ g{.ﬂg E - 13

20| 8 7YV g
!/ wv 2

wherel m,v is the wavelength in vacuungj and eiji are the dielectric constant and the dielectric
loss factor respectively which depend on product temperature, moisture content and product
density.
The thermal conductivity for transferring heat from control volume i to i+1 can be expressed as

DZ; + DZj4q

K (i toi+1) = 5 : (21)
PO =Dz, Dz

Kp()  Kp(i+1)
The species transport edioa for liquid moisture with diffusion only in the-direction can be
written as

\
3

=
\
©
1-00: O: O: OO

R[=

ORB BB B
-OD
>
vs]

(22)

EE
R

Similarly the diffusivity for the migration of moisture from control volume i to i+1 gives
— DZ; +DZ;

r pDAB‘i toi+l a DZI DZi+1 (23)

+

I pi)Pas() 7 pli+1)PAB(i+)
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The thermal onductivity of product k product density , and diffusivity of liquid moisture [

are function of product moisture content and temperature which varies continuously at different
depth of the drying product during drying.

Considering ideal and unidiréahal shrinkage, the thickness of a particular control element is
determine by moisture and solid balance of the control element as

Zit+[1 _ rtrT-lfiD[

oz, + PMsolidi (24)

I w I solidA
The set of coupled neimear Eq. (18) to (24) constitutes the governing equations Hratoe
expressed in term of the two field variablgsamdr p.

3.3 Initial conditions

Initially the drying material is assumed to be at uniform temperature and moisture concentration,
thus the initial conditions can be expressed as
Attimet=0and® Z¢H; Tp=Tpo m=Imo (25)

3.4 Boundary conditions

If the drying product is placed on a solid metal drying tray with which it maintains constant
contact throughout the drying process without distortion, the boundary conditions for the bottom
surface are:
T
Attime t>0and Z= 0,2 =0, Wm_g (26)
V74 Wz

If a heater of constant heat fl,,, IS USed to heat the product from the bottom as shown in
Fig. 10, the energy equation for the bottoomtrol volume becomes

ny 1 e uT 2
p% = (DZ/‘ C ) g’é}‘theater+ kp_p + DZvavlizll‘J (27)
iy P~p/i=1) 8 W ficit02 H
Evaporation of liquid moisture takes place at the drying surface. Thus, attithartd Z = H;
e r 2
W | 1 & e :
m — e p u
= ~ \r,D . - Jen 28
ut |i:n DZi:ng ( p AB)(H-ItOﬂ) IJZ m,SH ( )
é i-nton H

where 4, sis the mass flux of evaporated moisture from the drying seirfahich can be
determined from

aM, 6?ANPVasatatij:n R, satatTj, 2

G R —g Tp,i:n Tair E]
The mass transfer coefficient of vapor in the drying @iwhs calculated using the following
empirical correlation [Saravacos & Maroulis, 2001]:

Sh=0.664Re>° s¢/3 (30)
Energybalance for the control volume at drying surface gives at tif@and Z = H;

WT | 1 e HT, o
=1 ) @#rad +&eony- 6éﬁ/apor' kp_ +DZQmV\J': l;l (31)
Wt ‘i:n (DZ/’ pCp)(i:n) e Wz i-nton ! nU
whereé g, &.on, and &, are the radiation, convection and vapor heat flux, respectively
which can be expressed as

(29)
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thrad =€pS (Trgd Tg i= n) (32)
éﬁ:onv a|r( air ~ Tp,i:n) (33)
%apor = Jm,shvap (34)

The convective aito-product heat transfer coefficienflwas calculated using the following
correlation [Saravaca% Maroulis, 2001]:

Nu = 0.664Re>° prV/3 (35)
The total enthalpy for moisture vaporizatiogptan be expressed as
hvap = hfg atTpj=n +DH w (36)

whereDH,, is the heat of wetting, which increases significantly at lower moisture contezgy,[K
1972].

The thermodynamic and transport properties of air/water system and the physical properties of the
potato sample are summarized in TableThe governing equations are solved simultaneously
with appropriate boundary conditions using @ drde RungeKutta scheme. A MATLAB
computer code was written to solve the governing equations, where the transport and physical
properties are continuously updated in each time step of computing [Etter, 1993].

4. MATERIAL AND MET HODS

Fresh potato was purabed from the supermarket under the same brand name to ensure
consistency of physical properties and used as the model material for the test. The average initial
moisture content of six different samples was measured to be 4.6 kg/kg db. The drying rate of
potato slices was measured in a heat pump dryer. The potato samples were skinned and slicet
with an adjustable foedlicer to 5 mm thickness and cut to 30 mm by 30 mm with a-kwife
fixture. Twelve identical samples were placed on a tray, made of thinless steel plate,
positioned in the drying chamber of the heat pump dryer and measured the variation of moisture
content with drying time. Temperature and relative humidity of the drying air at the inlet and exit
of the tray were measured using OmegafRear ch type 6TO6 ther moco
digital electronic humidity transmitters. All thermocouples are calibrated using a master
thermometer whose uncertainly is 005 Vaisala factory, Finland, compared the output of the
humidity transmitter$or two values of factory working standard which showed the accuracy of £
0.75%. Local velocity distribution over the tray was measured using a digital electronic hot bulb
probe, whose accuracy is +(0.03 m/s £5% of mV). The weight of the specimen dinyirgy
was measured using a digital electronic balance, A&D, modeR@X, of accuracy +0.01g for a
maximum weight of 2100 g. The outputs of the thermocouples, humidity transmitters, velocity
probe and the weighing balance were recorded continuouslyataacquisition system.

5. RESULTS AND DISQUSSION
5.1 Verification of Model

The variation of product mean moisture content with drying time was predicted using the
liquid diffusion model and compared with the experimental results under the ciameg

condition as shown in Fig. 11. The moisture content of the material was predicted for four
different cases, which are:
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CaseA: No heat transfer by conduction through tray; product is an ideal shrinking material.
CaseB: No heat transfer by condiimn through tray; product is a nefrinking material.
CaseC: Heat transfer by conduction through tray; product is an ideal shrinking material.
CaseD: Heat transfer by conduction through tray; product is asiwimking material.

~ 50

S ] --—--Case-A

€ 404 ™0 | e Case-B

S —--—--Case-C

O o : Case-D

=S T 3.0 1 . o Experiment

n D
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5 1.0 -

o .

< \. E._- [u]
OO T T T -I_ _-_I-_'--.--I

0 50 100 150 200 250 300 350
Drying time, minutes

Fig. 11 Comparison between moisture content obtained from experimental data and simulation
model. Graphs: Cas&: No conduction through tray, with shrinkage; G&seNo conduction
through tray, without shrinkage; Ca€e With conduction through tray, with shkage; Cas®:

With conduction through tray, without shrinkage.

When ideal shrinkage of the material was considered {&amed C), which is more realistic in
practical drying, the model predicted faster drying rate especially at low moisture cantents
comparison with the experimental result as shown in Fig. 11. As the material shrinks with
decrease of its moisture content, the diffusion path for the liquid moisture to reach the drying
surface for vaporization decreases. Consequently, moisture msidgrata bulk to the drying
surface of the material over shorter distances andmreglicts the moisture evaporation rate. In

the present model moisture diffusivity is considered as a function only of temperature and
moisture content. Above results show thgical need to include the effect of shrinkage in the
moisture diffusivity correlation. As the samples were placed on a tray, made of thin stainless steel
plate which was positioned in the drying chamber, heat was transferred from drying air to the
bottamn surface of the product through the tray, which was considered irBcasd D. Cas®

showed good agreement between predicted moisture values and experimental data (Fig.11). The
predicted drying rate of cad® is slightly lower than that of experimentedsult. As one
dimensional liquid diffusion was considered in the present model, moisture evaporated from the
sidewalls of the material was neglected. With the decrease of moisture content, the material
shrinks and the side wall area as well as evaporétion the sidewalls decreases. However, the
material deforms at low moisture content. Consequently, bottom surface of the material, which
was in contact to the tray, detaches and moisture evaporates from bottom surface as well which is
not considered in ghpresent simplified model.
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5.2 Cases Studied Using Diffusion Model

The following cases are considered to investigate the drying performance using one dimensional
diffusion model.
Model material: Potato slice; Initial moisture content: 4.6 kgig

Effect of shrinkage
Casel Mode of heat input: Convection;
Drying air condition: \§; = 2 m/s, T = 45°C, RHy; = 15%;
Initial thickness of material = 5 mm; Shrinkage: Ideal shrinkage.
Case2 Mode of heat input: Convection;
Drying air condition Vg = 2 m/s, Tir = 45°C, RHy = 15%;
Initial thickness of material = 5 mm; Shrinkage: No shrinkage.
Effect of different modes of heat input

Case3 Modes of heat input: Convection and conduction;
Drying air condition: \§; = 2 m/s, T = 45°C, RHy, = 15%;
Conduction heat flux: 500 W/m
Initial thickness of material = 5 mm; Shrinkage: No shrinkage.
Case4 Modes of heat input: Convection and radiation;
Drying air condition: \§; = 2 m/s, T = 45°C, RHy, = 15%;
Temperature of radiation heatéi0°C;
Initial thickness of material = 5 mm; Shrinkage: No shrinkage.
Caseb Modes of heat input: Convection and Microwave;
Drying air condition: \§; = 2 m/s, T = 45°C, RHy, = 15%;
Microwave power: 0.6 W/g of initial wet material;
Initial thickness of material = 5 mm; Shrinkage: No shrinkage.

Effect of stepwise change of drying air temperature
Caseb Temperature profile of drying air: Square wgoem
Maximum air temperature:aF = 45°C with RHy = 15%;
Minimum air temperature: g = 30°C with RHg;r = 33.8%;
Cycle time: 4 hours;
Mode of heat input: Convection; Drying air condition;;¥ 2 m/s;
Initial thickness of material = 5 mm; Shrinkage: No shrinkage.
Case7 Temperature profile of drying air: Step dosiorm
Maximum air temperaturd:,; = 45°C with RHy = 15%;
Minimum air temperature: g = 30°C with RHy;, = 33.8%;
Time step size: 2 hours; Temperature step si¥C;
Mode of heat input: Convection; Drying air velocity;\& 2 m/s;
Initial thickness of material = 5 mm; Shriadge: No shrinkage.
Case8 Temperature profile of drying air: Step-tgrm
Minimum air temperature: g = 30°C with RHy;, = 33.8%;
Maximum air temperature:,F = 45°C with RHy;, = 15%);
Time step size: 2 hours; Temperature step si2€; 5
Mode of heatnput: Convection; Drying air velocity: ¥ = 2 m/s;
Initial thickness of material = 5 mm; Shrinkage: No shrinkage.
Case9 Temperature profile of drying air: Step dofiorm
Maximum air temperature:,F = 65°C with RH;; = 5.8%;
Minimum air temperatut€ely;, = 45°C with RHy;, = 15%;
Temperature step siz& °C;
Temperature controller: On/off type temperature controller is simulated
maintain maximum allowable product temperature §C45
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Mode of heat input: Convection; Drying air velocity\= 2 m/s;
Initial thickness of material = 5 mm; Shrinkage: No shrinkage.

Optimization of heat pump (HP)

CaselO Mode of heat input: Convection;
(Base case) | Heat Pump: Turned off during drying process;
Drying air condition: \4 = 2 m/s, Tir = 45°C, RHy = 30%;
Initial thickness of material = 5 mm; Shrinkage: No shrinkage.

Casell Mode of heat input: Convection;

Heat Pump: Turned on during drying process;

Drying air condition: \§; = 2 m/s, T = 45°C, RH,; = 7%;
Initial thickness of material = 5 mnghrinkage: No shrinkage.

Casel2 Mode of heat input: Convection;

Heat Pump: Turned on with full capacity for O to 2 hours and with half
capacity for 2 to 4 hours of drying process;

Drying air condition: \4 = 2 m/s, T = 45°C;

RHair: 7% from 0O to Zhours, 15% from 2 to 4 hours and 30% from 4 to 8
hours

Initial thickness of material = 5 mm; Shrinkage: No shrinkage.

Casel3 Mode of heat input: Convection;

Heat Pump: Turned on with full capacity for O to 2 hours of drying proc
Drying air condiion: Vg = 2 m/s, T = 45°C;

RHair: 7% from O to 2 hours and 30% from 4 to 8 hours;

Initial thickness of material = 5 mm; Shrinkage: No shrinkage.

Effect of flipping of product

Casel4 Without flipping of product
(Base case) | Mode of heat input: Corection;
Drying air condition: \4 = 2 m/s, Tir = 45°C, RHy = 10%;
Initial thickness of material = 10 mm; Shrinkage: No shrinkage.

Casel5 Product is flipped after every 1 hrs of drying;

Mode of heat input: Convection;

Drying air condition: \4 = 2 m/s, Tir = 45°C, RHy = 10%;

Initial thickness of material = 10 mm; Shrinkage: No shrinkage.

Sun drying

Casel6 Mode of heat input: Convection;
(Base case) | Drying air condition: \§, = 2 m/s, T = 45°C, RHy; = 30%;
Initial thickness of materiat 5 mm; Shrinkage: No shrinkage.

Casel7 Mode of heat input: Solar radiation
Location: Singapore, Month: October, Time: 7.00 am to 7.00 pm
Initial thickness of material = 5 mm; Shrinkage: No shrinkage.

5.2.1 Effect of Shrinkage

T
1

The predicted mature distributions across the product thickness during drying by pure
convection are shown in Fig. 12.

Evaporation of liquid moisture takes place from the product surface by absorbing the heat of
vaporization as well as heat of desorption when removingdbanoisture. As the initial
moisture content at the drying surface of the product is high, it can evaporate rapidly at the
beginning of the drying process. External mass transfer rate of vapor (external transport
limitation) and the heat transfer rateth® product surface control the evaporation rate at this
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stage of drying. With diminishing surface moisture content, the evaporation rate is controlled

by internal mass transfer rate of liquid moisture.

It is worthwhile to note that the drop of internabisture content is mainly confined in the

T

region of the drying surface and slowly progresses to the interior (Fig. 12), because of the low

moisture diffusivity of the product.
1 For casel (ideal shrinkage), the diffusion path for the liquid moisture teahré¢he drying

Distance from drying surface, mm

Drying time, minutes

Distance from drying surface, mm

200 O

Drying time, minutes

surface decreases with drying time. As a result the evaporation rate improves in comparison
with that of the cas@ (nonshrinking) provided the water diffusivity remains unchanged, as is

assumed in this study.

© < ~N oo
qgp Bx/63 ‘Jua3u0d aInsioN

Case?

Casel
Fig. 12 Temperature distribution across the product during drying using pure convectiorl:Case

with ideal shrinkage. Cas& without shrinkage.

1 Fig. 13 shows that the temperature of the product drops sharply at the beginning of drying
process. The sharp drop of product temperature indicates that the heat convected from the

drying air to the product surface can not sustain the higher evaporation rate of moisture during

o n o mno
N

0, ‘aInreladwa) 1onpoid

600 0
Distance from drying surface, mm

Drying time, minutes

200 0 .
Distance from drying surface, mm

Drying time, minutes

Case?

Casel
Fig. 13 Temperature distributioacross the product during drying using pure convection.-Case

with ideal shrinkage. Cas#& without shrinkage.
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the initial period of drying. The evaporating moisture takes the remaining heat as sensible heat
from the product itself resulting in a shahmp of product temperature.

After the initial drying period, the evaporation rate is controlled by moisture diffusion rate
from the bulk to the surface of product as well as the temperature and moisture content at the
surface that controls surface vagwessure. During this period of drying, the temperature of

the drying surface increases slowly (Fig. 13) indicating the period of first falling rate.

For casel (ideal shrinkage), product temperature remains low for longer period because of
higher vapouation rate in comparison with that of ca&séwithout shrinkage).

As the flux of moisture decreases with drying time during this period of first falling rate, the
energy transfer by convection becomes sufficient to supply the heat of vaporization and to
heat up the product. Near the end of the drying process, the second falling rate starts which
further drops the flux of moisture. Consequently, product temperature increases rapidly even
though the heat of wetting increases exponentially during thisdoerio

It is important to note that unlike moisture, product temperature distribution is almost uniform
throughout the product at a specific time in the drying process because of its low Biot number.

Percentage shrinkage of control elements at differerthdefpthe product during drying (for
casel) is shown Fig. 14.

As mentioned earlier, the drop of internal moisture content is mainly confined in the region of
the drying surface and slowly progresses to the interior. The product shrinks following the
samepattern because of the consideration of ideal shrinkage.

The variation of the flux of moisture with average moisture content of the product fet case
and 2 is shown in Fig. 15.

For moisture contents up to 0.5 kg/kg db, the flux of moisture remdatwedy high for case

1 (ideal shrinkage).

First and second falling rate are more obvious for-2a@eithout shrinkage).

Case-2

-—---Case-1

Mass flux of moisture, kg/ nf hr

0.0 05 10 15 2.0 25 3.0 35 4.0 45 5.0
Moisture content, kg/kg db

200 O
Drying time, minutes Distance from drying surface, mm

Fig. 14 Predicted shrinkage at differe Fig.15 Variation of moisture flux with

depths of product during drying average moisture content for convecti
drying. Casel: with ideal shrinkage; Cast
2: without shrinkage.



18

5.2.2 Effect of Different Modes of Heat Input

T

Moisture content, kg/kg db

The distributions of moisture content throughout the product for different modes of heat input
which include convection combined with conduction, radiation and volumetric heating using
microwave field are shown in Fig. 16.

As the evaporation of moisture takes place from the drying surface of the product, moisture
content drops rapidly at the drying sacé and then slowly progress to the interior for all
modes of drying. Although the moisture distribution patterns are very similar for different
modes of heat input, the drying times required to reach the moisture content from 4.6 kg/kg db
to 0.1 kg/kg dbare different. Diffusivity of moisture depends on product temperature and
moisture content. Microwave energy generates heat internally in the product and maintains
relatively higher temperature throughout the product. Consequent, for the same moisture
conent, diffusivity of moisture becomes higher and the drying time becomes shorter for the
input of microwave energy in comparison with that of the other modes of heat input.

Drying time will change with the change of intensity of the input powers.

Moisture content, kg/kg db

Case3 Case4

Moisture content, kg/kg db

A . 600 O
Drying time, minutes Distance from drying surface, mm

Caseb

Fig. 16 Moisture distribution across the product during drying. €aseonvection and
conduction, Casd: convection and radiation, CaSeconvection and microwave.
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1 Temperature distributions thughout the product for different modes of heat (convection
combined with conduction, radiation and volumetric heating using microwave field) are
shown in Fig. 17.

1 An on/off type temperature controller was simulated in the simulation program to predict
contol strategy for the power of the heaters and thereby maintain the product temperature
always within the range 40 to 45to avoid degradation of quality.

1 The on/off sequences of the heaters under different modes of drying are reflected in the
product terperatures as shown in Fig. 17.

1 For caset (convection and radiation), product temperature becomes maximum at the drying
surface because the radiation heat is supplied to the drying surface.

1 For case3 (convection and condition) and 5 (convection and mexe), product
temperature becomes maximum at the bottom surface. FoBcaaéiation heat is supplied
from the bottom of the product. Microwave generates more heat in the bottom region of the
product because of its higher moisture content.
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Product temperature,oc
Product temperature,oc
w
(2]

Drying time, minutes 600 0

i i . A 600 0 _. ]
Distance from drying surface, mm Drying time, minutes Distance from drying surface, mm

Case3 Case4
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i
|
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e

Product temperature, °C

L . 600 O
Drying time, minutes Distance from drying surface, mm

Caseb

Fig. 17 Temperature distribution across the product during drying. -Gas®nvection and
conduction, Casd: convection and radiation, CaSeconvection and microwave.
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1 The variation of the flux fomoisture with average moisture content of the product using
different modes of heat transfer (cdsto 5) is shown in Fig. 18.

1 The variation of average moisture content of the product with drying time forlcas®é is
shown in Fig. 19.

1 Combination ofdifferent modes of heat input increase moisture flux up to moisture content of
about 2.5 kg/kg db.

1 For moisture content lower than 2.5 kg/kg db, the evaporation rate is controlled by internal
mass transfer rate of liquid moisture and the effect of differaodes of heat input
diminishes.

3 -
--—--Case-2 =

254 - Case-3 %
----Case-4 8

= 27 Case5 |  N,......-- 0 o

N 273

L L 25

2] e 2

g
0.5 2

<
O T T T T

0.0 1.0 20 30 4.0 5.0 0 200 400 600 800
Moisture content, kg/kg db Drying time, minutes

Fig. 18 Variation of moisture flux with Fig. 19 Variation of average moistur
average moisture content for differe content with drying time for different mode
modes of heat input. Ca@e pure of heat input. Cas2: pure convection
convection, Cas8: convection anc Case3: convection and conduction, Cake
conduction, Casd: convection anc convection and radiation, CaSe
radiation, Cas®: convection anc convection and microwave.
microwave.

5.2.3 Effect of Stepwise Change of Drying Air Temperature

1 Different profiles of stepwise change of drying air temperature considered in the study are
shown in Fig. 20.

1 For case9, drying air temperature is controlled to maintain the maximum allowable
temperature of the product.

1 Relative humidity of the drying air changes because of the change of its temperature.
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Fig. 20Different profiles of stepwise change of drying air temperature

1 \Variation of inner surface temperature for stepwise changes of drying air temperature is
shown in Fig. 21.
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Fig. 21 Variation of inner surface temperatdoe stepwise changes of drying air temperature.
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9 Variation of drying surface temperature for stepwise changes of drying air temperature is

E

shown in Fig. 22.
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0 120 240 360 480

Drying time, minutes

Fig. 22 Variation of drying surface temperature for stepwise changes of dryitegrgerature.

Stepwise changes of drying air temperatures are reflected in the product temperatures
As moisture evaporates from the drying surface by absorbing heat of vaporization, drying
surface temperatures become lower than that of inner surface.

Higher temperature of drying air could be used in the initial period of drying.

The variation of the flux of moisture with average moisture content of the product for stepwise
changes of drying air temperatures (eége 9) is shown in Fig. 23.
The varation of average moisture content of the product with drying time for@ase9 is

shown in Fig. 24.

Stepwise changes of drying air temperatures increase moisture flux up to moisture content of

about 2.5 kg/kg db.
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Fig. 23 Variation of noisture flux with
average moisture content for stepw
changes of drying air temperatures.
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Fig. 24 Variation of average moistur
content with drying time for different mode
of heat input.
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5.2.4 Optimization of Heat Pump (HP)

T

Heat pump is used to ool the relative humidity (RH) of the drying air. To study the effect
of the relative humidity in the drying process, the following cases were studied:
CaselO: heat pump is turned off; RH is 30 % from O to 8 hours of drying.
Casell: heat pump is tued on; RH is 7 % from O to 8 hours of drying.
Casel2: power of heat pump is controlled; RH is 7 % from O to 2 hours, 15 % from 2 to
4 hoursand 30 % from 4 to 8 hours of drying.
Casel3: power of heat pump is controlled; RH is 7 % from 0O to 2 houds3@% from
2 to 8 hours of drying.
The variation of the flux of moisture with average moisture content of the product due to the
change of drying air relative humidity (cas@ to 13) is shown in Fig. 25.
The variation of average moisture content ofgheduct with drying time for cask0 to 13 is
shown in Fig. 26.
Figs. 25 and 26 show that heat pump should be turned on only in the initial period of drying.
é 3 5.0
S 254 | CIEEAS N Case-10
S (N Case-12 c 4.0 ----Case-11
L 24 Case-13 Q
2 52 304 —---—-Case-12
g ég, Case-13
1= 2220 -
3 )
2 = 101
© TP
- 0oo 1Io 2Io 3Io 4I0 5.0 00 ' ' '
' ' ' ' ' ' 0 120 240 360 480

Moisture content, kg/kg db Drying time, minutes

Fig. 26 Variation of average moistur
content with drying time due to the chan
of drying air relative humidity.

Fig. 25 Variation of moisture flux with
average moisture content due to
change bdrying air relative humidity.

5.2.5 Effect of Flipping of Product

1
il

T

To study the effect of flipping, the product is flipped after eviehpur of drying.
The variation of the flux of moisture with average moisture content of the product fet4ase
(without flipping) and casé5 (with flipping) is shown in Fig. 27.

The variation of average moisture content of the product with dryingftimeasel4 to 15 is
shown in Fig. 28.
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Fig. 27 Variation of moisture flux with
average moisture content due to flipping

Fig. 28 Variation of average moistur
content with drying time due to flipping



1 Flipping of product improves drying perimance.
i Effect of flipping reduces with decreasing of moisture content.

5.2.6 Sun Drying

1 Meteorological data for Singapore is used to simulate the drying pr@dasgaderet al

1990)

1 Month: October; Drying time: 7.00 am to 7.00 pm.

i \Variation of gbbal radiation, air temperature, air relative humidity and air velocity is shown
in Fig.
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1 The variation of the flux of moisture with average moisture content of the productrfor su
drying is shown in Fig. 30.

1 The variation of average moisture content of the product with drying time for sun drying is
shown in Fig. 31.
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Fig. 30 Variation of moisture flux with Fig. 31 Variation d average moisture
average moisture content for sun drying content with drying time for sun drying

6. CONCLUSIONS

A simple liquid diffusion model with moisture and temperature dependent effective mass
diffusivity and thermal conductivity was used to simulate batch drying of thin shrinkibg ef
heat sensitive materials subjected to multiple modes of heat input. Allowance was made for
shrinkage and heat of desorption. The relative advantages of combining various modes of heat
transfer e.g. convection, conduction, radiation and volumetatirg with microwave field were
analyzed using the predicted moisture and temperature distribution, moisture flux and drying
rates. On/off type temperature controller was simulated to control the power of the heaters so as
not to exceed a prgpecified denage temperature of the material. Microwave heating with
convection showed the best overall drying performance. However, a particular combination of
heat inputs did not exhibit the Abesto dryi
reflects theneed of appropriate switching between different modes of heat input to get the
optimum and energy efficient drying condition. Effects of the stepwise change of drying air
temperature, air relative humidity, flipping of product and sun drying on the dmeng studied.
Simulation results show that drying air temperature should be high and air relative humidity
should be low at the initial period of drying. Flipping of product can improve drying rate
significantly especially for thick product. Future workllwdeal with two dimensional cases with
both continuous and timearying multiple heat inputs and will include the kinetics of quality
degradation.

Although very simple mathematically, the diffusion model includes an enormous amount
of useful informatiorthat can be used in design as well as in optimizing design conditions for best
quality or minimum energy expenditure or minimum capital cost. For example, flipping and/or
intermittent heating can save air and energy consumption. Using heat pump todifigingrair
is effective only over a narrow moisture range so one can save on both capital and running costs
by using a smaller heat pump only periodically for drying heat sensitive materials like vegetables,
fruits, marine foods etc. It can also be usedhiodel based control of the dryer.
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NOMENCLATURE
Symbols
A area of drying surface,m
Aw water activity
Co specific heat of product, J/k%K
Das water diffusivity in product, rfis
Dwar  diffusivity of vapor in air, /s
H product thickness, m
Hy, hed of wetting, J/kg
Nair convective heat transfer coefficient in air, Vi
hy enthalpy of saturated water, J/kg
hrg latent heat of vaporization, J/kg
hy enthalpy of saturated vapor, J/kg
hm mass transfer coefficient of vapor in air, m/s
hvap heat of vapdeation, J/kg
Ims mass flux of water vapor, kg of moisturé/m
k thermal conductivity, W/m K
My molecular weight of water, kg/kmol
Dmg,jig; mass of bd solid ificontrol volume, kg
n number of control volume
h,.. DY
Nu Nusselt number;2—
air
P total pressure, Pa
Pair partial pressure of air, Pa
Py partial pressure of vapor, Pa
Pr Prandtl number’ &
4 air
Py sat saturated vapor pressure, Pa
#on  cONnvection heat flux, W/
#eater  CONduction heat flux, W/
& g radiation heat flux, W/fm
#apor  heat flux with evaporated moisture, Wim
Qmw microwave source, W/
R universal gas constant, J/(kmol K)
! air Vair DY
Re Reynolds number,-2r—2r—_
Mhir
Sc Schnidt number,— /&I
! air Dvp,air
Sh Sherwood numberh—m
DYDvp,air
T temperatureC
t time, sec
\% velocity of drying air, m/s
Xm moisture content, kg moisture/kg db
Z axis along product thickness, m
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Y product length, m

Greek Letters

a thermal diffusivity, nf/s

m absolute viscosity, kg/(m s)

n kinematic viscosity, rfis

I density of product, kg/th

I'm moisture concentration in product, kg of moisturgpmoduct
Mo density of water, kg/fh

I solid density of bd solid, kg/fh

f air relative humidy

b attenuation constant

& absorptivity of product

éi dielectric constant

€i dielectric loss factor

I mwv microwave wavelength in vacuum, m

s Stefan and Boltzman constant, 5.67%0/(m? K%
Subscripts

air drying air

p product

o] initial

rad radiation heater

sat saturation

v vapor
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Table-1. The thermodynamics and transport properties of air and water systems and the physical
properties of the potato sample

Property Reference Expressio

rar | Oosthuizenand |, . =.-35101010 813, +1.583982684d0 °T7, -
(kg ni”) | Naylor, (1999) 4.699520202(2x10" T, +1.2921357148B571;
(10°C<T,;, <80°C)

Mir ﬁOStthiziggfznd my, =1.767676840 *°T2, - 554112554110 1112, +
(kgm's|  Naylor, (1999) |4 98329725817x10 8T, +17.196428571485x10"° ;
) (10°C <T,; <80°C)
Prar | Oosthuizenand |py . =_2272727x10° 873, +4.19913420 °T2, -
Naylor, (1999) |3 53354978350° 4T, +0.719; (10°C<T,;, <80°C)
Wkai_rl ; ﬁostlhuiziggznd ko =6.818181840 1973, - 1474025074410 ' T3, +
(Wm aylor, (1999) | "g 09112554113x10° 5T, +0.0240835714085714:
) (10°C<T,;, <80°C)
hrg Oosthuizen and |hg =-2.394T+2502.1
(kJ kg") Naylor, (1999)
Py sat Mujumdar and 3 6887 Ty g
Pa Devahastin, (2000] R, =100exp?27.0214- ———— - 5.31In Q
(Pa) (2000} sax I%? T, +27315 273.169
(kgr?n?’) 56“6(‘388{)? etal, r =-103x4- 64x3 +55X2 - 154X, +1253
Saravacos and & A &0
(Wm'K| Maroulis, (2001) Kp = 0.049 expe- adl & L R Qi+
b 1+ X, g 8314340 8&' p +273.15 333.15%
0.611X
1+xm
DAB Sablar" et a.l, (200( é 0 07250 é_ 2044
n? s* Dpg =1.29x10 ® expig—— = - 0
(7 s°) e By, o @&Tmo
A Saravacos and | A =12323X2 - 646.14X3 + 98.541X§] -

Maroulis, 2001; |0.3406X,, - 0.0008; (X, <0.22

Rahman, 1995 |\ __ 4 51204646815092% 2 + 0.63981302510109X . +
0.59948289580041; (0.22¢ X, ¢ 0.6)

A, =0.0013X 3 - 0.0197X 2, +0.1164X, + 0.7448 (X,,, > 0.6)

Hu Keey, (1972) |H, =8.206767191142x10° X % +4.00032779720271x10° X 3 -
(kJ kg’) 6.161396416(B38x10° X 2 + 2.36818764568x10% X, +
1.1630833333x10° ; (0.01¢ X, ¢ 0.2)
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