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1. INTRODUCTION

The main objective of this chapter is to provide a summary of the results and useful
conclusions one can draw by solving the liquid diffusion equation under a wide assortment of
boundary conditions. Aside from calculation of drying times for batch drying one can readily
examine the potential of applying multiple sources of heat continuously or intermittently without
exceeding the thermal damage temperature of the product. It can answer such questions of
engineering importance as: what is the best range over which a heat pump may be applied or over
what range of moisture contents should one apply microwave heating for cost-effective results.
We can also simulate solar drying wherein the solar insulation level is necessarily time-
dependent. If we insert a model for color degradation kinetics or degradation of nutritional value
with temperature, we can also predict the ultimate dried product quality as well. Since drying
kinetics of heat sensitive products are necessarily low, the drying times for a single experiment
can exceed 4-5 hours. If one looks at the multitude of parameters that are present even in the
relatively simple one-dimensional problem, it is readily seen that a purely experimental approach
to seeking an optimal design of a dryer is nearly impossible. It is essential to resort to some simple
mathematical models to reduce the need for experimentation to a minimum. We need certain
properties and transport coefficients to solve the model equations. Once we have them, we can
evaluate the effects of various parameters and try to obtain an optimal engineering design with
only a few validation experiments. This, indeed, is the goal of this study.

2. THE MATHEMATICAL MODEL

Despite its remarkable simplicity and empirical origin, the falling rate period for many
materials that must be dried at moderate temperatures so that no phase change occurs within the
material itself but only at the evaporating surface, can be well described by the classical diffusion
model. A diffusive process is one for which the local flux is proportional to the local gradient
serving as the driving force e.g. concentration difference for mass transfer. In drying this
coefficient of proportionality is often a strong function of the moisture content as well as
temperature. Indeed, we have shown that it must also depend on porosity or shrinkage of the
material. Here we will not examine the complicating factors, but only focus on an application
which requires solution to the one dimensional diffusion equation in Cartesian system subject to a
variety of boundary conditions. We consider a non-isotheral case so that the diffusion equation
must be solved concurrently with the energy equation. The heat and mass transfer during the
drying process is shown schematically in Figure 1. Since the diffusivity of moisture and heat are
both dependent on temperature and moisture content, the equations are fully coupled and
nonlinear.

We consider the hygro-thermal properties using a slab of potato as model material
subjected to drying on one side by convection alone, by convection and conduction from the
bottom face, convection and radiation from the evaporating surface as well as convection and
microwaves. The effect of including the physically realistic shrinkage but with moisture (liquid
phase) diffusivity un-corrected for shrinkage is also included.
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Figure 1. Schematic of the control volume for the physical model

2.1 Assumptions

The following assumptions are made in developing the present physical model applicable to

one-sided drying of a thin slab like material:

1.
2.
3.

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

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

Mass diffusivity, thermal conductivity and density of product are known functions of moisture
content and temperature of the product.

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 assumption can be
relaxed if real shrinkage data are available.

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.
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 of assumptions, the model is applicable to a large number of

products dried in practice.

2.2 Governing Equations

The energy conservation equation for the general control volume considering heat is

transferred only by conduction process in the Z-direction can be expressed as
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where Qmw 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 of microwave power, the generated heat at depth (H-Z) from the
drying surface can be determined as [Sanga et al., 2002]

Qmw(Xm,Z,t) = ZQmW,OﬂeXp[_ Zﬂ(H _Z)] 2
where Qmw,o IS the incident microwave flux at the drying surface of the product and B is the
attenuation constant which can be expressed in terms on dielectric properties of material as
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where Amw.v is the wavelength in vacuum. &' and &" 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
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The species transport equation for liquid moisture with diffusion only in the Z-direction
can be written as
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Similarly the diffusivity for the migration of moisture from control volume i to i+1 gives
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The thermal conductivity of product k,, product density p, and diffusivity of liquid
moisture Dag are function of product moisture content and temperature which varies continuously
at different depth of the drying product during drying.

Considering ideal and unidirectional shrinkage, the thickness of a particular control
element is determine by moisture and solid balance of the control element as
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The set of coupled non-linear Eq. (1) to (7) constitutes the governing equations that can be
expressed in term of the two field variables T, and pp.

2.3 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 0<Z <H; Tp = Tyo, Pm = Pmo- 8)



2.4 Boundary Conditions

If the drying product is placed on a solid insulated metal drying tray with which it
maintains constant contact throughout the drying process without distortion, the boundary
conditions for the bottom surface are:
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If a heater of constant heat flux a4, 1S USed to heat the product from the bottom as
shown in Figure 1, the energy equation for the bottom control volume becomes
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Evaporation of liquid moisture takes place at the drying surface. Thus, attime t>0and Z = H;
o Pm
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where Jn s is the mass flux of evaporated moisture from the drying surface, which can be

determined from
ijl AWPV,Sa.t atTp,i:n _ ¢PV,Sat atTair :l (12)
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The mass transfer coefficient of vapor in the drying air hy, was calculated using the
following empirical correlation [Saravacos & Maroulis, 2001]:
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Energy balance for the control volume at drying surface gives at time t >0 and Z = H;
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where raq» Geony @Nd Gyagpr are the radiation, convection and vapor heat flux, respectively,
which can be expressed as
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The convective air-to-product heat transfer coefficient h,;; was calculated using the
following correlation [Saravacos & Maroulis, 2001]:

Nu = 0.664 Re%® prl/3 (18)

The total enthalpy for moisture vaporization hy,, can be expressed as

hvap = hfg atTpj=n +AH,, (19)
where AH,, is the heat of wetting, which increases significantly at lower moisture contents [Keey,

1972].

The thermodynamic and transport properties of air/water system and the physical
properties of the potato sample are summarized in Table 1. The governing equations are solved
simultaneously with appropriate boundary conditions using a 4™ order Runge-Kutta 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].

3. MATERIAL AND METHODS

Fresh potato was purchased 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 sliced
with an adjustable food-slicer to 5 mm thickness and cut to 30 mm by 30 mm with a twin-knife
fixture. Twelve identical samples were placed on a tray, made of thin stainless 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 Omega Research type ‘T’ thermocouple probes and Vaisala
digital electronic humidity transmitters. All thermocouples are calibrated using a master
thermometer whose uncertainly is 0.05 °C. Vaisala factory, Finland, compared the output of the
humidity transmitters for 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 during drying
was measured using a digital electronic balance, A&D, model GX-2000, 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 continuously in a data acquisition system.

4., RESULTS AND DISCUSSION
4.1 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 same drying
condition as shown in Figure 2. The moisture content of the material was predicted for four
different cases, which are:

Case-A: No heat transfer by conduction through tray; product is an ideal shrinking material.
Case-B: No heat transfer by conduction through tray; product is a non-shrinking material.
Case-C: Heat transfer by conduction through tray; product is an ideal shrinking material.
Case-D: Heat transfer by conduction through tray; product is a non-shrinking material.

When ideal shrinkage of the material was considered (case-A and C), which is more
realistic in practical drying, the model predicted faster drying rate especially at low moisture
contents in comparison with the experimental result as shown in Figure 2. 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 migrates from bulk to the drying
surface of the material over shorter distances and over-predicts the moisture evaporation rate. In
the present model moisture diffusivity is considered as a function only of temperature and
moisture content. Above results show the logical 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
bottom surface of the product through the tray, which was considered in case-B and D. Case-D
showed good agreement between predicted moisture values and experimental data (Figure 2). The
predicted drying rate of case-D is slightly lower than that of experimental result. As one-
dimensional liquid diffusion was considered in the present model, moisture evaporated from the
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Figure 2 Comparison between moisture content obtained from experimental data and simulation
model. Graphs: Case-A: No conduction through tray, with shrinkage; Case-B: No conduction
through tray, without shrinkage; Case-C: With conduction through tray, with shrinkage; Case-D:
With conduction through tray, without shrinkage.

sidewalls of the material was neglected. With the decrease of moisture content, the material
shrinks and the side wall area as well as evaporation from 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 the present simplified model.

4.2 Cases Studied Using Diffusion Model

Table 2 summarizes the cases considered to investigate the drying performance using one
dimensional diffusion model.

Table 2 Cases studied using one dimensional diffusion model.
(Model material: Potato slice; Initial moisture content: 4.6 kg/kg db.)

Effect of shrinkage
Case-1 Mode of heat input: Convection;
Drying air condition: Vg = 2 m/s, T = 45 °C, RHyir = 15%;
Initial thickness of material = 5 mm; Shrinkage: Ideal shrinkage.
Case-2 Mode of heat input: Convection;
Drying air condition: Vg = 2 m/s, Tair = 45 °C, RHgir = 15%;;
Initial thickness of material =5 mm; Shrinkage: No shrinkage.
Effect of different modes of heat input
Case-3 Modes of heat input: Convection and conduction;
Drying air condition: Vg = 2 m/s, Tair = 45 °C, RHair = 15%;
Conduction heat flux: 500 W/m?;
Initial thickness of material =5 mm; Shrinkage: No shrinkage.
Case-4 Modes of heat input: Convection and radiation;
Drying air condition: Vir = 2 m/s, Tair = 45 °C, RHg = 15%;
Temperature of radiation heater: 110 °C;
Initial thickness of material = 5 mm,; Shrinkage: No shrinkage.




Table 2 Cases studied using one dimensional diffusion model (cont’d).

Case-5 Modes of heat input: Convection and Microwave;
Drying air condition: Vir = 2 m/s, Tair = 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

Case-6 Temperature profile of drying air: Square wave-form
Maximum air temperature: T = 45 °C with RH,;; = 15%;
Minimum air temperature: T, = 30 °C with RHg = 33.8%;
Cycle time: 4 hours;
Mode of heat input: Convection; Drying air condition: Vi = 2 m/s;
Initial thickness of material =5 mm; Shrinkage: No shrinkage.

Case-7 Temperature profile of drying air: Step down-form
Maximum air temperature: T = 45 °C with RHg;; = 15%;
Minimum air temperature: T, = 30 °C with RH;; = 33.8%;
Time step size: 2 hours; Temperature step size: -5 °C;
Mode of heat input: Convection; Drying air velocity: Vi = 2 m/s;
Initial thickness of material =5 mm; Shrinkage: No shrinkage.

Case-8 Temperature profile of drying air: Step up-form
Minimum air temperature: T, = 30 °C with RHg = 33.8%;
Maximum air temperature: T = 45 °C with RH,;; = 15%;
Time step size: 2 hours; Temperature step size: 5 °C;
Mode of heat input: Convection; Drying air velocity: Vi = 2 m/s;
Initial thickness of material =5 mm; Shrinkage: No shrinkage.

Case-9 Temperature profile of drying air: Step down-form
Maximum air temperature: T = 65 °C with RH,;; = 5.8%;
Minimum air temperature: T, = 45 °C with RH;r = 15%;
Temperature step size: -5 °C;
Temperature controller: On/off type temperature controller is simulated to
maintain maximum allowable product temperature of 45°C;
Mode of heat input: Convection; Drying air velocity: Vi = 2 m/s;
Initial thickness of material =5 mm; Shrinkage: No shrinkage.

Effect of stepwise change of drying air velocity

Case-10 Drying air velocity during drying process, Vair = 2 m/s;
(Base case)  Drying air condition: T = 45 °C, RHair = 10%;
Mode of heat input: Convection; Total drying time: 8 hours;
Initial thickness of material = 5 mm; Shrinkage: No shrinkage.

Case-11 Drying air velocity during drying process, Vi = 0.5 m/s;
Drying air condition: T = 45 °C, RHyir = 10%;
Mode of heat input: Convection; Total drying time: 8 hours;
Initial thickness of material =5 mm; Shrinkage: No shrinkage.

Case-12 Velocity profile of drying air: Step down-form
Maximum air velocity: V,i = 2 m/s;
Minimum air velocity: Vi = 0.5 m/s;
Time step size: 2 hours; Velocity step size: -0.5 m/s;
Drying air condition: T4 = 45 °C, RHgir = 10%;
Mode of heat input: Convection; Total drying time: 8 hours;
Initial thickness of material = 5 mm; Shrinkage: No shrinkage.




Table 2 Cases studied using one dimensional diffusion model (cont’d).

Case-13

Velocity profile of drying air: Single step down-form

Vair is 2.0 m/s from 0 to 2 hours of drying process;

V.ir is 0.5 m/s from 2 to 8 hours of drying process;

Drying air condition: Tair = 45 °C, RH,ir = 10%;

Mode of heat input: Convection; Total drying time: 8 hours;
Initial thickness of material =5 mm; Shrinkage: No shrinkage.

Optimization of heat pump (HP)

Case-14
(Base case)

Mode of heat input: Convection;

Heat Pump: Turned off during drying process;

Drying air condition: Vg = 2 m/s, Tair = 45 °C, RHair = 30%;
Initial thickness of material =5 mm; Shrinkage: No shrinkage.

Case-15

Mode of heat input: Convection;

Heat Pump: Turned on during drying process;

Drying air condition: Vi = 2 m/s, T = 45 °C, RHgr = 7%;
Initial thickness of material = 5 mm,; Shrinkage: No shrinkage.

Case-16

Mode of heat input: Convection;

Heat Pump: Turned on with full capacity for 0 to 2 hours and with half
capacity for 2 to 4 hours of drying process;

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

RH.ir: 7% from 0 to 2 hours, 15% from 2 to 4 hours and 30% from 4 to 8
hours; Initial thickness of material =5 mm; Shrinkage: No shrinkage.

Case-17

Mode of heat input: Convection;

Heat Pump: Turned on with full capacity for 0 to 2 hours of drying process;
Drying air condition: Vair = 2 m/s, T = 45 °C;

RH.ir: 7% from 0 to 2 hours and 30% from 4 to 8 hours;

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

One heat pump (HP) for multiple drying chamber

Case-18
(Base case)

Mode of heat input: Convection;

Number of drying chamber: 1

Heat pump is turned off continuously during drying process;
Drying air condition: Vg = 2 m/s, Tair = 30 °C, RHair = 67.75%;
Initial thickness of material =5 mm; Shrinkage: No shrinkage.

Case-19 Mode of heat input: Convection;
Number of drying chamber: 1
Heat pump is turned on continuously during drying process;
Drying air condition: Vair = 2 m/s, T, = 45 °C, RHqir = 7 %;
Initial thickness of material = 5 mm,; Shrinkage: No shrinkage.
Case-20 Mode of heat input: Convection;

Number of drying chamber: 3

Heat pump is turned on continuously during drying process. Dehumidified
hot air from the heat pump is supplied to the first drying chamber and
atmospheric air is supplied to the other two drying chambers using a
blower. The drying process is continued with the above drying conditions
for 30 minutes. Dehumidified hot air from the heat pump is then switched to
the next drying chamber while atmospheric air is supplied to the other two
drying chambers. The cycle is repeated until the drying process is over.
Drying air condition after heat pump: Var = 2 m/s, Tair = 45 °C, RH4ir = 7 %;;
Drying air condition after air blower: V4, = 2 m/s, Tair = 30 °C, RHyi =
67.75 %; Initial thickness of material = 5 mm; Shrinkage: No shrinkage.
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Table 2 Cases studied using one dimensional diffusion model (cont’d).

Drying of product of low moisture diffusivity

Case-21 Moisture diffusivity of product = half of moisture diffusivity of potato

Mode of heat input: Convection;

Heat pump: Turned off during drying process

Drying air condition: Vg = 2 m/s, T = 45 °C, RH4ir = 30 %;

Initial thickness of material =5 mm; Shrinkage: No shrinkage.
Case-22 Moisture diffusivity of product = half of moisture diffusivity of potato

Mode of heat input: Convection;

Heat pump: Turned off during drying process

Drying air condition: Vg = 2 m/s, Tair = 35 °C, RHair = 51.1 %;

Initial thickness of material =5 mm; Shrinkage: No shrinkage.
Case-23 Moisture diffusivity of product = half of moisture diffusivity of potato

Mode of heat input: Convection;

Heat pump: Turned on during drying process

Drying air condition: Vg = 2 m/s, T4 = 45 °C, RH4ir = 7 %;

Initial thickness of material =5 mm; Shrinkage: No shrinkage.
Case-24 Moisture diffusivity of product = half of moisture diffusivity of potato

Mode of heat input: Convection;

Heat pump: Turned on during drying process

Drying air condition: Vg = 2 m/s, Tair = 35 °C, RHair = 11.9 %;

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

Drying of product of high moisture diffusivity

Case-25 Moisture diffusivity of product = double of moisture diffusivity of potato

Mode of heat input: Convection;

Heat pump: Turned off during drying process

Drying air condition: Vair = 2 m/s, T = 45 °C, RHgir = 30 %;

Initial thickness of material = 5 mm,; Shrinkage: No shrinkage.
Case-26 Moisture diffusivity of product = double of moisture diffusivity of potato

Mode of heat input: Convection;

Heat pump: Turned off during drying process

Drying air condition: Vg = 2 m/s, Tair = 35 °C, RHair = 51.1 %;

Initial thickness of material =5 mm; Shrinkage: No shrinkage.
Case-27 Moisture diffusivity of product = double of moisture diffusivity of potato

Mode of heat input: Convection;

Heat pump: Turned on during drying process

Drying air condition: Vair = 2 m/s, T, = 45 °C, RHqir = 7 %;

Initial thickness of material = 5 mm,; Shrinkage: No shrinkage.
Case-28 Moisture diffusivity of product = double of moisture diffusivity of potato

Mode of heat input: Convection;

Heat pump: Turned on during drying process

Drying air condition: Vg = 2 m/s, Tair = 35 °C, RHgir = 11.9 %;

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

Drying of composite slabs of different moisture diffusivities

Case-29 Moisture diffusivity: Uniform through out the product

(Base case)

Mode of heat input: Convection;
Drying air condition: Vair = 2 m/s, Tair = 45 °C, RHyr = 15%;
Drying time = 8hrs; Initial thickness of material = 5 mm; No shrinkage.




Table 2 Cases studied using one dimensional diffusion model (cont’d).

Case-29
(cont,d)

Drying air Evaporated moisture Drying air

Material: A
Thickness: 5 mm

Case-30

Moisture diffusivity: Exposed layer is thinner but with higher diffusivity;
Mode of heat input: Convection;

Drying air condition: Vair = 2 m/s, Tair = 45 °C, RHyr = 15%;

Drying time = 8hrs; Initial thickness of material = 5 mm; No shrinkage.

Drying air Evaporated moisture Drying air

Material: B Material: A

Thickness: 4.25 mm Thickness: 0.75 mm

Diffusivity: D Diffusivity: D ,
D,=10Dg

\

Case-31

Moisture diffusivity: Exposed layer is thinner but with lower diffusivity;
Mode of heat input: Convection;

Drying air condition: Vair = 2 m/s, Tair = 45 oC, RHair = 15%;

Drying time = 8hrs; Initial thickness of material = 5 mm; No shrinkage.

Drying air

.

—_—

Material: B Material: A

Thickness: 4.25 mm Thickness: 0.75 mm

Diffusivity: D Diffusivity: D ,
D,=0.1D,

Evaporated moisture Drying air

Case-32

Moisture diffusivity: Thick exposed layer of higher diffusivity;

Mode of heat input: Convection;

Drying air condition: Vair = 2 m/s, Tair = 45 oC, RHair = 15%;

Drying time = 8hrs; Initial thickness of material = 5 mm; No shrinkage.

Drying air Evaporated moisture Drying air

Material: B Material: A

Thickness: 0.75 mm Thickness: 4.25 mm

Diffusivity: D Diffusivity: D ,
D;=01D,
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Table 2 Cases studied using one dimensional diffusion model (cont’d).

Effect of flipping of product
Case-33 Without flipping of product
(Base case) Mode of heat input: Convection;
Drying air condition: Vg = 2 m/s, T = 45 °C, RHgir = 10%;;
Initial thickness of material = 10 mm; Shrinkage: No shrinkage.
Case-34 Product is flipped after every 1 hrs of drying;
Mode of heat input: Convection;
Drying air condition: Vg = 2 m/s, T = 45 °C, RHgir = 10%;
Initial thickness of material = 10 mm; Shrinkage: No shrinkage.
Sun drying
Case-35 Mode of heat input: Convection;
(Base case)  Drying air condition: Vair = 2 m/s, T,ir = 45 °C, RHair = 30%;
Initial thickness of material =5 mm; Shrinkage: No shrinkage.
Case-36 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.

4.2.1 Effect of Shrinkage

e The predicted moisture distributions across the product thickness during drying by pure
convection are shown in Figure 3.

e Evaporation of liquid moisture takes place from the product surface by absorbing the heat of
vaporization as well as heat of desorption when removing bound moisture. 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 rate to the product surface control the evaporation rate at this
stage of drying. With diminishing surface moisture content, the evaporation rate is controlled
by internal mass transfer rate of liquid moisture.

e It is worthwhile to note that the drop of internal moisture content is mainly confined in the

region of the drying surface and slowly progresses to the interior (Figure 3), because of the
low moisture diffusivity of the product.

Moisture content, kg/kg db
Moisture content, kg/kg db

600
Drying time, minutes Distance from drying surface, mm

Case-1 Case-2
Figure 3 Moisture distribution across the product during drying using pure convection. Case-1:
with ideal shrinkage. Case-2: without shrinkage.
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For case-1 (ideal shrinkage), the diffusion path for the liquid moisture to reach the drying
surface decreases with drying time. As a result the evaporation rate improves in comparison
with that of the case-2 (non-shrinking) provided the water diffusivity remains unchanged, as is
assumed in this study.

Figure 4 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
the initial period of drying. The evaporating moisture takes the remaining heat as sensible heat
from the product itself resulting in a sharp drop of product temperature.

Product temperature, °C

000 600 0
Drying time, minutes Distance from drying surface, mm Drying time, minutes Distance from drying surface, mm

Case-1 Case-2

Figure 4 Temperature distribution across the product during drying using pure convection. Case-
1: with ideal shrinkage. Case-2: without shrinkage.

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 vapor pressure. During this period of drying, the temperature of
the drying surface increases slowly (Figure 4) indicating the period of first falling rate.

For case-1 (ideal shrinkage), product temperature remains low for longer period because of
higher vaporization rate in comparison with that of case-2 (without 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 this period.

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 different depth of the product during drying (for
case-1) is shown Figure 5. 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 same pattern because of the consideration of ideal shrinkage.

The variation of the flux of moisture with average moisture content of the product for case-1
and 2 is shown in Figure 6. For moisture contents up to 0.5 kg/kg db, the flux of moisture
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remains relatively high for case-1 (ideal shrinkage). First and second falling rate are more
obvious for case-2 (without shrinkage).

N
o

Case-2

----Case-1

=
o N
! !

[
L

Shrinkage of grids, %
Mass flux of moisture, kg/ nf hr

0.5 A
0
0.0 05 10 15 20 25 3.0 35 4.0 45 50
Drying time, minutes 200 0 Distance from drying surface, mm Moisture content, kg/kg db
Figure 5 Predicted shrinkage at different Figure 6 Variation of moisture flux with
depths of product during drying average moisture content for convection

drying. Case-1: with ideal shrinkage; Case-
2: without shrinkage.

e Thermal conductivity and moisture diffusivity are both dependent on local temperature and
moisture content of the product. During drying process, the distribution of thermal
conductivity and moisture diffusivity inside the product are depicted in Figure 7 and 8.

e Both thermal conductivity and moisture diffusivity are small at the drying surface because of
low moisture content.

Thermal conductivity, W/m K

Drying time, minutes 600 0Distancefrom drying surface, mm Drying time, minutes 600 0 Distance from drying surface, mm
Figure 7 Variation of thermal conductivity Figure 8 Variation of moisture diffusivity
across the product during drying using pure across the product during drying using pure
convection (Case-2: without shrinkage). convection (Case-2: without shrinkage).

4.2.2 Effect of Different Modes of Heat Input

e 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 Figure 9.
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e As the evaporation of moisture takes place from the drying surface of the product, moisture
content drops rapidly at the drying surface 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 db are 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
content, 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
Moisture content, kg/kg db

- . 0! . .
Drying time, minutes Distance from drying surface, mm Drying time, minutes 600 0 Distance from drying surface, mm

Case-3 Case-4

Moisture content, kg/kg db

00 0
Drying time, minutes Distance from drying surface, mm

Case-5

Figure 9 Moisture distribution across the product during drying. Case-3: convection and
conduction, Case-4: convection and radiation, Case-5: convection and microwave.

e Temperature distributions throughout the product for different modes of heat (convection
combined with conduction, radiation and volumetric heating using microwave field) are
shown in Figure 10.
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e An on/off type temperature controller was simulated in the simulation program to predict
control strategy for the power of the heaters and thereby maintain the product temperature
always within the range 40 to 45°C to avoid degradation of quality.

e The on/off sequences of the heaters under different modes of drying are reflected in the
product temperatures as shown in Figure 10.

e For case-4 (convection and radiation), product temperature becomes maximum at the drying
surface because the radiation heat is supplied to the drying surface.

e For case-3 (convection and conduction) and 5 (convection and microwave), product
temperature becomes maximum at the bottom surface. For case-3, radiation 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.

Product temperature, °C
Product temperature, °C

Drying time, minutes 600 0 . X
rying Distance from drying surface, mm Drying time, minutes 600 O Distance from drying surface, mm

Case-3 Case-4

W S P
a o (6]

Product temperature, °C

wW
oo

N ) 600 O
Drying time, minutes Distance from drying surface, mm

Case-5

Figure 10 Temperature distribution across the product during drying. Case-3: convection and
conduction, Case-4: convection and radiation, Case-5: convection and microwave.

e The variation of the flux of moisture with average moisture content of the product using
different modes of heat transfer (case-1 to 5) is shown in Figure 11.
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Mass flux of moisture,

The variation of average moisture content of the product with drying time for case-1 to 5 is
shown in Figure 12.

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

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 different modes of heat input
diminishes.

3 5
-----Case-2 = -----Case-2
25 4| - Case-3 2 4
----Case-4 8 O Case-3
L 2 Case5 | N ..o 0 o . -——-Case-4
o 22374 Case-5
g54 g 2% ase-
2 € D2
1 [}
g
0.5 - 5 1
<
0 T T T T O 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
Figure 11 Variation of moisture flux with Figure 12 Variation of average moisture
average moisture content for different content with drying time for different
modes of heat input. Case-2: pure modes of heat input. Case-2: pure
convection, Case-3: convection and convection, Case-3: convection and
conduction, Case-4: convection and conduction, Case-4: convection and
radiation, Case-5: convection and radiation, Case-5:  convection and
microwave. microwave.

4.2.3 Effect of Stepwise Change of Drying Air Temperature

Drying air temperature, °C

Different profiles of stepwise change of drying air temperature considered in the study are
shown in Figure 13.

For case-9, drying air temperature is controlled to maintain the maximum allowable
temperature of the product.

Relative humidity of the drying air changes (keeping absolute humidity constant) because of
the change of its temperature.

O
50 °_ 50
_— RH=15% g RH=15%
45 = 45
© RH=19.5%
40 "é& 40 - ﬁ
RH=33.8%
35 - 8 35 1
30 ® 30 o v
| T~ . 2 RH=22.5%
25 | | RH=33.8% ;a 25 | | | |
0 120 240 360 480 600 0 120 240 360 480 600
Drying time, minutes Drying time, minutes
Case-6: Square wave-form Case-7: Step-down profile

Figure 13 Different profiles of stepwise change of drying air temperature.

16



0 0
S 50 ° 70
(&) = 0,
S 5| RH=15% g 65 | RH=5.8%
S RH=19.5% S 60 | RH=7.2%
S 40 T g
E £ 55 - RH=9.1%
£ 351 < 5o | ~—— RH=11.7%
® 59 RH=22.5% T
2 T —— RH=33.8% o 45 ~— =
£ £ RH=15.0%
E 25 T T T T b 40 T T T T
0 120 240 360 480 600 © 0 120 240 360 480 600
Drying time, minutes Drying time, minutes
Case-8: Step-up profile Case-9: Unequal step-down profile

Figure 13 Different profiles of stepwise change of drying air temperature (cont’d).

e Variation of inner and drying surface temperatures for stepwise changes of drying air
temperature are shown in Figure 14 and 15, respectively.

50
-—-—--Case6 ------- Case-7 50
—-—--Case-8

—-—-.-Case6 ------- Case-7
———-Case-8 Case-9

N
[é;]

N
6]
|

i

o
D
o

!

w
o

Inner surface temperature,’C
w
4]

Drying surface temperature,’C
w
[§)]

30 |
25 25 1
? 0 120 240 360 480 20 ‘ ‘ ‘
0 120 240 360 480
Drying time, minutes L .
Drying time, minutes
Figure 14 Variation of inner surface Figure 15 Variation of drying surface
temperature for stepwise changes of drying air ~ temperature for stepwise changes of drying air

temperature. temperature.

e Stepwise changes of drying air temperatures are reflected in the product temperatures.

e As moisture evaporates from the drying surface by absorbing heat of vaporization, drying
surface temperatures become lower than that of inner surface.

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

e The variation of the flux of moisture with average moisture content of the product for stepwise
changes of drying air temperatures (case-6 to 9) is shown in Figure 16.

e The variation of average moisture content of the product with drying time for case-6 to 9 is
shown in Figure 17.

e Stepwise changes of drying air temperatures increase moisture flux up to moisture content of
about 2.5 kg/kg db.
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Figure 16 Variation of moisture flux with
average moisture content for stepwise
changes of drying air temperatures.
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Figure 17 Variation of average moisture
content with drying time for different modes
of heat input.

4.2.4 Effect of Stepwise Change of Drying Air Velocity

4.2.5 Optimization of Heat Pump (HP)

Mass flux of moisture, kg/ nf hr

Convection heat and mass transfer coefficients between the drying surface of the product and
the drying air depend on the air flow velocity. Case-10 to 13 was simulated to study the effect
of the air flow velocity in the drying process.
Figure 18 shows the variation of predicted mass flux of moisture with average moisture
content of the product due to the change of drying air velocity (case-10 to 13). The variation
of average moisture content of the product with drying time is shown in Figure 19.

Figs. 18 and 19 show that case-10 (constant air velocity of 2 m/s) and case-12 (air velocity
gradually decrease from 2 m/s to 0.5 m/s) give almost same drying performance. However,
power consumption of blower for case-12 is half of case-10. Moreover, case-13 shows that
blower should run at higher capacity only in the initial period of drying.

—--—-Case-10
—-—--Case-11
Case-12
Case-13

o = N
SIS IS I SR
] N I—

0.0

1.0 2.0 3.0 4.0

Moisture content, kg/kg db

5.0

Figure 18 Variation of moisture flux with
average moisture content due to the
change of drying air velocity.
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Figure 19 Variation of average moisture
content with drying time due to the change
of drying air velocity.

Heat pump is used to control 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:
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Case-14: heat pump is turned off; RH is 30 % from O to 8 hours of drying.

Case-15: heat pump is turned on; RH is 7 % from 0 to 8 hours of drying.

Case-16: power of heat pump is controlled; RH is 7 % from 0 to 2 hours, 15 % from 2 to
4 hours, and 30 % from 4 to 8 hours of drying.

Case-17: power of heat pump is controlled; RH is 7 % from 0 to 2 hours and 30 % from
2 to 8 hours of drying.

e The variation of the flux of moisture with average moisture content of the product due to the
change of drying air relative humidity (case-14 to 17) is shown in Figure 20.

e The variation of average moisture content of the product with drying time for case-14 to 17 is
shown in Figure 21.

e Figs. 20 and 21 show that heat pump should be turned on only in the initial period of drying.

£ 3 5.0

NE 2 5 -t Case'14 U R Case_14

D 29| -----Case-15 = 404\
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B 15 - oo A Case-17

E i 2920

s} 1 | N ) 4 .

: g
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12} e

o .

= 0 : : ‘ : 0.0 ‘ : :

0.0 1.0 20 30 4.0 5.0 0 120 240 360 480
Moisture content, kg/kg db Drying time, minutes

Figure 20 Variation of moisture flux with Figure 21 Variation of average moisture
average moisture content due to the content with drying time due to the change
change of drying air relative humidity. of drying air relative humidity.

4.2.6 One Heat Pump (HP) for Multiple Drying Chambers

e Previous discussion shows that heat pump should not be turned on for the entire period of
drying to minimize the running cost. A dryer with multiple drying chambers could be
designed where only one heat pump will serve for all drying chambers. The optimum number
of drying chambers that can be served by a single heat pump depends on the properties of the
drying products. The simulation results for serving three drying chambers using one heat
pump (case-18 to 20) is presented in Figure 22 and 23.

e Capital cost as well as operating cost can be reduced significantly. Depending on the
properties of the product to be dried, optimum switching time of heat pump can be
determined.

e Figure 23 shows that the effect of heat pump gradually becomes less significant at low
moisture content of the product. Therefore, switching of heat pump is not even required near
the end of the drying processes and the heat pump can be turned off.
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Figure 22 Variation of moisture flux with
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Figure 23 Variation of average moisture
content with drying time due to the change
of drying air temperature, relative humidity
and switching of heat pump.

4.2.7 Drying of Product of Low Moisture Diffusivity

e To study the effect of drying air temperature and relative humidity on the drying performance
of the products of relatively low moisture diffusivity, the diffusivity value used in the
simulation was reduced to half of that of the potato. The following cases were studied:

diffusivity is shown in Figure 24.

Case-21:
Case-22:

heat pump is turned off; drying air temperature is 45 °C and RH is 30 %.
heat pump is turned off; drying air temperature is 35 °C and RH is 51.1 %

(absolute humidity of case-21 and 22 is constant).

Case-23:
Case-24:

heat pump is turned on; drying air temperature is 45 °C and RH is 7 %.
heat pump is turned on; drying air temperature is 35°C and RH is 11.9 %

(absolute humidity of case-23 and 24 is constant).
e The variation of the flux of moisture with average moisture content for the product of low

e The variation of average moisture content of the product with drying time is shown in Figure

25.
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Figure 24 Variation of moisture flux with
average moisture content for products of

low moisture diffusivity.
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Figure 25 Variation of average moisture
content with drying time for products of low
moisture diffusivity.

e As expected drying rate improves with the increase of temperature and decrease of relative
humidity of the drying air.
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Figure 25 shows that drying rate for case-21 (Air temperature is 45 °C and relative humidity is
30%) is higher than that of case-23 (Air temperature is 45 °C and relative humidity is 7%). In
the initial period of drying, moisture evaporation rate was higher for case-23 because of lower
relative humidity of the drying air. However, because of the use of lower relative humidity of
the drying air, surface of the product quickly becomes more dry which reduces diffusivity at
the drying surface significantly and drops the drying rate for the remaining period of time.

4.2.8 Drying of Product of High Moisture Diffusivity

Mass flux of moisture, kg/ nf hr

The diffusivity of the product sample was increased to double of the diffusivity of potato in
the simulation to study the effect of drying air temperature and relative humidity on the drying
performance of the products of high diffusivity.

Drying conditions of case-25 to 28 are the same as that of case-21 to 24, respectively.
However, the diffusivity value of the product is considered as double of the diffusivity of
potato.

The variation of the flux of moisture with average moisture content for the product of high
diffusivity (case-25 to 28) is shown in Figure 26.

The variation of average moisture content of the product with drying time is shown in Figure
27.
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Figure 26 Variation of moisture flux with Figure 27 Variation of average moisture
average moisture content for products of content with drying time for products of
high diffusivity. high diffusivity.

Because of high moisture diffusivity of the product, moisture can rapidly diffuse from bulk to
the drying surface of the product and evaporation rate increases with the increase of
temperature and decrease of relative humidity of the drying air.

For high moisture diffusivity of the product, evaporation rate largely depends on the external
drying conditions (externally controlled drying). Therefore, heat pump can increase drying
rate significantly by reducing relative humidity of the drying air.

4.2.9 Drying of Composite Slabs

Drying of two-layer slabs with each layer of different thickness and moisture diffusivities was
simulated (case-29 to 32). The variation of the mass flux of moisture with average moisture
content and the average moisture content with drying time are shown in Figure 28 and 29,
respectively.

If the drying surface of the product dry quickly during drying process, the diffusivity of the
drying surface may drop significantly this may hinder the overall drying rate. The above
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Mass flux of moisture, kg/ nf hr

mentioned problem could be minimized by exposing the layer of higher diffusivity of a
composite slab to the drying air as shown in case-30.
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Figure 28 Variation of moisture flux with
average moisture content for composite
materials of different moisture diffusivities.
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Figure 29 Variation of average moisture
content with drying time for composite
materials of different moisture diffusivities.

If a thin layer of low diffusivity is exposed to the drying air and works as the drying surface
(case-31), the layer acts like a “skin” and the drying rate drops significantly. To avoid this
situation, the thin layer of low diffusivity should be placed in the opposite way as shown in
case-32.

4.2.10 Effect of Flipping of Product

To study the effect of flipping, the product is flipped after every 1 hour of drying.
The variation of the flux of moisture with average moisture content of the product for case-33
(without flipping) and case-34 (with flipping) is shown in Figure 30.

The variation of average moisture content of the product with drying time for case-33 to 34 is
shown in Figure 31.

Mass flux of moisture, kg/ nf hr
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Figure 30 Variation of moisture flux with
average moisture content due to flipping

Drying time, minutes

Figure 31 Variation of average moisture
content with drying time due to flipping

Flipping of product improves drying performance.
Effect of flipping reduces with decreasing of moisture content.
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4.2.11 Sun Drying

Global radiation, winf

Meteorological data for Singapore is used to simulate the drying process (Hawlader et al,
1990).
Month: October; Drying time: 7.00 am to 7.00 pm.
Variation of global radiation, air temperature, air relative humidity and air velocity is shown
in Figure 32.
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Figure 32. Variation of global radiation, air temperature, air relative humidity and air velocity.
Locaton: Singapore, Month: October.

The variation of the flux of moisture with average moisture content of the product for sun
drying is shown in Figure 33.
The variation of average moisture content of the product with drying time for sun drying is
shown in Figure 34.
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5. 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 shrinking slabs of
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 volumetric heating 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 pre-specified damage 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 “best” drying performance during the whole drying period which
reflects the need 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, velocity, relative humidity, drying of products of high and low moisture diffusivity,
flipping of product, and sun drying on the drying were studied. Simulation results show that
drying air temperature and velocity 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 work will deal with two dimensional cases with both continuous and time-
varying multiple heat inputs and will include the kinetics of quality degradation.

Although very simple mathematically, the diffusion model includes an enormous amount
of useful information that 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 to dehumidifying air
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 used for model based control of the dryer.
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NOMENCLATURE

Symbols
A area of drying surface, m?
Ay water activity
Co specific heat of product, J/kg K
Das water diffusivity in product, m%/s
Dwair  diffusivity of vapor in air, m%s
H product thickness, m
AHy, heat of wetting, J/kg
Nair convective heat transfer coefficient in air, W/m? K
hy enthalpy of saturated water, J/kg
hig latent heat of vaporization, J/kg
hg enthalpy of saturated vapor, J/kg
hm mass transfer coefficient of vapor in air, m/s
Nvap heat of vaporization, J/kg
Jms mass flux of water vapor, kg of moisture/m? s
k thermal conductivity, W/m K
My molecular weight of water, kg/kmol
AMgig i Mass of bd solid in i control volume, kg
n number of control volume
h,i AY
Nu Nusselt number, 24—
air
P total pressure, Pa
Pair partial pressure of air, Pa
Py partial pressure of vapor, Pa
Pr Prandtl number, 23
X air
Py sat saturated vapor pressure, Pa
Gconv convection heat flux, W/m?
Oheater  cONduction heat flux, W/m?
Arag radiation heat flux, W/m?
Avapor heat flux with evaporated moisture, W/m?
Qmw microwave source, W/m®
R universal gas constant, J/(kmol K)
irVair AY
Re Reynolds number, PairVair 27
Hair
Sc Schmidt number, —~ar__
Pair Dvp,air
h
Sh Sherwood number, m
Dvp,air
T temperature, °C
t time, sec
\Y velocity of drying air, m/s
Xm moisture content, kg moisture/kg db
z axis along product thickness, m
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AY product length, m

Greek Letters

a thermal diffusivity, m?/s

Y7, absolute viscosity, kg/(m s)

v kinematic viscosity, m?/s

o density of product, kg/m®

Pm moisture concentration in product, kg of moisture/m* product
P density of water, kg/m®

Dsolid density of bd solid, kg/m®

@ air relative humidity

y/j attenuation constant

& absorptivity of product

&' dielectric constant

g" dielectric loss factor

Amw,v microwave wavelength in vacuum, m
o Stefan and Boltzman constant, 5.67x10® W/(m* K*)
Subscripts

air drying air

p product

0 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 Expression
peir | Oosthuizenand |, . —_3510101x10°T;, +1.583982684x10°T 5, -
(kgm™) | Naylor, (1999) 4.69952020202x10 3T,;, +1.29213571428571;
(10°C <T,;, <80°C)
Heir | Oosthuizenand . —17676768x10 °T, —5.541125541x10 T +
(kgm™s"|  Naylor, (1999) |4 983797258297x10®T,;, +17.1964285714285x10 ° ;
) (10°C <T,;, <80°C)
Prar | Oosthuizenand |pr . = _2272727x1078T3, +4.1991342x1075T 2, —
Naylor, (1999) |3 5335497835x1074T,,;, +0.719;(10°C <T,;, <80°C)
Keir ~ | Oosthuizenand | . - 6.8181818x10 0T 23, ~1.474025974x10 ' T, +
(Wm™K'| - Naylor, (1999) | "8 029112554113x1075T,;, +0.0240835714285714 ;
) (10°C <T,;, <80°C)
hig Oosthuizen and  |hyg =-2.394T+2502.1
(kIkg™) | Naylor, (1999)
Py sat Mujumdar and 6887 T,
Pa Devahastin, (2000) |P, ;3 =100exp| 27.0214 - ———— — —5.31In
(Pa) (2000) | Fysat P T, +273.15 273.16
P Senadeeraetal., |, —_1078x% -6.4X2 +55X 2 ~154X , +1253
(kg m™) (2000) P " " " "
Kp Saravacos and
(Wm'K | Maroulis, (2001) [k, = oo expl — 1 1
1) 1+ X, 8.3143x107° | Ty, +273.15 333.15
0.611X,,
1+ Xy,
Das  |Sablani et al., (2000) —00725 _ 2044
2gt D g =1.29x107% ex : expl —————
(m?s™) AB %, JONT, +27315
Aw Saravacosand | A =12323X* —646.14X 3 +98.541X 2 —
Maroulis, 2001; 0.3406 X, —0.0008; (X ,, <0.22)
Rahman, 1995 1\ ' _ 0 51294646815992X 2 + 0.63981302510109X ,, +
0.59948289559041; (0.22 < X ,, <0.6)
Ay, =0.0013X 3 —0.0197X 2 +0.1164X , +0.7448; (X 1y > 0.6)
Hu Keey, (1972)  |H,, =8.206767191142x10° X+ + 4.00032779720271x10° X 3 —
(kI kg™) 6.1613964160838x10° X 2 + 2.368187645688x10* X ,, +

1.16308333333x10° ; (0.01< X, <0.2)
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