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Abstract

This thesis presents a numerical simulation study for the heat and mass transfer in-
and out-side individual boards of a stack during kiln drying of wood and on the effect
of side gaps between the boards. The objective is to optimize the drying process for
efficiency and high quality products.

A literature survey in the area is presented. The importance of the correct link
between the transport processes in wood, and heat/mass trapnsfer and fluid flow in
the surrounding drying air is emphasized. Objectives. motivations and needs for
the present study are also presented. This is followed by a detailed account of the
governing equations, description of models. physical properties. and discretization
and solution procedures used in the present study.

A sample stack of planks has been used to evaluate the performance of various tur-
bulence models and upwinding schemes of the CFX software developed for predicting
the transport parameters in air. Given a typical stack set up for drying 105 x 105 mm
western hemlock lumber, the effects of side gaps on surface coefficients are studied
for different air velocities. An optimum gap size for maximum heat/mass transfer is
suggested.

The model developed for heat and mass transfer inside the wood is validated for
a one dimensional case by comparing the numerical results with published results.
The improved performance using a newly proposed relationship for the diffusivity of
bound water has been demonstrated. Also a new relationship for the mass transfer
boundary condition at the surfaces was proposed to incorporate the effect of the
surface resistance. Relative effects of model unknowns in predicting the average

moisture content and board center temperatures are discussed.
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A Fortran program was developed to solve the two-dimensional coupled heat and
mass transfer equations inside the wood during the drying process. The model con-
siders the changes in air temperature and humidity due to heat and mass transfer
to and from the boards. The iterative SOR (Successive Over Relaxation) method
was modified to increase accuracy and stability. Predictions for average and local
moisure content are in good agreement with experiments. The effect of side gap on
the drying process inside the wood was also examined. A plot of standard deviation of
each board versus the board average moisture content is suggested for the judgement
about the uniformity of the products. Results indicate that without using the extra
gap size there exists a considerable difference between the maximum and minimum
final average moisture content of the boards in each row. The first and last boards
are usually over-dried. By using the previously suggested gap size the maximum dif-
ference of the final average moisture content is almost half the case without the extra
gap.

Average diffusion and surface coefficients are extracted from the experimental
data of drying a stack without side gap. A software tool has been developed to solve
the simple unsteady one-dimensional diffusion problem. Results are compared with
experiments. The introduced method can be used to obtain the average diffusion and

surface coefficients.
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coefficient in calculating capillary pressure
coefficient in Eqn. 8.1

coefficient in calculating capillary pressure
coefficient in Eqn. 8.1

coefficient in Eqn. 8.1
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liquid water pressure

Prandtl number

saturation water vapour pressure in wood
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partial water vapour pressure in wood
heat transfer

heat transfer per unit volume of lumber
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relative humidity of the drying air
molar entropy
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average surface mass transfer coefficient
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summation of errors in SOR method
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Sherwood number

coefficient of the drying model related to bound water
time

temperature

local time average temperature of air
dimensionless velocity in turbulent flows
internal energy of dry air inside the wood
internal energy of bound water

internal energy of the dry wood

internal energy of free water

internal energy of water vapour

molar volume

volume

velocity components

coefficients in calculating the flux of water vapour
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Liy Ty

X

Xrsp
-Xma.-z:
-X min

Ly

Cartesian coordinate

local moisture content in wood

equilibrium moisture content of the drying air

moisture content at the fibre saturation point

moisture content if the entire void structure is filled with water
minimum moisture content for liquid flow

vapour mole fraction in humid air

dimensionless distance from wall in turbulent flows

air humidity, dry basis



NOMENCLATURE

Greek symbols

Hb
He

Ps Pa
Pb

pL, P g
Pd

Pu
Put

Tw

Y(X,T)

attenuation factor of wood structure in eqns. 5 and 7

distance between two adjacent ponits in x direction
distance between two adjacent ponits in y direction
time step

x direction step size

y direction step size

viscous dissipation in turbulent flows
void fraction

viscosity of liquid water

thermal conductivity of air

thermal conductivity of moist wood
viscosity of air

chemical potential for bound water
turbulent eddy viscosity

residue at each point in the SOR method
density of air

density of bound water

density of liquid (free) water

density of dry wood

density of water vapour

total moisture density in wood

wall shear stress

dissipation term in turbulent flows

coefficient for partial vapor pressure in wood

ot
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w absolute humidity of the drying air
Q over relaxation factor in the SOR method
Superscripts
time rate

- turbulent time average values
turbulent fluctuation terms

n time step number
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Subscripts
a air
b bound water
cell wood cell
d dry wood
db dry-bulb (temperature)
eff effective
FSP fiber saturation point
f free water
[.w liquid water
n normal to the surface
s values at the surface
0 free stream values
(t.]) location numbers of control volume cell
v water vapour
wb wet-bulb (temperature)
r component in the x-direction

y component in the y-direction

-1
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Acronynms

alternating direction implicit
fiber saturation point
successive over relaxation
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Chapter 1

Introduction

Drying is an energy intensive process. This process is used in a variety of applications
ranging from food processing to wood drying. For wood drying, there is great interest
in studying this process because the wood industry is one of the largest industries in

British Columbia and Canada as well as in other countries.

Canada is a major producer of wood. It is certain that the lumber industry
and wood products will continue to play a key role in Canada's economy over the
next century. The total energy consumption of this industry excluding pulp. paper
and printing industries, is approximately 1% (27 Pega Joules in 1998) of the total
industrial energy consumption in Canada[l]. Due to its importance, the Canadian
wood industry spends about twenty five million dollars annually on research and

development related to wood|[1].

Material properties of wood are influenced by the amount of its moisture content.
Most mechanical properties, such as strength, are better for dry wood than for green
wood, with the exception of toughness and shock resistance. For most applications,

wood serves best at specific levels of moisture content. The moisture content is the
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amount of moisture in wood expressed as a percentage of the weight of the dry wood
substance. Wood is a hygroscopic material, that is it gives off or takes in moisture
until it is in balance with the air surrounding it. When wood has attained such a
balance, it is said to have reached its equilibrium moisture content(EMC). Therefore.
wood should be dried ideally to a moisture content close to the EMC that it will
attain in service. The values of moisture content in EMC condition vary between 12
to 18 percent for the manufacture of articles for outdoor use, and between 5 and 10

percent for indoor articles[2].

One of the reasons for drying lumber before shipping to the processing workshops.
is that the transport charges for lumber, moved by rail or truck, are based on the
shipping weight. Principally for this reason, more than 70 percent of non-coastal

lumber in Canada is dried[3].

A certain amount of moisture content is necessary in wood to prevent decaying
caused by destroying organisms. Based on this fact, the lumber shipped by sea before
long trips, e.g. to Japan, is dried even though in this case the transport charges
are based on volume. In addition, wood must be relatively dry before it can be

satisfactorily painted with oil-based paints, glued or treated with preservatives.

There are two main methods for drying wood, kiln drying and air drying. Kiln
drying is used almost exclusively in preference to air drying, because kiln drying
permits a producer to gear production to demand and avoids rental of drying yards

and, furthermore, provides a more uniform product.

The process of removing moisture from wood in a kiln can be very costly due to:
(a) the cost of supplying equipment, labor and energy to accelerate the process. and

(b) losses from damage caused to the wood during drying.

Researchers in the field of lumber drying are making efforts in improving the drying

process, the main motivation being to reduce the manufacturing costs and degrade
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losses so that wood products will continue to be competitive with other products such

as plastics and metals.

In order to highlight the importance of improving the energy efficiency of wood
drying, it should be noted that, in Canada, the total energy which is used for wood and
wood products industry comes almost exclusively from petroleum products. In 1998,
it was about 2.2 percent of the total petroleum products consumed in the industrial
sector and about 70 percent of this usage is for wood drying[3]. It can be understood
that even small improvements in the energy efficiency of wood drying would bring
about significant energy savings and environmental benefits. This improvement would
decrease the energy consump®ion per unit of output which decreases both pollution

and the release of greenhouse gases such as CO,.
Research in lumber drying is currently concerned with such issues as:
- developing a better understanding of the drying process inside the wood.

- analysing the numerically predicted moisture content and temperature fields in

order to obtain the internal stresses during drying,
- determining energy requirements for lumber drying,

- establishing drying procedures for species of wood not previously processed. to

obtain their full potential.

In the drying process of lumber of particular species and thickness. the tempera-
ture and humidity conditions of the drying air are set by the kiln schedule. Changes
of the kiln conditions are usually made at predetermined time intervals. or when
preselected levels of moisture content have been reached. The schedule used should
dry the lumber in as short a time as possible, while minimizing drying degrade to
acceptable levels. Over the years, kiln-drying schedules have been developed based

on experience. Research continues to improve these schedules by taking advantage of
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new technologies and meeting the demands of the kiln drying industry. It should be
noted that there are many schedule combinations due to changes in the velocity. tem-
perature and relative humidity of the drying air. Also there are different lumber sizes
which can be loaded in different configurations. With this wide range of parameters
researchers have attempted to improve the schedules to reach optimum choices. In
this direction, a complete analysis of the complex process of heat and mass transfer

which drives the moisture movement during drying is necessary.

The forces involved in moving the moisture are complex. Such complexities in-
crease with increasing temperature and moisture gradient inside the wood. The objec-
tive of kiln drying is to make these forces as high as possible without causing lumber
damage and decreasing the quality of lumber. This is usually done by increasing the
kiln temperature and by increasing the wet bulb depression (the difference between
the dry- and wet-bulb temperatures). For some species, there is a practical limit to
the intensity of temperature which may cause discolouration, kiln burn or reduced
mechanical strength. Besides the dry- and wet-bulb temperatures, there are other
parameters which have significant effects on moisture removing forces, such as: wood
structural characteristics, air velocity, and stack configuration. For example. using
higher air velocities could result in faster drying. Less obvious factors include the
arrangement of the boards in the kiln. In this study the effect of the gaps between
the boards is investigated and its importance is brought to light. Of course the in-
troduction of gaps reduces the number of boards that can be placed in a kiln. Thus.

these are trade-off effects that open the way for optimization.

When the relative humidity of the drying air is kept very low, in order to provide
a high moisture content gradient inside the wood, and the lumber is still wet. some
difficulties such as checking arise. High moisture content gradients during drying

induce surface shrinkage while the core is unable to shrink. If the resulting stresses
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are greater than the strength of the wood, checking will occur as cracks on the wood
surface. Checks can be avoided by maintaining a higher relative humidity for air.
particularly in the early stages of drying. But this will increase the drying time, total
energy consumption, and subsequently the total cost of drying. One of the questions
might be: "Can the usage of side gap between the boards, without changing the other
parameters of the drying schedule, reduce the total time and cost required for drying

a certain amount of lumber?”

Some undesirable conditions such as case hardening can set up high internal
stresses that cause defects in the dried lumber during later processes such as sawing.
These stresses arise when rapid drying causes shrinkage of the surface while the core
remains wet and swollen. Further drying, when the surface is very dry and unyielding.

does not facilitate the shrinkage of the core.

Detailed analysis of the state of strain and stress at different locations of different
boards of the stack needs a thorough knowledge of the temperature and moisture
distributions in the boards. It will be shown in the following chapters that compre-
hensive analysis of the latter type has yet to be undertaken. Although there are some
experimental data for temperature and moisture content at some locations of the
boards, an extensive experimental set of data for these quantities. at different loca-
tions, is not available for different combinations of stack geometry and kiln schedules.
Experimental data collection for such a variety of variables is of course very costly

and time consuming.

The processes of heat and mass transfer in wood drying can be described by the
associated governing differential equations. These equations, however, are nonlinear
and coupled, and can only be solved numerically. The main difficulty, however. is
not in finding general numerical soloutions for the governing equations but the lack

of data on certain physical properties needed to obtain specific solutions.
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Outline of Thesis

In this thesis, Chapter 2 presents a literature review on the relevant theoretical,
numerical and experimental studies of wood drying. In Chapter 3, the objectives
and motivations of the present work are discussed. The equations governing the heat
and mass transfer and fluid flow are presented for the drying air and the wood in
Chapter 4. Also discussed are the models for migration and physical properties of
different phases of water inside the wood. Turbulence models and schemes used for
drying air flow are also included in this chapter. Chapter 5 begins with studying
the performance of different turbulence models and schemes in predicting the air flow
characteristics and convective heat/mass transfer surface coefficients for a benchmark
case. Then the effect of side gap on the heat transfer between the drying air and board
surfaces of a stack is investigated. A procedure is developed to determine the optimum
gap size. Based on the results, the optimum gap size is suggested for different air
velocities. In Chapter 6, the numerical modei proposed for the wood in Chapter 4
is validated against other numerical and experimental results by a one-dimensional
simulation. Also the relative effects of some model parameters are brought to light
in this Chapter. Chapter 7 presents the two dimensional numerical simulation for
the drying of a stack under a selected drying schedule. The effect of air velocity
and side gap on the drying process is investigated as well. In Chapter 8, a simple
one-dimensional diffusion case is used to study the middle part of the drying process.
Finally in Chapter 9, a summary of conclusions is presented and recommendations

for future work are given.
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Chapter 2

Literature review

It is evident that for an accurate optimum design and control of the wood drving
process, a better understanding of moisture movement and accurate prediction of im-
portant parameters inside the wood, such as temperature and moisture content. are
essential. Studies in this field require mathematical models that describe the process
and experimental findings for the needed physical properties. Also heat/mass trans-
fer coefficients between wood surfaces and the drying air are required in boundary

conditions for numerical and theoretical studies.

2.1 General models

Research in wood drying started with modelling the mass transfer as a simple dif-
fusion process based on Fick’s law[4]. Later this type of model was expressed for
moisture concentration, moisture content and water vapour préssure[S]. Then a num-
ber of steady state and unsteady state models for finding the diffusion coefficient were

described. It was indicated by Choong|[6] that moisture movement through wood. due
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to the diffusion process, involves two mechanisms:

(1) vapour movement through cells and

(2) bound water movement through the cell walls of the wood.

Experimental results also showed that the bound water and vapour diffusion coeffi-

cients in wood vary with moisture content, temperature and direction[2].

Stamm[7] modelled the wood as a bundle of capillaries of equal length. He indi-
cated that the movement of free water in the drying wood, above the fiber saturation
point, is a pressure controlled phenomena. Comstock(8] modeled the flow of free water

through wood by using Darcy’s law.

Since the moisture content of wood during the drying process can be below or
above the fiber saturation point (FSP), it is necessary to develop a general model
to include both diffusion and capillary transport. Spolek and Plumb([9] developed an
analytical model for the heat and mass transfer in wood drying. A set of coupled
partial differential equations for moisture content and temperature. as a function of
space and time, were developed. The experimental results of Plumb et a/[10] showed
that capillary transport was dominant at moisture contents above the saturation

point.

Some proposed diffusion models for non-isothermal diffusion and capillary move-
ment of water in wood, based on irreversible thermodynamics, are compared by

Siau[11].
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2.2 Numerical studies

2.2.1 Approaches

The literature survey shows that in wood drying there have been two main approaches
toward numerical simulation of heat and moisture transfer. One approach is based
on using the simple diffusion equation for the whole process. Some of the studies
that have used the diffusion coefficient are: [12-15]. Others have considered the
diffusion tensor [16,17]. In this approach, diffusion coefficients are based on an average
value from previous experiments for one dimensional cases with constant boundary
conditions. All of the investigations in this field have been undertaken for a single
board with constant boundary conditions over all the boundaries. Due to changes
of moisture content and phases in space and time, this approach is not sufficient for
prediction of local moisture content, especially where the geometry is complicated
and boundary conditions change in space and time. Also the proposed diffusion
coefficients are based on experiments for boards with low moisture content (below

the fiber saturation point).

The second approach is based on a system of differential equations which takes into
consideration the effect of the gradient of the thermodynamic properties of different
water phases on the various moisture fluxes, by using different forms of driving forces

for water transport.

2.2.2 Investigations

A two-dimensional, time-dependent wood drying model, based on local three phase
equilibrium, was developed by Kayihan[18]. The model assumes separate governing

equations for mass conservation of each phase, and uses the partial pressure of each
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phase as one of the main parameters. The model predictions show that various
portions of the drying curve are sensitive to convective transfer and to individual

diffusion coefficients.

Stanish et al.[19] improved the above model by introducing some new sub-models
for each phase and applied it to a one-dimensional case. Results were in very satisfac-
tory agreement with experimental findings. But the model was complex and required

the solution of three coupled differential equations.

Mitchel and Bigbee[20] used the model of Kayihan[18] for an industrially moti-
vated study of western hemlock kiln drying. The purpose was to evaluate the relative
effect of various wood and kiln parameters on the final outcome of the kiln schedule in
an effort to understand the variability that results in kiln drying. The changes in the
parameters such as dry and wet bulb temperatures of drying air. air velocity. initial
moisture content and wood density were studied. The authors neither mentioned the
model unknowns nor compared their results with experimental data. The model was
one-dimensional, and as in the case of Kayihan(18], the constant bound water diffu-
sion and fully developed formulation for surface coefficient were used. The effect of
heat and mass transfer to and from the upstream boards on the conditions of drying
air was not considered. The results of this study brought some insight in understand-
ing the significant impact of variations in the mentioned parameters. However. due
to above mentioned shortfalls, the results were neither sufficient nor accurate enough

to draw definitive conclusions.

Josserand et al.[13] used a simple one-dimensional diffusion equation for an isother-
mal unsteady case. This model, which assumes that the diffusion coefficient is a
function of moisture content, was applied to a two-dimensional case with constant
boundary conditions. Some researchers, e.g. Simpson and Liu[l4], have tried to

determine the dependence of the diffusion coefficient, in an isothermal problem, on
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moisture content. Such coeflicients have been used in three dimensional problems for

an orthotropic material[17].

The non-isothermal model for diffusion process was improved by Siau[ll]. The
same problem was numerically solved by Avramidis et al.[21] by taking water chemi-
cal potential as the driving force for diffusion. They derived the temperature gradient
coefficient in the mass balance equation based on the principles of non-equilibrium
thermodynamics. The numerical predictions of average moisture content and temper-
ature, using finite difference method, were in good agreement with the experimental
data of desorption from an initial 20 percent moisture content (MC). But the results
of the model were not compared with cases with higher MC. In this study. the con-
stant temperature and moisture content were assumed as surface boundary conditions

since the air side resistance to heat/mass transfer is assumed to be relatively small.

A two dimensional time dependent finite-element model of isothermal wood dry-
ing, based on water potential concept, was presented by Cloutier et al. [22]. This

study also used a constant surface mass transfer coeflicient.

In 1993, Colignan et al.[23] provided a method of estimating the macroscopic dry-
ing kinetics curve and described the internal moisture content profiles of a maritime-
pine wood. Moisture gradients and the time evolution of the parameters were analysed
as a function of the air drying parameters (dry-bulb, wet-bulb and the velocity) and

the product parameters (thickness and density).

They assumed that moisture diffusion occurs only through the main faces of the
board and not through the edges. It was also assumed that the heat transfer has a
quasi steady nature and, therefore, the energy equation was not solved. The diffusion
process was divided into two stages based on whether moisture content of the wood
surface is below the fiber saturation point (FSP) or above it. The authors attempted

to find the best fit for diffusion coeflicients and surface convective coefficients giving
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the best fit for the experimental data at each stage. This method is inappropriate for
expressing time dependency of local moisture content near the edges, especially for
initial stages of drying.

The results of the above study were used as inputs for a model developed for
predicting the stresses in the wood which gives rise to flaws called shakes[24]. The
model was based on a simplified description of the normal internal stresses. The aim
was to evaluate the differences in degradation by the type of drying procedure. The
model was based on the assumption that the change in strain between two subsequent
times is the sum of a shrinkage due to local variation of moisture content, and an
elastic strain. The normal stress at each location was then found and compared with

the allowable stress.

The approach in the above two studies has some limitations:
a) it is one-dimensional,
b) it neglects the effects of edges on the moisture content distribution, and
c) it is an isothermal model, does not consider the temperature effects on the moisture

content.

Liu et al.[25] developed a mathematical model for coupled heat and mass transfer.
The model separated the moisture flux into that of the liquid and that of the vapour
phase. The authors applied the model to a one dimensional time dependent case and

used the constant surface coefficients based on the boundary layer theory.

Hernandez and Puiggali[26] simulated the drying of a wood sample using the
model proposed by Stanish et al.[19]. They also studied the drying process using
microwaves. The main purpose of this study was to investigate the drying kinetics
(changes of moisture and its gradients with respect to temperature over a period of

time).

Avramidis and Hatzikiriakos[27] solved a dynamic non-isothermal set of coupled
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partial differential equations for one dimensional heat and mass transfer inside a wood
specimen using the Galerkin finite element method. The analysis showed that the
moisture-time and temperature-time curves were strongly affected by the values of
convective mass and heat transfer coefficients. These coefficients were based on fully

developed flow, and the edge and entrance effects were not considered.

There has been an effort, by Dincer and Dost{12], in proposing an analytical
model to determine the moisture diffusivities in geometrical solid objects (namely.
infinite slab, infinite cylinder, sphere) during the drying process. Comparison with
the available data showed the validity of the model for different ranges of Biot numbers
(Bi), namely the ratio of internal resistance to external resistance during heat/mass

transfer. The authors applied their model to a slab of wood[15].

The profiles of the surface and centre temperature and also average moisture
content in the drying of a single pinus radiata board were predicted as a function
of time by Pang et al.[28]. In this work, the heat and mass transfer inside the wood
along the air stream direction was not taken into account. The governing equations
were solved in the direction perpendicular to the air stream. Since the numerical
results of previous studies were not satisfactory[29-31], the direct experimental data of
surface coefficients were applied to the equations. The same process was repeated for
different locations of stream wise direction considering separate boundary conditions
for each location. They reported that variations have been noted in the external mass
transfer coefficients in the stream wise direction which leads to differential drying of
the board. The effect of reversing the air flow periodically was studied to determine
the reduction of these differences in the extent of drying across each board, and some

practical suggestions were given.

For the following reasons, the model and suggestions of [28] cannot be extended

to study an array of boards. Firstly, the heat/mass transfer of upstream boards will
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affect the temperature and relative humidity of air downstreafn. This problem was
not addressed since the [29] study considered only one board. In other words, the
surface mass/heat transfer coefficients defined were based on entrance values of con-
centration/temperature instead of the mean values. Secondly, due to the complexity
of flow and having a limited number of boards in a row, the distribution of local
surface coefficients for each board is different from that for the other boards in the
same row. Thirdly, in the experiments, mass/heat transfer occurred from one board
and the other boards did not take part in the process. Fourthly, the mass transfer
of naphtaline, which was used in tests would provide the boundary condition of sur-
face concentration/temperature across the test section. But in the real process this
changes with time and space. Finally, the mass/heat transfer for side edges of the
boards were not considered neither in the experiments nor in computations. This may
suggest a lower drying rate and in consequence a higher predicted moisture content

than the actual values during drying.

Recently, Turner(32] formulated a two-dimensional mathematical model for an
orthotropic single wood board and developed a numerical code based on the finite
volume approach. He expressed the governing equations in the longitudinal and
stream wise directions. The effect of air stream temperature was studied while the
surface coeflicients were assumed to be independent of time and space. Although the
heat and mass transfer across the wood thickness is much more significant than those
in the stream wise direction, they were neglected. In solving the model equations. it
was assumed that the board is a perfectly symmetrical body and the external transfer

coefficients over the end are the same as those over the flat surfaces.

A simplified one dimensional description of drying kinetics was obtained for the
drying behaviour of an array of pinus radiata by Pang et al.[33]. Mass and heat bal-

ances over a control volume in the stream wise direction were coupled with simplified
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characteristic drying curves. It was assumed that the drying rate curves for a specific
material will remain similar, irrespective of the external condition, and it contains
three main periods: initial constant drying rate, and two falling periods with differ-
ent slopes(34]. This assumption would not hold for locations near the edges of the
boards especially when there is a large gap between boards. The study determined
the changes in air condition (humidity and temperature) and local average moisture
content through the stack using the above simplified one dimensional approach. The
influence of air flow reversals under different strategies were investigated in order to

make some suggestions for decreasing moisture content differences along the stack.

Gong and Plumb(35,36] proposed a theoretical model for the effect of heterogenous
and anisotropic nature of wood on heat and mass transfer process. They implemented
their model using a finite difference program capable of predicting the two-dimensional
distribution of moisture content and temperature in wood. They conducted experi-
ments using a y-ray attenuation system and a near-infrared reflectance analyzer. The
internal and surface moisture content were measured by the mentioned instruments.
Their main concern was the difference between the transfer process in radial and tan-
gential directions, and that the process in any other direction could be determined
based on these two ones. In the model, they ignored the contribution of the gradient
of temperature in the mass transfer equation and the gradient of moisture content in
the energy equation. Also in the energy equation, the changes in the enthalpy and
internal energy of each phase were not considered separately. Instead. a temperature
and moisture content dependent relationship for moist wood specific heat was em-
ployed (similar to the works of Pang et al.[28] and Avramidis et al.[27]). Also heat
of vaporization and rate of changing the liquid to vapor at any point were used for

the mentioned parameters.

Kamke and Vanek[37] compared the performance of a number of wood drying
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models using a common set of drying data for spruce lumber. Experimental data of
the initial values of relevant parameters were supplied to the authors from 16 coun-
tries, for comparison of predicted average moisture contents, and moisture content
near the surfaces and in the core. The majority of the simulation results were not
in good agreement with the test runs. Some explanations were given for poor agree-
ments such as: uncertain coefficients for the models considered as the most important
reason; nature of simplifications; and the solution methods used for heat and mass
transfer equations. The review emphasized that “there is no universal model available
for wood drying, but rather models which are best suited for specific problems due to
performance or ease of use”. From the comparison of different simulations with exper-
imental data presented in [37], it can be observed that the following programs perform
better than others: WOODRY-S originated from Sutherland et. al.[38]; SALINA re-
lated to Salin’s thesis[39]; SAHA developed by Ranta-Maunus{40]; and PROFIL based
on Vogel's work[41].

The model by Salin was developed following the earlier work by Stanish et al.[19].
[t considers different phases of moisture but neglects the bulk flow of water vapor
and air. The model considers the drying of each wood board as an isothermal one
dimensional process. The treatment of bound water diffusion as a function of moisture
content and temperature is the most important modification of this model compared
to its original version. Solution is by the finite difference method, and the convective

surface coefficients are velocity dependent.

The original SAHA program is a one-dimensional isotropic model which only
considers the diffusion mechanism for mass transfer driven by a gradient in moisture
content. The value of the diffusion coefficient was determined by experiments over
a range of moisture contents, temperature and density for heartwood and sapwood.

Heat transfer is governed by conduction. For the boundary condition at the surface.



CHAPTER 2. LITERATURE REVIEW 25

the partial water pressure difference with drying air is used instead of the moisture

content. The surface coefficients are determined by experiments.

The methodology used in PROFIL is based on a one-dimensional solution to a
system of isotropic unsteady state mass diffusion and heat conduction. Here, moisture
gradients drive the mass transport. The mass diffusion coefficient is obtained using
the procedure proposed by Siau[2] which applies an electrical analogy for parallel
and series resistance to bound water and water vapor diffusion. In the heat transfer
equation, the contributions of bulk flow and advection term were not taken into

account.

A more recent study based on this program, by Akulich and Militzer{42], obtained
the solution for a two dimensional nonisothermal moisture transfer in the anisotropic
structure of an specimen. Like the original version, the effect of different phases was
not considered separately. Instead, the density and specific heat of vaporization of
moist wood were used in the energy equation. The contribution of moisture content
in the energy equation was absent while the effect of temperature gradient on the
mass transfer was considered. The set of equations was a simplified Luikov equation.
The two-dimensional system of equations of heat and mass transfer were solved it-
eratively by a locally one-dimensional method. The effect of surface resistance was
considered by introducing an unknown correction factor, named phase transition. Its
value was obtained by a trial and error method, but not as a function of wood prop-
erties. Another shortfall is the assumption of constant surface coefficients of fully
developed flow. After obtaining the moisture content and temperature fields. the in-
ternal stresses in the wood were calculated based on the elasticity theory. The model
considers the shrinkage due to drying below the fiber saturation point as the only
cause. A Galerkin method was applied and solution was limited to three terms of the

infinite series.
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Tarasiewicz et al.[43-45] proposed a nonlinear one dimensional system of partial
differential equations for predicting the air conditions and average moisture contents
of boards in a stack array. The model did not include the heat and mass transfer
inside the wood, and considered each board of having a uniform temperature and
moisture content. It divides the behaviour of the drying rate curve versus moisture
content into four stages. Instead of solving the Navier-Stokes and heat and mass
transfer equations for the drying air at every single point of the air duct, the model
considers small control volumes extended between the centerlines of two adjacent
boards. Then the momentum equation iu the main-stream direction as well as the
balance of mass and energy are expressed for such control volumes. The effect of
heat and mass transfer on the drying air temperature and humidity are taken into
account. While the study provides a fast look into the average moisture content
and temperature of the boards across a stack, it does not give insight toward local
variables even for the drying air. In addition, the same surface coefficients are used
for all boards, and the effect of two-dimensionalities in air flow. such as separation

and entrance or exit, are not considered.

2.3 Experimental studies, surface coefficients

Apart from the studies in references [12-17], all the cited numerical studies contain
experimental results. Temporal changes of moisture content and temperature inside
the board were usually reported. The aim of such studies was to determine the
diffusion coefficient to model the diffusion component of the drying process. Surface to
air convective mass transfer can also be obtained from these experimental data using
mathematical approximations. The diffusion coefficient is related to the resistance of

moisture leaving the wood surface and being transferred to the ambient drying air.
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2.3.1 Investigations

Time dependent moisture content and temperature distribution inside red pine and
white birch lumber were reported by Bai and Garrahan[46]. Results of the drying
tests indicated:

a) interior temperature increases in direct relation to elapsed time,

b) moisture content drops exponentially with elapsed time, and

c) an exponential relationship exists between the average moisture content and the
core temperature of the lumber. The authors mentioned that monitoring of the
lumber drying process through measurements of the interior wood temperature may

be feasible.

Plumb et al.[47] studied the transport of heat and mass during drying of southern
pine and investigated the accuracy of the measurements of moisture content with
gamma attenuation. The measured drying rate above the fiber saturation point
(FSP), was not a well defined function of moisture content. The drying rate did
not appear to be highly temperature dependent at high moisture contents. Below the

FSP, the effect of temperature on the dominant diffusion process were evident.

Rice and Young[48] determined the shape of the moisture profile in flat sawn
red oak under different conditions during the early periods of drying. Their aim
was to investigate differential moisture losses during the early stages of drying which
are critical to the development of stresses that result in checking and associated

degradation.

Simpson(49] determined the diffusion coefficient of northern red oak as a function
of moisture content based on his experiments. He compared the experimentally de-
termined desorption times and local moisture content gradients with those calculated

by the diffusion model. The effect of thickness was also investigated.
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Soderstrom and Salin{50], after presenting some of the previously published data
for surface emission factors, mentioned the large differences between the values ob-
tained from experiments carried out with various wood species under different con-
ditions. They showed that the discrepancies can be explained by the fact that a
mathematically incorrect method was used. Also the wrong type of heat and mass
transfer sealing of some lateral surfaces, in order to ensure unidirectional moisture
flow, was criticized. The authors presented a method to measure the surface emission

factors correctly and to analyse the diffusion problem theoretically for wood drying.

A review of the heat and mass transfer coefficients for individual boards and
board surfaces was presented by Salin[51]. He aimed to extract results from the vast
literature on heat and mass transfer, on situations that are similar enough to kiln
stack geometry, and present them in a usable form. Among these cases were: fully
developed turbulent flow between parallel plates; entry region in flow between parallel
plates; plate(s) in parallel flow; single and multiple rectangular cylinders in cross flow.
From the review, it transpired that experimental results are only available for specific
geometries and Re numbers. Also the distribution of coefficients on vertical edges
were not investigated at all. The only available numerical study for horizontal edges

did not reach an accuracy of +10 percent.

Li et al.[52,59] studied the effects of air gaps and air velocities on the drying
characteristics of Western Hemlock 105 x 105 mm boards using a conventional kiln
dryer. It was observed that side gaps reduced kiln drying times of planks of similar dry
density. They concluded that when pieces of lumber are stacked with vertical air gaps.
higher air velocities can reduce drying times, especially when the average moisture
content is above the FSP. Higher air velocities did not seem to affect drying times.
when vertical gaps were absent. The effect of two different air gaps on degradation

did not show the same trend. The total number of case hardened specimen was
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increased 15 percent by using 10 mm gaps and decreased 50 percent by using 20 mm
gaps, with respect to the case without gaps. The effects of airflow reversal, changing
the air temperature, and its relative humidity were not investigated. It seems that a
combination of the certain increases in the air velocity with a specific air gap would
result in a substantial drying time reduction with acceptable degree of degradation.

This issue is still open for investigation.
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Chapter 3

Objectives and motivations

As noted in the previous chapters, there has been a constant effort to find ways to
improve kiln schedules for wood drying. This, however, requires a detailed knowledge
of the complex processes of heat and mass transfer occuring during the drying pro-
cess. Accurate predictions of the two key parameters, namely, moisture content and
temperature, inside the wood in space and time are essential for the understanding of
the drying process. Once these parameters are determined accurately. other related
wood parameters, such as the shrinkage, strain, stress, defects, and degradation. can
be evaluated. There have been numerous experimental efforts to obtain information
about these parameters. But it is not feasible to perform a large number of tests for
a wide variety of stack configurations and air conditions. Numerical techniques pro-
vide a valuable tool for optimization and control of the kiln drying process from view
point of energy consumption, time, degradation, and cost. Such an analysis should
relate the air parameters (air conditions and stack configurations) to the parameters

associated with the wood.

One-dimensional models, by their nature, cannot predict the moisture and heat

losses from the vertical surfaces of the boards. These types of models can provide
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better predictions for lumber with higher aspect ratios (ratio of width to thickness),
when the heat/mass transfer in the main air flow direction becomes negligibly small.
Such a simplification will predict a lower drying rate and, as a result, a higher pre-
dicted moisture content than the actual values. Otherwise, a higher external transfer
coefficient has to be used to compensate for the unaccounted moisture losses. For
boards with aspect ratios close to one and especially the square cross sections, a two

dimensional model will be necessary.

There are no reported experimental or numerical results for the convective sur-
face coefficients of heat/mass transfer from the vertical faces of the boards. In the
measured experimental data for horizontal faces, the local Nu/Sh numbers have been
defined based on the inlet temperature/concentration instead of the mean values
which should be used in the internal flows. In such tests. the heat/mass transfer
occurs only from one surface and the effect of the transfer process from the upstream

surfaces is not considered. Also the reported data cannot be used for other blockage

. board thickness 3 1 1sti
ratios (et etio———-/) due to differences in flow characteristics.

A majority of the modelling studies in the literature have not addressed a number
of important aspects. For instance, constant Nu/Sh values of the fully developed flow
were used and the effect of the entrance and separation bubbles were neglected. The
other common incorrect assumption was the application of the surface coefficients to
the inlet temperature/concentration instead of the mean parameters. Heat and mass
transfer between the drying air and the board surfaces upstream at any location in
the stack affects the air wet- and dry-bulb temperatures at that point and thus the
drying ability of air downstream. This point was also not included in some models.
Even when this was considered, the application of the surface coefficients to the inlet
air conditions instead of the mean values resulted in inaccurate predictions of the

drying air conditions at all locations of the stack. Another point to be mentioned



CHAPTER 3. OBJECTIVES AND MOTIVATIONS 32

is that some relationships for the external boundary flow surface coefficients have
been used, and some studies have adopted isothermal assumptions. Such models do
not provide accurate information in the critical initial stages of drying and when air

temperature changes continuously or is kept constant for only short periods.

In addition, some of the assumptions made in the derivation of the governing equa-
tions may also be the source of poor agreement between numerical and experimental
results. Some models used for determining the fluxes of water phases need improve-
ments for better accuracy. Almost all numerical models discussed in the present
literature, are based on finite difference or finite element methods. These methods
need special treatment in order to satisfy the basic laws (conservation of mass and
energy) in each control volume, especially when the convective terms are retained.

Such an approach is followed in the finite volurne method presented by Patankar[53].

Based on the above discussions, the main objectives of the present work can be

summarized as follows.

1-Development of a procedure for numerical analysis of fluid flow and heat/mass
transfer in the drying air, using the best available turbulence method and scheme.
leading to local Nu/Sh numbers distributions on horizontal and vertical surfaces of

the boards, and some relations for these dimensionless numbers.

2-Numerically analyse the heat and mass transfer for detailed time-dependent lo-
cal moisture content and temperature distributions in the boards. The study uses
the finite volume approach and the ADI and Fully Implicit methods for discretiza-
tion and TDMA and SOR methods to solve the governing equations and sub-models

implemented within them.

3-Development of a new model for the diffusion process in the wood and also the

verification of the model with experiments.
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4-Verification of the numerical procedure by experiments.
5-Study the effects of different combinations of air velocities on the drying process.

6-Investigation of the effects of side gap between the boards and proposing a
procedure for optimizing its value based on dimensionless geometrical and flow char-
acteristics, total drying time, surface coefficients distributions. and total heat/mass

transfer rate across the stack.

3.1 Practical applications

As a practical application, kiln drying of 105 x 105mm Western hemlock ( Tsuga
hetrophylla) boards, the so-called baby squares, will be studied. Western hemlock is
the most abundant species in British Columbia. In 1997. about 40 percent of the
growing volume of various species in the coastal B.C. were of this type[34]. From the

perspective of mature standing and log production, it ranked among the first.

Baby squares are very popular in Japan for construction of wooden houses. Japan
is the second largest consumer of B.C. wood products and the largest potential market
for B.C. dimensional lumber(54]. In 1991, baby squares accounted for about 70 % of
all the BC hemlock exported to Japan. Since thick hemlock lumber are quite hard to
dry and also because of considerable degradation during kiln drying, about 95 percent
of the B.C. exported baby squares are in green condition[54]. Current prices for
baby squares are about US$ 432-445/m3, and the value of kiln-dried baby squares is
estimated to increase by 15 percent[55]. Evidently, by selling kiln-dried baby squares,
larger revenues can be generated by the B.C. forest products industry. Also moulding
developed on green lumber during 40 days journey of lumbers is not acceptable to

the Japanese customers, since most of the construction lumber is exposed to view.
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While traditional air drying of baby squares results in a good quality lumber, a
one-year time requirement makes it inefficient[56]. Kiln drying is called conventional
when kiln temperature is less than 100°C, usually between 60 to 90°C. The drying
schedules for conventional kiln drying of baby squares are about sixteen to twenty
four days[56]. The long drying schedule, non-uniformity of final moisture content.
and subsequent degradation are major problems in conventional kiln drying of hem-
lock[56]. According to the National Lumber Grades Authority, lumber with moisture
content above 19 percent is considered wet or under-dried. The under-dried lum-
ber must be re-dried, requiring additional drying time and cost. The percentage of
under-dried hemlock lumber, using the conventional kiln schedule, is about 3 to 10
percent, depending on the wood quality[52]. The improvement in drying of different
sizes of hemlock boards is still under study[59]. Experiments conducted thus far.
due to the limitations of the number of tests and their costs, are not sufficient to
reach an optimum choice for the drying process. Numerical modelling can provide a
better perspective for optimization and quality control of this process. [t can suggest
a few alternatives for optimum choices to be verified by experiments. Neither has
there been reported defined coefficients for western hemlock which can be used in
modelling the simple diffusion case nor separate diffusion coefficients of bound water

and capillarity of free water and water vapour for the sub-models.

There are other reasons which motivated the present study; the two dimensionality
of moisture movement process in baby squares, especially when extra side gaps are
applied, and large values of lumber thickness (105 mm), to mention just two. The
prediction of improving the quality of final products and reducing the total time of
drying by introducing side gaps between boards were parts of the motivations behind
the experimental work of Li[52]. Naturally, such an experimental program could not

separately study the effects of the side gap between the boards and air velocity, due to
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differences of moisture content and density of the stack boards. Such a study requires
the distribution of surface coefficients on both vertical and horizontal faces of the
planks. Also the number of tests performed in[52] was not sufficient for obtaining a

final conclusion for optimization of stack arrangement.
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Chapter 4

Governing equations

Moisture in wood exists in two forms: bound or hygroscopic water and free water.
Bound water is found in the cell wall and is hydrogen bounded to the hydroxyl groups
of cellulose, hemicellulose and lignin. Physical properties of wood change gradually
and continuously with increasing moisture content till saturation of cells with bound
water (Fiber Saturation Point, FSP). After that, an abrupt change in physical prop-
erties of wood occurs and additional water is held as free water in the voids of wood.
Due to evaporation during drying, there is also water vapour (mixed with air) in void
spaces. Moisture transfer inside the wood takes place due to different mechanisms.
Several mechanisms are cited in the literature, including: diffusion of bound water
due to chemical potential driving force, free water movement as a result of capil-
lary pressure, diffusion of water vapour in pores due to water vapour concentration
pressure (water vapour concentration) gradient and total pressure gradient, moisture

transfer driven by temperature gradient.

In this section, the governing equations of the present model are presented for the
wood (solid phase) and for the drying air (fluid phase). We consider heat and mass

transfer in the solid phase, and heat and mass transfer and fluid flow in the fluid
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phase.

4.1 Heat and mass transfer equations in the solid

The basic equations governing the mass and heat transfer in the solid are presented

below.

a) The conservation of mass requires that the rate of change of water mass inside
a control volume, is equal to the net flux of water from the surfaces of the control

volume. Thus by defining:

mass of water inside wood

X = mass of dry wood (1)
and:
mass of dry wood
Pd= Solume of dry wood (+:2)
we write:
—p.zaa;f =VJ= 83{; + %iy + %‘i‘ (4.3)

where J is the total mass flux vector entering the control volume and py is the dry

wood density. Since J is a vector, we have:
J=Ja+Jyy+J:k (+.4)

where, ¢, j, and £ are unit vectors and J., J, and J. are components of the vector J
in z,y, and z directions, respectively.

The total mass flux can be written as:

I=J,+3:+1; , (4.5)
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where J,, J5, and J; are the fluxes of moisture due to water vapour, bound water,

and free water, respectively.

b) The balance of energy yields the heat transfer equation:

a
EE(PQUQ + PrlUp + prurs + Puly + PdUd) + V-(Jaha + thb + thf + Jvhv) = (46)
V.AVT)

where T is the temperature, and ps, pb, Pf, Pu, Pd; Uay Usy Uf, Uy, Ug; and hq, hs.
hg, h, are respectively the densities; specific internal energies and enthalpies of the
air, bound water, free water and water vapour phases and the dry wood. All these
parameters are functions of temperature. It should be noted that density of all
phases are not the same as the usual thermodynamic property with the same name.
These densities, representing the amount of moisture in any phase, are related to the

moisture content and the total moisture density, p,., as:
Put = Pf+ v+ oo =paX (+.7)

The energy balance expresses the equality of the change in internal energy in
the element to the differences in the incoming and outgoing enthalpy flows as well
as conductive heat flows. Implementation of fluxes of heat and mass transfer at the
boundaries of the element will be followed in the present work during the discretization

of the governing equations.

Since the total internal pressure gradient is negligible and pressure is assumed to
be equal to the ambient pressure, no separate mass balance for air in the wood is
required. This implies that air in the wood is immobile with negligible heat capacity.
Therefore, two terms representing the contributions of air, namely %pa u, and V.J h,.

are neglected.

Before writing the conservation of mass and energy in final forms, expressions for

the fluxes appearing in Eqn. (4.5) will be developed.
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4.1.1 Movement of water vapour

Flow of water vapour in the porous body of wood occurs according to two different
mechanisms. First, the mixture of vapour and air (humid air) may flow as a conse-
quence of the total pressure gradient. Due to the small size of the pores.the flow is
laminar in nature and the vapour flux can be expressed by Darcy’s law(2]. Secondly.
vapour migrates due to its concentration (partial pressure) gradient by gas diffusion.
In the present work, there is no bulk flow of the humid air since the total pressure gra-
dient is assumed to be negligibly small. Therefore, vapour diffusion may be expressed

according to Fick’s law as follows:
J,=-emyDysVz, | (4.8)
where:
¢ = mole density of humid air (mole/m?),
m, = water molecular weight (kg/mol), and
r, = vapour mole fraction in humid air.

Here, D.ss is the effective diffusivity of water vapour. In wood. however, the
diffusion of water vapour is slowed down by the solid matrix structure of the wood.

and therefore, D.;y must be defined to include this effect[19]:

D.js =€ aDyp (4.9)

2 accounts for

where Dap is the unhampered diffusivity of water vapour in air. ¢
the volume occupied by the solid and the tortuosity of the void space and « is an
attenuation factor specified for the structure of the wood. While ¢, the porosity of
wood, is a function of T and X, « is one of the unknowns of the model. D g is given
by the empirical correlation{19]:

1.2146 x 10~4(T)1-75

(4.10)
Pa + Pv

Dyp =
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where T is the temperature in K and p, is the partial air pressure in wood. When
these expressions are combined with the assumption of vapour as ideal gas. the final

result, after some modifications, is found to be

o 4 2 0.75
3, = _ L2146 x 10 Rmve oM "gp | (4.11)

where R is the ideal gas constant. P,, the partial vapour pressure is given by the

correlation proposed by Simpson and Rosen[57] as
P, = P (TWW(X.T) (+.12)

and Py, is the saturation water pressure, calculated from the empirical relationship
which is curve fitted to the steam table values by Simpson and Rosen[537]. In order

to obtain a better accuracy for the present work, we modified his relationship as:
P,,(T) = 132.9020 x 1047 (4.13)

where:

2818.6

f(T) = 16.3737 ~ —

— 1.6908log1oT — 5.7546 x 1073T + 4.0070 x 107°T?(4.14)

w(X,T) is given by the following empirical correlation as proposed by Turner et al.[32]:

w(X,T) = expla; x a3?¥] | (4.13)

where;
a, = 17.8840 — 0.1423T + 23.6300 x 10737% . (4.16)
a; = 1.0327 — 67.4000 x 1077 . (4.17)

Considering the above equations, the gradient of P, can be expressed as:

_ 9P, B O ,
VP, = (b + Pugp) VT + Pz VX (4.18)
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The final expression for the flux of water vapor is:

1.2146 x 10™*m,e?a(T)%™ AP, o bs s
= — : —= —VXl. (4.19
This can be rewritten as:
J, = -WVX - VVT . (4.20)

where Vx and Vr are positive and defined as

1.2146 x 107*m,e?a(T)*™® | Iy
- v 121
R d X (4:21)

Vx
12146 x 107*m,2a(T)*™ 9P,

v
Vr = R (T

vﬁ)

—_
H—
.
(8]
W

~

v+ P

€4, € and phase densities

Porousity € is one of the most important characteristics of wood in relation to moisture
transport. Its value when wood is completely dry, sometimes called the dry wood void
fraction, €4, can be obtained from:

od Pd o
€4 = =1- , (4.23)
VT Peell

where V3 and V.4 are the total volume of wood and air volume inside the dry wood
structure, respecively. p.y is the density of the cell which is almost constant and its
value is 1500%— (see Siau[2]). It is assumed that the void space between the cells is
filled with free water, air and water vapour. The density of water vapor is neglected

compared to the free water. Therefore, the porousity of wet wood is calculated as

Va y
SLCR N S ' PR B (4.24)
Vr

e —
Peeli Pw 1500 Pw

where p,, is the density of water at the corresponding temperature.
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The moisture in wood is first stored as the bound water till the Fiber Saturation
point (FSP). Siau[2] proposed a correlation to calculate Xrsp, the moisture content
at fiber saturation point. We modified his correlation by changing the constant value

of 0.3 to 0.28. The modified relationship is:
Xrsp =0.28 — 0.001(T — 293.15) . (4.25)

Further, water after the FSP is not stored as the bound water. Therefore. if X >

Xrsp :
Py = pdXrsp . (4.26)
On the other hand, based on the definition of ¥:
po = epmi(X,T) (4.27)

where p,, is the saturated water vapor density at wood temperature. The rest is the

free water density:

pr=piX — py—po = paX —ps . (4.28)

For X < Xrsp. py =0 and:
Py = paX — py > paX . (4.29)

In both cases, the semi-equilibriums may be used for initial guesses of the densities

and by trial and error, the final densities may be calculated.

4.1.2 Movement of bound water

Bound water diffusion occurs mostly when the moisture content is below the fiber
saturation point (FSP). The flux of bound water can be expressed by (see Salin[39])

Ji= -D2E (4.30)
8::;
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where p; is the chemical potential of bound water, Dy is the bound water transfer
coefficient, and Ji—; is the flux of bound water in the : direction. Stanish et al.[19]
included a factor of (1 — ¢4) where ¢, is the fractional void space of the dry solid. This
factor was considered for the amount of conductive cell wall material in the volume.
Salin[39] did not find any clear dependence on wood density and excluded this factor.
He did not find D, to be a constant, as Stanish et al.[19] had supposed. The following
correlation was suggested by Salin[39] for the dependence of Dy on moisture content

and temperature:
Dy = Dexp(—2 — —) . (4.31)
Pd

where D, is a constant. During the present work, it was concluded that the term
ezp(%ﬁ - “T—°°) should be modified to obtain physically meaningful and stable as well

as more accurate distributions for moisture content and temperature. [t should be

noted that:
2 = Xpsp for (X > Xpsp) and

%:X—Z—;z.’( for (X < Xrsp) .

Thus, the term %fﬁ is always positive which causes the previously mentioned
shortfalls. Also the dependence of D, on temperature for different species should be
considered. Based on the above discussions and after trying different combinations.

we propose the following relationship for Dy:

Dy = Dyezpla0(®t = Xrsp) = 25 . (4.32)
Pd T
where D, and St are unknown constants for the specific species. Changing the
constant value of 40 did not show any significance in the model. By this combination.
the multiplication factor has the following characteristics:

- is always less than 1,
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- above FSP, is not a function of X and acts almost like ezp(—%) function with

respect to T, and

- below FSP, acts like exp(X) which has the fastest change with respect to X.

The significance of this modification can be better understood if we recall that in
most of the drying process, X,;, < Xrsp and bound water diffusion is the dominant
process. Also the shrinkage of wood, causing the internal stresses and subsequent

degredations, starts when moisture content is below the fiber saturation point.

For local thermodynamic equilibrium, the chemical potential of bound water. ps,
is the same as that for the vapour, p,, and it follows that:

Ope Oy oT dpy

m =m,—— = —-§— U .
’”83:; v B:c,- B:z,- 81‘,'

The molar entropy, s(J/mol/K), and molar specific volume. v(m>®/mol), are state

(4.33)

functions of temperature and pressure. Stanish et al.[19] assumed that the vapour
obeys the ideal gas law and the above relationship can be transformed into a com-
putable form in which the chemical potential is related to the local temperature and

pressure gradients as follows:

P T
- 8. v 314—VP,} (4.3
) = 8.314n( o |VT + 8314 -V A} (434)

Dy
Jy = —;71—1’{—[187 + 35.11’1(298.15

The partial vapour pressure, P,, can be estimated from the thermodynamic rela-
tionship of moisture content-temperature, as given by previous equations. The final

equation can be expressed in terms of gradients of X and T as:
Jy = —-BxVX + BrVT (4.35)

where Br and By are positive and defined as:

D, P, L
Br = —m—v{[187 +35.1in(5ge7z) — 8.314n( {55 )] (4.36)
T aP’u 81.[)
-8.314Fv( 7+ P,u——aT)}_ :
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_g3u 2T 0% 437
Bx = 83U-=Tos (4.37)

4.1.3 Movement of free water

The movement of free water, which only occurs for moisture contents higher than
FSP, is due to capillarity between liquid and vapour phase within the cell lumens of

the wood. The flux of this phase, therefore, is obtained from Darcy’s law([2] as:
Jy=~-ENVP =EVP. (4.33)

where P. is the capillary pressure and E; is the effective permeability to free water

flow. The latter is related to the measured permeability, A}, by:

g = Ko (4.39)
m

where p; and 7, are, respectively, the density and viscosity of the liquid water. Spolek
and Plumb(9] assumed that the capillary pressure is a simple function of saturation

as follows:
P.=AS8% | (4.40)

where A=10,000 and B=0.61 . The saturation of wood is calculated by:

liquid volume X — Xrpsp

S = saturation = (4.41)

void volume ~ Xmar — Xrsp
The moisture content at the fiber saturation point is Xrsp while X, is the moisture
content of wood when the entire void structure is filled with liquid. It can be obtained
as:

Xomar = €422 . (4.42)
Pd
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The minimum saturation for liquid flow is Sp;n. When the saturation is below this
point, liquid flow is impossible. Combining the above equations, the flux of free water

may be expressed as:

_ —A.B.E(Xmaz — Xrsp)?

I = 5 VX . (1.43)

The liquid permeability of wood, K, decreases with reduction of the wood saturation.
It may be related to the permeability at saturation, Kj,, by using the correlation of

Stanish et al.[19]:

T S_Smin

K = [\'18{1 - cos[;-—l—:'s—_

1}. (1.44)
Therefore, the final expression for the flux of free water is:

Jy=-FxVX | (4.43)
where Fy is positive and defined by:

_ ABKisp(Xmaz — Xrsp)”
m(X = Xpsp)!+®

X - ‘Ymin
: .-Ymaz: - X'min

I} . (4.46)

Fx {1 = cos(

o] X

It should be mentioned that based on experiments:
J, € Jf for (.’( > -’(FSP) and

Jf =0 for (.Y < .’(Fsp) or (S < Sm,'n).
In this study the flux of bound water was not neglected due to smaller differences

between the initial moisture content and Xggsp.

4.1.4 General form of the equations for internal nodes

Combining the expressions for the fluxes of different moisture phases we obtain:

J = —(Vx + Bx + Fx)VX — (Vy — Br)VT . (4.47)



CHAPTER 4. GOVERNING EQUATIONS 47

Using the above expression in Eqn. 4.3, the conservation of mass yields:

aX
pagr = VI(Vx + Bx + Fx)VX + (V1 = Br)VT] = V(DxVX + DrVT)  {448)

where Dx and Dt are positive coefficients.

For the balance of energy, in Eqn. 4.7, since the changes in moisture contents
are extremely slow with time, we can neglect the term @%f- for all the water phases

(pa = constant). Therefore, the balance of energy becomes:

Ouy, 0T
Soe5E 5 = VIO + huVr — ks Br)VT] + V[(hVy + hsBx + heFx)VX] (4:49)

or:

oT -
(pCp)effa =V(/\effVT+/\XVX) R (4.50)

where (pChp)efs, Aess and Ay are positive coefficients. The above set of equations are

non-linear and coupled.

4.1.5 Boundary conditions

Boundary conditions at the surfaces are obtained from heat and mass transfer between

board surface and the surrounding air. For the mass transfer at the surfaces. we have:
Jsn = hmespo[Xs — Xeg(M)] (4.51)

where p, is the density of water vapour at the surface, index s refers to surface
values, and m refers to the mean (bulk) values defined for internal flows. X.,(M).
the equilibrium moisture content of the drying air can be obtained as[57]:

)= _1§[ kiky ¢ k29
T W'l kiko 11—k

-
(S]]
[ 8]

Xeg(M 1
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where ¢ is the relative humidity of the dying air. ki, k&, and W are modified for

temperatures in degrees Kelvin as:

k, = —45.6988 + 0.3216T — 5.0123 x 10~*T% | (4.33)
ko = —0.1722 + 4.7317 * 10737 - 5.5534 x 107°T7% (4.54)
W = 1416.502 — 9.4302T + 0.018537T* . (4.35)

The author believes that €, should be used when J;, is calculated in order to consider
the surface resistance to mass transfer in addition to air resistance represented by
hm. Salin[38] after reviewing the experimental data concluded that the mass transfer
coefficient is often one order of magnitude smaller than what could be expected from
the analogy between heat and mass transfer. Such phenomenon was first observed
by Plumb et. al[10]. Also Gong[36] reported the cerrection factor values between 0.7
and 0.3, depending on surface moisture content and temperature. The term ¢,, where
€, is the porousity of the surface, provides such order of magnitude.

Heat balance at surface requires that:
Qs/A = AT, = Trg) + Joghoos (4.56)

where the h,_, is the enthalpy of water vapour at the surface. The values of convec-
tive heat and mass transfer coefficients at each point of the surfaces, & and h,,, are
obtained by solving the heat/mass transfer and fluid flow equations in the air.

The integration of heat and mass transfer between the stack inlet and each location
in the stack, provides the mean temperature and mean equilibrium moisture content
of the drying air.

At the center of the board, the symmetry condition about the x axis requires that:

g—j = , (4.37)

where ¢ will be either temperature T, or moisture content X, or their derivatives.
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4.1.6 Physical properties

Various physical and thermodynamical properties of wood and moisture phases ap-
pear in the equations of the present model. Previously, relationships for some of them
were presented like: the saturation water pressure, Py, (T); ¥(.X, T); moisture content
at Fiber Saturation Point. Xrgp. etc. For the rest of the parameters the following

relationships have been used in the modelling.

Free water and water vapor characteristics

Free water and water vapor thermodynamic characteristics (except the density) are
the same as the liquid water and water vapor, respectively, at saturation temperature.
Relationships has been proposed in the present work for the steam table data in the
range of temperature observed in conventional kiln drying. The relationships are in
polynomial format and predict the related parameters with better than 0.5 percent

accuracy.

Bound water characteristics

The bound water specific heat, enthalpy, and internal energy can be obtained by

formulations suggested by Stanish et.al [19] as:

L
Cpy = Cps ~0.4(Cpy — Cpy)[l — 5 + -3-¢§] - (4.58)
1
ho = hy ~0.4(hy — hy)[l — &5 + §¢§] : (4.39)

1
up = ug — 0.4(uy ~ ug)[l — @5 + §¢§] , (4.60)
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where f and v subscripts are referred to free water (or saturated water) and water

vapor (saturated water vapor),

and pyrsp is the density of bound water at fiber saturation point obtained as:

porsp = PaXFsp - (4.62)

Wood characteristics

The dry wood specific heat and internal energy, and heat conductivity for moist wood

can be calculated by relationships proposed by Stanish et.al [19] as

Cpa = 1112.0 + 4.85(T — 273.15) . (4.63)
ug = 123010 — 212.05T + 2.425T% | (4.64)
A= 2002 + 0.5%] +0.024 . (4.65)

w d

4.2 Governing equations in the fluid phase

In this section the drying air flow is modelled. The Re number in the duct flows is
one of the parameters which specifies the flow regime and is defined as Re = 3% It
involves: fluid properties, p and u density and viscosity; average main flow velocity.
Uqy; and duct characteristic, 2s= hydraulic diameter, where s is the sticker thickness.
For Re > 2000 flow regime is turbulent. Based on the average velocities observed in

the stack, flow regime is expected to be turbulent. For turbulent flows, Reynolds[60]
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separated the instantaneous values of the flow parameters into mean and fluctuating

parts, e.g.:
Vi=Vi+V (4.66)
P=P+PF (4.67)
T=T+T (4.68)
Y=Y+Y |, (4.69)

where, P,T,V;, and Y are instantaneous values of pressure, temperature, components
of velocity vector and water vapor concentration, respectively. The superscripts (—)
and (') refer to the time-mean and corresponding fluctuations about the mean, re-
spectively. The time average of a dependent variable, e.g. T for a statistically steady
flow is defined as:

. 1 to+At )

T=§}[Ta, (4.70)
where At should be selected in a way that it will be long enough compared with the
time scale of the turbulent motion and small compared with the time scale of the

mean flow.

The air is assumed to be a heat conductive, incompressible, viscous. Newtonian

fluid. Under these conditions, the governing equations of the fluid phase are[61]:

Incompressibility:
v
Zf il
3z, : (4.71)
Momentum balance:
oV, _oV; aP 8 9V, 0 —
b} ) = L () — p—(V'V! ) 72
Pl +-V33zj] oz, T 52 #5z,) Paxj(V,‘,) (4.72)
Energy balance:
8(pCoeT) | DpCouViT) _ 0 0T, 8 . oo i
6t + sz - ax;()‘“ami) 6$;(pCpaVi T ) + (I) ’ (4"3)



)]
™o

CHAPTER 4. GOVERNING EQUATIONS

where ® is the dissipation term which will be neglected due to low velocities. The
first two equations are called Reynolds averaged Navier-Stokes equations.

Mass conservation for water vapour yields:

Yy _9Y 9 oY 0 ——= -
E-F‘/Jal’) 81:{(Daa$i) 31,(‘/‘} ) ('L‘4)

[t can be seen that the mass transport and energy equations in the absence of

viscous dissipation term, have similar forms. Indeed, if the Lewis number (Le =

| Number(P CpaDy - - . : .
5:;:1‘::“ N?.Tnb:((sg = £222) is about one, their dimensionless solutions will be the

same. The Lewis number for diffusion of water vapour into air, in the temperatures
of the kiln (50 — 80°C), is about 1.06-1.09. Therefore, there is no need to solve both
Eqs.4.73 and 4.74 for temperature and water concentration. The results of energy
equation 4.73 for surface coefficients and heat flux at walls will also be used to provide

the parameters of mass transport.

4.2.1 Turbulence modelling

In order to solve the above sets of equations, the terms — pﬁ—l(W) and — 5% pCo VT
must be related to the unknowns of the model. Such a knowledge is obtained by a
process of introducing additional algebraic or differential equations. which is called
“turbulence modelling”. A brief review of the turbulence models used in the present
work is presented next. Description of other approaches in turbulence modelling can

be found in [62].

One of the two terms which should be modelled is —pﬁj—(v‘-' V}), the so called
“Reynolds stresses”. Bousinesq[63] suggested that, in analogy to the viscous stresses
in laminar flows, the turbulent stresses are proportional to the mean velocity gradients

or:
3V aV

_pa
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where y, is the turbulence eddy viscosity. One approach for determining u. is the
“Two FEquation Approach” in which p, is defined based on two new parameters. One

of these two parameters is the kinetic energy of the fluctuating motion, k, defined by:
| ~+ -
k=§ZKK . (4.76)

For each of these two new parameters a separate partial differential equation is derived
from Navier-Stokes equations. These new partial differential equations contain new
terms which are modelled using empirical relations. The system of the new equations

and Navier-Stokes equations are then solved for all parameters.

The “Prandtl-Kolmogorov” relation determines the turbulent eddy viscosity as[64]:
k? ——
fe = c#p? , (4.77)

where ¢, is an empirical constant and ¢ is the * Viscous dissipation” defined by:
_BOVIOV,
P 81,- al','

[n heat/mass transfer equation, a direct analogy between turbulent momentum trans-

(4.78)

£ =

port and the turbulent heat/mass transport is often assumed. Therefore. the latter

is related to the gradient of transported quantity, ¢ as:

— 9é -

Vig=r2 | (4.79)
81:,-

where I' is the turbulent diffusivity of heat/mass transfer. ' depends on the state

of turbulence and is not a fluid property. The Reynolds analogy between heat/mass

and momentum transport suggests that:

= £ (4.80)
pa:

where o, is called the turbulent Prandt!/Schmidt number. Therefore,
¢=T,0'g=PT'g,F=/\ 5

¢=Y,o00=85c¢,, =D .
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Standard & — = turbulence model

This model was proposed by Launder and Spalding[65] and uses the following equa-
tions, in addition to Eqs. 4.75-4.78:

k-equation:
—0k 10 pe | Ok
— = —=)— G- y 1.31
32, pamj[(u+ak)3zj]+p pe (4.31)
€ -equation:
—0e 10 pe . Oe pGe pe?
0e 1O 0, POE PSR 1.32
v’@a:,- pOz; (ﬂ+a'¢)8xj]+cl k Ce2 k + (4.82)

where G, the turbulent kinetic energy generation, is:

G_u:(BVf 3-‘7,' 3‘7;

- _p— 3.’1:]' a.’L‘,' 8Ij (483)

and £ =0, ¢, =0.09, c; = 1.44, co = 1.92, 0 = 1.0, and o = 1.3.

Here, it is assumed that except the near wall region, u; >> pu.

Wall function

The form of standard k£ — ¢ model is valid for high Re number flows. Near the walls.
the kinetic energy, k, tends to zero while the dissipation, ¢, have a finite value at the
wall. This causes a singularity in the last two terms of e-equation. Also near the
walls, the stresses due to viscosity, s, cannot be neglected compared to the turbulent
stresses. An alternative is to estimate the near wall region with wall functions. These
functions, based on experiments, assume that flow close to the wall is like a one
dimensional boundary flow where the stream wise gradient is negligible and there is
a layer in which flow behaves like a laminar flow. This layer is called the “Laminar

sublayer”.
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Assuming 7, representing the wall shear stress, the dimensionless velocity, u*, is

defined as:

uwt=—= : (4.84)

In the same way, the dimensionless distance from wall, y*. is defined as:
Ur P V xpy VT
y*t= ’:y == g #'”p (4.85)

Here it can be seen that y* looks like a Re number. The laminar sub-layer has the

limit of y* < 5 to 12, depending on the surface roughness. The velocity profile in

this region is linear and, based on the above definitions, is described as[66]:
ut =yt . (+.86)

There is another region called “Outer layer 7, for y* > 30, in which flow is fully
turbulent. The velocity profile in this region is defined based on logarithmic profile

such as:

l
ut = c—ln(y*’) +c (4.87)

where ¢, = 0.41 is the “von Karman constant” and ¢ is a function of surface rough-
ness. The distance between these two regions is called *Buffer layer”. In this region

an interpolation between the two velocity profiles of laminar and outer layers is used.

The integration of k— and ¢—equations from fully turbulent region to the wall
results in this equation for the wall shear stress:

o pcuC“1/4k1/2_
N In(yt) ’

where U is the average velocity component parallel to the wall. Similarly, the following

(4.88)

expression is obtained for € near the wall region:

B/43/2
£ In(ckyt) . (4.89)
Gy

£ =
=4
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Low Re k£ — ¢ model of Launder and Sharma

Launder and Sharma[67] used the original idea of Standard k—¢ turbulence model. This
model, like the other low Re number models, does not implement the law of the wall
for velocity profile near the wall. Instead it uses other types of velocity profile, e.g.
linear or quadratic. with more nodes close to the wall for a better accuracy of velocity

profile. A couple of nodes inside the laminar sublayer are needed for such accuracy.

In the standard k — ¢ model, the value of ¢ at wall as a boundary condition for
c—equation comes from the integration of ¢— equation between the wall and the
outer layer using the wall function. In the Launder and Sharma model, this value is
considered from the distribution of k£ near wall such as:
ovE

7
=925
( 39

2 )2 (+4.90)

~w

Launder and Sharma proposed new non-constant expressions for ¢, and c.; based on
a newly defined turbulent Re number. This Re number is defined as:
Rr = Pk (4.91)
UE
The expression for ¢, and c,; are exponential decaying functions of Rt so that at high
Re numbers they become the same as the constants used in standard version. The

following expressions can be used along with the Eqs. 4.81 and 4.82:

-3.4 :
Cy = 009e:cp[(—1—+—,_520T)—2] (492)
ce2 = 1.92[1 — 0.3ezp(—R%)] . (4.93)

The other difference with the standard model is using a non-zero £ term in the

g-equation as:

2 U
E = ',,ﬁ%(é;f) , (4.94)
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One can interprete that in the standard version it is assumed where either p or y, is
considerable the other one is negligible and the E term in the ¢-equation is neglected

due to multiplication of them.

General form of the governing equations

The system of Eqs. 4.71-4.73, 4.81 and 4.82, can be written in the general form:

O(pd)  9(peV;) _ 0 r 99

at Oa:j 33:1 a_l']) + Sds L (4.90)

where ¢ represents either of (V;, P, T, k, €) and Sy is the source term. The source

term may be dependent on ¢ and other variables. Therefore, it is linearized as:
Ss=Spop+Su , (4.96)

where subscript P refers to the point in which the equation is written. Si- and Sp
are calculated from the last values during iteration. Patankar[33] has presented the

guidelines for linearization of the source term.

4.2.2 Discretization process

The CFX software uses the integration technique of governing equations over the
control volume surronding a node. This method known as “Finite volume” guarantees
the conservation of mass and momentum over any arbitrary group of control volumes
as well as the entire computational domain. In the non-staggered grid system used
by the software, the scalar variables as well as the velocity components are stored at

the centres of control volumes.

When the general form of the equation is integrated over the control volume.

the diffusion and advection flux terms at the surfaces of computational cells appear.
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For diffusion terms, the diffusion coefficients at the surfaces can be obtained from

harmonic average between two adjacent points as suggested by Patankar[33].

The integration of the advection term %3—) at the control surfaces between points
B

(¢,7) and (¢ + 1, ) results in terms like pW(H_%J).qﬁM%J) = C(i+%'j)¢(i+%'j) = L(i+§.j)-
The way such terms are dealt with is related to *Upwinding schemes”. Here some of

the upwinding schemes related to the present work are discussed.

Central Differencing Scheme (CDS)

[n this scheme, L1 ;) is an arithmatic average of L values at two neighboring points
of (¢,j) and (z 4+ 1, ) after considering the changes of cell length. While this scheme

is second order accurate, it is subject to instabilities especially at high Re numbers.

Upwind Differencing Scheme (UDS)

This scheme was first put forward by Courant, Isaacson and Rees[68]. The scheme
assumes that the advection term is much larger than the diffusion one or Pe >> 1.
Here, Pe = -”—7[‘,6—’, the “cell Peclet number’ is the ratio of advection to diffusion flux
at each control volume. Therefore, the advection term value at the intermediate face

is the value at the grid point on the upward side of the face or:
Lapryy = Ligy tf Vigeryy >0

Liists) = Liivriy f Vigagjy <0
This scheme is first order accurate and unconditionally stable, but produces false

diffusion and is not recommended for Pe < 2.
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Hybrid Differencing Scheme (HDS)

This is a modification to upwind scheme. In this method Central differencing is used
if absolute Pe number is less than 2. Otherwise, Upwind Differencing is used. This
scheme is stable and provides a relative good accuracy but suffers from the false

diffusion when 1 < Pe < 30 [53].

Quadratic Upwind Differencing Scheme (QUICK)

This is a third-order accurate upwinded scheme. It uses two upstream points and one

downstream point. The formulation for Vi ;, 1y >0 is:

3 3 L -
Livray = glowa + 7La-1iy = gLivan - (+.97)

Bounded Quadratic Upwind Differencing Scheme (CCCT)

While QUICK scheme has a high order accuracy, it can suffer from non-physical
overshoots in its solutions. For example, turbulent kinetic energy can become neg-
ative. CCCT is a modification of the QUICHK scheme which is bounded and can

eliminate these overshoots. For the similar case of QUICK it has the form of:

3 3 1 .
Ly = (3 = @)L + (7 +20) L) = (g + @)Lz (+.98)

where a depends on the curvature of the variable ¢. The scheme is then treated like
the QUICK scheme. Full details of the calculations of a are given by Alderton and
Wilkes[69].
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Chapter 5

Numerical simulation of air flow

in stack

5.1 Bench mark case (Kho’s geometry)

In this section we consider the air flow over a stack of planks arranged in a pattern
which will be referred to as the Kho's geometry[29]. In each row, five boards. each
100x25 mm, are placed next to each other without side gaps in a way to provide a
500 mm long passage between two rows of boards. The distance between two rows
of boards is the same as each row thickness (D), D=25 mm. Therefore. the blockage
ratio is 50 percent and the length of each passage is 20 D. Due to large ratios of /D
in commercial kilns, where [ is the length of each board in the third direction, the flow
can be considered as two-dimensional. The configuration of flow and computational
domain is shown in Figure 5.1. This case was also investigated numerically by Lan-
grish et al[30-31], but comparisons of their results with experimental data were not

satisfactory. Figures 5.2 and 5.3 present typical flow patterns after the leading and
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Figure 5.1: Configuration of stack plank investigated by Kho et al [29]

trailing edges of the stack, respectively. The separation bubbles and air recirculation

due to backward flow inside them can be seen in these figures.

5.1.1 Solution method

This study was conducted with the standard £ — ¢ and low Reynolds number tur-
bulence models. The following differencing schemes were used: hybrid. QUICK. and
CCCT (bounded QUICK). In the first step, a finite volume formulation of k — =
turbulence model and hybrid discretization scheme along with the logarithmic wall
treatment were chosen from the menus of the CFX-F4.1 software to solve the isother-
mal flow of air at 54.3°C. For the uniform flow boundary condition at inlet, the kinetic

energy and the dissipation rate were chosen based on the values measured by Kho
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Figure 5.2: Typical velocity vectors near the leading edge at Rep, = 3200

et al [29]. Because of symmetry, the computational domain was considered between
the centre line of the boards and the centre line of the space between the boards.
The following boundary conditions were imposed: zero stream wise gradient across
the outlet, zero gradients with respect to y-direction and zero y- velocity component

along the axis of symmetry.

5.1.2 Effect of the inlet and outlet locations

To determine the effect of the locations of inlet and outlet boundaries, [, and [y, some
computations were carried out for an intermediate Reynolds number of Re = &‘;—zi =
13660 (uinter = 2.5m/s) for a relatively fine grid. Here, ¢ and p are the viscosity and
the density of the drying air, u,, is the average air velocity between the boards. and
s = D is the sticker thickness which is half the hydraulic diameter of the duct. For

[, > 10D, the location of inlet boundary was found to have no noticeable effect on the
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Figure 5.3: Typical velocity vectors after the trailing edge at Rep, = 8200

flow in the recirculation region after the leading edge (typically less than 0.4 percent
change in the length of the separation bubble). The same phenomena was observed
for the effect of {; > 14D on the recirculation zone downstream the trailing edge of
the board (less than 0.1 percent change in the length of the down-stream separation

bubble). Therefore, in all subsequent computations {, = 11D and {4 = 16D were

used.

5.1.3 Mesh arrangement

A proper refinement of grids immediately upstream and around the leading and trail-
ing edge corners was performed to obtain a more accurate solution. A typical grid
distribution is shown in Figures 5.4 and 5.5. The expansion factors in grid generation,
E; and E,, were chosen based on some of the values suggested by Djilali et al[70].

For the y-direction, since all grids are within the important area, £, < 1.1 was up-
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Figure 5.4: Schematic view of a typical grid array around the leading edge

held. The same condition was applied to E; within two separation bubbles regions.
D distance before the leading edge and also D distance before the trailing edge. Once
the preliminary computations resulted in approximate sizes of the separation bubbles.
the grid in the z direction was locally refined around the approximate stream wise
locations of the boundaries of separation bubbles. This refinement provides a more
accurate prediction of the length of the separation bubbles. The reattachment point
downstream the leading edge, where wall shear stress vanishes, is calculated by linear
interpolation from calculated wall shear stresses. For separation bubble downstream
the trailing edge, a similar process is carried out for stream wise velocity distribution

on the symmetry line passing through the middle of the boards.
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5.1.4 Preliminary computations

After monitoring the effect of mass residue on the length of separation bubbles for
different Reynolds numbers, a value of less than 0.012 percent of the total mass
flux for a relatively fine grid of 228x44 was considered as a convergence criterion in
this preliminary case. This grid array was used at the lowest Revnolds number of
3200 (wuinier = 1.5m/s) for comparing the results of standard k& — ¢ turbulence model
and hybrid discretization scheme with the results of low Reynolds number k£ — =
turbulence model and QUICK discretization scheme. While QUICK scheme resulted
in oscillations in the residues even after 8000 iterations, the velocity profile appeared
stable and predicted longer recirculation zones- 33 percent longer for the one adjacent
to the leading edge and 22.4 percent for the one after the trailing edge. The results
show that the first point adjacent to the wall is in the laminar sublayer for the most
sections of the upper wall as well as the trailing edge wall (y* was between 2.5 and
1, i.e., less than 11.2, the border of laminar sublayer and buffer layer). A second
computation using RNG & — ¢ turbulence model with hybrid discretization scheme

predicted values of y* within the same range.

Effect of grid refinement

It is known that y* of the adjacent point to the wall has a significant effect on the
prediction of wall shear stress as well as the dimension-less heat transfer from the
wall. y* has a distribution over the the wall which reaches an asymptotic value.
yt.. Different grid sizes in the y-direction were used along with the standard k£ — ¢
turbulence model and the hybrid scheme to study the effect of é-"gm at the lowest
Reynolds number of 8200 on %, % and yJ, of the horizontal wall. Table 1 provides
the results of this investigation. Comparison of results for an array of 168x60 with
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Figure 5.5: Schematic view of a typical grid array around the trailing edge

those of 160x35 showed a difference of about 2.5 percent in ¥ and less than 0.5

percent in %‘. The array of 168x60 with é-“bnm = 0.3 percent resulted in yf,=1.2.

Coarser grids in the y-direction were then used until the condition of y}, > 11.2. for
the first point near the wall, was reached. When this happened, the corresponding
grid of 16 vertical points resulted in éy—g& = 4.3 percent. Previous computations
showed the following predictions for the dimension-less height of the separation bubble
adjacent to the leading edge (¥£): 4.1 percent from low Re k& — ¢ turbulence model
with the QUICK scheme, and 2.5 percent from the standard k& — ¢ turbulence model
with the hybrid scheme. Comparing these values with éﬂgm = 4.3 and noticing such
low values of y¥, for the grid independency of %2 in the case of using high Reynolds

number turbulence models, we draw the conclusion that using such a coarse grid,

which satisfies the condition of y}, > 11.2, a high Reynolds number turbulence model
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N;x Ny N, _"-'_DE. % y:; a b’""
of first | percent
point

14016 | 1612 | 0.2164 | 2.097 | 11.3 4.37
140*20 | 2130 | 0.2602 | 2.173 | 8.9 3.14
150*30 | 3424 | 0.2571 | 2.222 | 5.3 1.57
155*44 | 4686 | 0.2662 | 2.223 | 3.3 0.87
160*55 | 5994 | 0.2558 | 2.212 | 2.0 0.51
168*60 | 7530 | 0.2493 | 2.203 1.2 0.30

Table 5.1: Results of length of separation bubbles and other parameters for Re=8200

cannot resolve the flow inside the separation bubble. Therefore. the low Re & — =

turbulence model must be used.

5.1.5 Results and discussions

For low Reynolds number k£ — ¢ turbulence models, non-logarithmic wall treatment
velocity profiles should be used with finer grids. Thus, the grids were refined near
the walls according to the previous results for different Reynolds numbers to provide
a reasonable y* near the wall (of order of one). A bounded QUICK scheme (CCCT)
was also used to provide the superior accuracy of QUICK scheme and reduce the
instability of the standard formulation of this scheme. Some of the results of this
study are compared with the result of standard k& — ¢ turbulence model and hybrid

discretization scheme in Figures 5.6 to 5.12.

Figures 5.7 to 5.10 compare the dimension-less stream wise velocity component

(u“f) at four locations after the leading edge. The difference between the results of
two methods, even at § = 7, can be observed, while the trend remains consistent.

Velocity profile inside the separation bubble after the trailing edge (Figure 5.11) also
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Figure 5.6: Dimensionless u velocity at the top of the boards after the leading edge
for the Kho's geometry at Re=8200
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Figure 5.7: Dimensionless u velocity at the top of the boards (D=boards height and
width =100mm)
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for Re=8200, D=0.4
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Figure 5.8: Dimensionless u velocity at the top of the boards

shows the same behaviour. From the velocity profiles inside the separation bubbles.
it is predicted that combination of £ — ¢ model and the hybrid scheme will result in
shorter stream wise length of separation bubbles. This phenomena is related to the
hybrid scheme.

uw
Uref

Figure 5.11 shows the profile along the board’s centre line, after the trailing
edge. The dimension-less wall shear stress distribution in the channel is presented
in Figure 5.12. From Figures 5.11 and 5.12, the length of the separation bubbles at
the up- and down-streams are computed to be about 75 and 24 percent shorter using
the combination of & — ¢ model and the hybrid scheme than those from the other
combination. This phenomena is related to the hybrid scheme. It was concluded that
because of having some grids in the laminar sublayer for Re=8200. the high Reynolds

number models cannot predict the wall shear stress accurately. [n fact combining the

standard k£ —¢ model and the hybrid scheme resulted in 155 percent larger asymptotic
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for Re=8200 and /D=7 after leading edge
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Figure 5.9: Dimensionless u velocity at the top of the boards

values for the wall shear stress than the other combination. Using the analogy between
the momentum and heat/mass transfer, one can see that the high Reynolds number
models will over predict the convective heat/mass transfer coefficients. This is one of

the reasons behind some unsuccessful attempts in earlier numerical studies.

Using the low Re k — ¢ turbulence model with QUICK scheme and an array of
265x60 points, computations were performed for three different Reynolds numbers
(8200, 13600, and 19100), based on the mean velocity and hydraulic diameter. The
values of local Nu; versus dimension-less distance from the leading edge are presented
in Figures 5.13 to 5.15 together with the measured values reported by Kho et al.[29].
The experimental trends are well born out by the computed values which are within
10 to 15 percent of measured values. Langrish et al.[30,31] have also employed the
analogy between the heat/mass and momentum transfer and solved the Navier-Stokes

equations using the standard high Re k¥ — ¢ model without the contribution of the
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Figure 5.11: Dimensionless u velocity along the centre line after the trailing edge
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Figure 5.12: Local dimension-less wall shear stress after the leading edge for the Kho's
geometry at Re=8200

energy equation. Their results could not reach the desired accuracy.

5.2 Numerical computations of surface coefficients
over a commercial stack plank geometry (Li’s

case)

Li[52] experimentally investigated the effect of side gaps on the drying process of
western hemlock lumber in a laboratory kiln. In her set up, each row of lumber
contained seven 105x105 mm boards. The thickness of sticker was s = 19 mm which

provided a blockage ratio of 84.7%.

Numerical simulations were carried out for Li’s set up using the low Re £ — ¢
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For Re=8200
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Figure 5.13: Local Nu number after the leading edge for the Kho's geometry at
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Figure 5.14: Local Nu number after the leading edge for the Kho's geometry at
Re=13600
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Resuits of low Re k—e model for Re=19100
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Figure 5.15: Local Nu number after the leading edge for the Kho's geometry at
Re=19100

model and CCCT scheme at ucenire = 2.54 (Ucensre is the velocity at the centre line
of the sticker thickness). The temperature of the inlet air and the boards surfaces
were taken as 54.4°C and 22.6°C, respectively. Based on the average air velocity and
hydraulic diameter of duct (2s), the Re number is 4400. A procedure similar to that
used in the Kho's geometry was followed for determining the boundary conditions

and mesh generation.

5.2.1 Preliminary computations

Computations were first performed for the case with no side gaps to determine the
locations of inlet and outlet boundaries. For [, > 45s and {; > 40s the grid inde-
pendency of the flow field features (lengths of separation bubbles after leading and

trailing edges) was observed. Then the effect of average side gap of 1.5 mm, due to
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Figure 5.16: Schematic view of a typical grid array around the side gap

I.1 mm average shrinkage of boards during drying, and 0.4 mm standard deviation
of board width, was investigated. A proper grid refinement adjacent to the leading
and trailing edges of each board was performed in order to better resolve the flow
and heat/mass transfer around the edges and inside the gaps. Over refinement in gap
area caused an instability in the numerical procedure due to very small values of tur-
bulence parameters initiated from small velocity components and their perturbations

near the vertical walls. A typical grid array around the gap is shown in Figure 5.16.

5.2.2 Effect of irregularities due to shrinkage and sawing

The results of local Nu number versus dimension-less horizontal distance for this case
are compared in Figure 5.17 with the results of the case without side gaps. A sharp
increase in Nu. is observed after each gap. After that, an asymptotic behaviour is

seen apart from the slight increase in the last 2-3 points of each board. The maximum
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For Re=4400 using low Re k—-e model and CCCT scheme
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-, veartical gap=0 & boards with the same height
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Figure 5.17: Comparison of the distribution of local Nu number for the Li's geometry
having vertical side gap (due to shrinkage and sawing) with the case without side gap
at Re=4400

value of local Nu number on the first board occurs at £=10.96 for the case with side

gaps of 1.5 mm and at £ = 1.03 for the case of no side gaps.

The effect of irregularity in board heights due to sawing was taken into account by
considering the second board to be taller than the others. The height difference was
taken equal to the standard deviation of the average board height (0.4mm). Figure
5.18 compares this case, shown by (-) sign, with the case without such irregularity.
represented by (.) sign. Comparison of these curves shows that their main differences
are on the second, third, and fourth boards and at the end of the first board. At the
end of the first board, flow gradually “senses” the stagnation effect of the vertical
surface of the second taller board causing a decrease in the flow velocity as well as
the Nu number. On the second board a decrease in the curve of the taller board is
observed. Then on the start of the third board, a sharp decrease in curve appears.

This is due to separation from the trailing edge of the second board which is taller
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Figure 5.18: Comparison of the distribution of local Nu number for the Li’s geometry
with different boards heights at Re=4400

than the next board. At the beginning of the third board the main flow is away from
the board surface and gradually reattaches to its surface resulting in the asymptotic
increasing trend. Also, another case shown in this figure by (+) sign., was considered
based on the average height of the boards during the drying period (average of the

dry and wet board thickness).

5.2.3 Effect of different gap sizes

Further computations were carried out for the boards with the same height but with
different side gaps of g=11.5, 21.5, 31.5, 36.5, 41.5 and 51.5 mm. Local Nu num-
ber distributions on horizontal walls for these cases and the one for g=1.5 mm are
compared in Figure 5.19. The results are the same for the first board in the stack.

Except for the first two points at the beginning of each board, the results for various
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For Re=4400
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Figure 5.19: Comparison of the distribution of local Nu number for the Li's geometry
with different vertical side gaps at Re=4400

gap sizes up to g = 36.5mm are the same. A sudden increase in local Nu is observed
by changing the gap size from g = 36.5 to 41.5mm. For the larger gap sizes. the Nu

disribution does not change.

Local Nu number on front vertical walls of the boards for different gap sizes are
plotted in Figures 5.20 to 5.26. For the first board, the gap size has no effect. At the
center of the board (4 = 0) Nu is considerable (about 18) due to stagnation flow in
this area and stays more or less the same in most of the wall. Close to the edge. it

suddenly enhances as a result of entrance.

For the other boards, the trend is somewhat similar when g < 41.5mm with this
difference that at the center of the board Nu is almost zero. Increasing the gap
size, enhances the slope of Nu and its value till a sudden increase is observed after

g = 36.5mm. For larger gap sizes a considerable Nu value is seen after the center of
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the board which is decreased till £ = 0.3 and then follows the increasing trend. The

Nu values are larger for the second board and almost the same after the third one.
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Figure 5.24: Local Nu number on front
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Figure 5.27: Local Nu number on rear
wall of the first board for the Li’s geome-
try with different side gaps at Re=4400
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Figure 5.28: Local Nu number on rear
wall of the second board for the Li’s geom-
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Figures 5.27 to 5.33 show the local Nu on rear walls of the boards. As a result of
the large recirculation after the last board, the behaviour of Nu on rear wall of the
seventh board is different than the others. Here, Nu is considerable around the board
center and decreases with height to one third of its initial value till very close to the
edge (% = 0.98) that suddenly gains some of its loss due to main stream influence.
A sudden increase in local Nu is observed when the gap size is changed from 31.5
mm to 36.5 mm. For larger gap sizes, an slight increase in Nu around § = 0.1 to 0.2
happens due to interaction of small vortices at the back with the main one. A second
smaller increase in Nu is distinguished when the gap size is increased from 36.5 mm
to 41.5 mm. Further enhancements of the gap size do not change the Nu distribution

significantly.

For the other boards, the gap size has a more considerable effect on Nu distribu-
tions. For ¢ < 41.3mm, Nu is very small at board center and increases to a local
maximum followed by a local minimum and a sudden increase around the edge to an
absolute maximum value. By enhancing the gap size, the location of local maximum
and minimum moves toward the center of the board accompanied by an increase in
average Nu. Here like the horizontal walls, altering the gap size from 36.5 to 41.5 mm
causes a sudden increase in local Nu. The average Nu remains the same by changing
the gap size to 51.5 mm while the location of local maximum moves towards the

center and for some boards a second local maximum appears close to the edge.

Also the comparison of total heat transfer to boards is presented in Table 3.2.
Total heat transfer from air to the boards slowly increases with increasing the gap
sizes up to g=36.5 mm (the case of g = 36.5mm shows 10.7 percent increase relative
to ¢ = 1.5mm case). This is due to heat transfer increase from the vertical edges
of the boards. Here the gain in heat transfer due to enhancing the gap drops from

1040 W/m at g = 11.5mm to 840 at g = 21.5mm. A sudden increase of 15.6 percent
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Figure 5.34: Velocity vectors inside the gap of g=41.5 mm at Re=4400

in the total heat transfer mostly due to a similar increase in the local Nu number
distribution is observed by going from the gap size of ¢ = 36.5 to ¢ = 4l.mm
resulting in a jump in %?; to 10080 W/m. Any further increase in tne gap size did
not affect the distribution of the local Nu number on horizontal walls while a smaller
enhancement was observed in the total heat transfer and %3- due to changes in Nu on
vertical walls. On the other hand, one can therefore suggest that the gap size after
which no significant increase in the total heat transfer, Nusselt number and %O‘- was

observed may be taken as the optimum gap for drying of a stack of wood planks.

namely for Re=4400, gop: = 41.5 mm.

Velocity vectors in the gap area for the case of g=41.5 mm are shown in Figure
5.34. Above conclusions may be justified by the following reasoning. Study of the

flow field inside the gap area shows that the size of vortex inside the gap increases
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boards height | gap size total heat Q—E?Ql-i x 100 iJ;-
condition g (mm) | transfer,Q(W) 1-5(%) (%)
the same 0 312.4 -
the same* 1.5 322.5 3.23 relative to g=0 -
only 2nd board
0.4 mm taller 1.5 325.1 0.8 -
average heights
of Li’s test 1.5 326.9 1.4 -
the same 11.5 332.9 3.2 1040
the same 21.5 341.3 3.8 340
the same 31.5 351.2 8.9 990
the same 36.5 357.0 10.7 1160
the same 41.5 407.4 26.3 10080
j the same 51.5 428.4 32.8 2100

Table 5.2: Comparison of the results of total heat transfer to 7 boards for different
cases at Rep,=4400 (heat transfer rates are for unit length of lumber)

with the gap size after g=1.5 mm. This enhances the heat transfer from the vertical
edges of the boards. Gradually, smaller vortices develop in the corner regions by
further increases in gap sizes. [t is thought that the presence of these vortices and
their interactions may be responsible for the sudden increase in the local Nu number

distributions on horizontal walls and other changes of Nu on vertical faces.

Drying time comparisons

To investigate the influence of the gap size on total heat/mass transfer, the following

calculations were carried out.

Let V; be the total volume of lumber to be dried, ¢; be the heat/mass to be trans-
fered per unit volume of lumber. Assuming the average rate of heat/mass transfer

per each stack array as Q and ng the number of stacks per kiln, the total time of kiln
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working, ¢, will be:

Vi
p= 3 (5.1)
Qnst
where:
Viitn—esf .
ng = ———<44 (5.2)
° Vatack

and Viin—ess and Viger are effective volume of kiln and stack volume, respectively.

Therefore:

t = qlestack
QVkiln—ejf

For a specific kiln used for drying a certain amount of lumber, the dependency of ¢

(5.3)

will become:

Vsta <
t o ek (5.4)
Q
If the parameters of the stack set up, except the gap size, remain unchanged. then:
13 a - -
t o ok , (5.3)
Q

where lgqck is the length of each stack. Letting the distance between two adjacent

stacks be 100 mm, /..« can be calculated by:
(Istack)g=1.5 = (7 x 103.5) + (6 x 1.5) + 100 = 833.5 mm . (5.6)

Now the difference in ¢ using different gap sizes can be compared with the g = 1.5 mm
case. Table 5.3 compares the calculated differences in time ¢ with respect to g = 1.3
mm, using the above method. The Table shows that increasing the gap size up to
g = 36.5 mm increases the total drying time up to 13.1%. But using the optimum gap
size of 41.5 mm only causes 1% increases in the total drying time of a given amount

of lumber. The cost of enhancement in the total drying time is due to reloading the
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gap size | stack length | % increase in t relative
g (mm) | lyack (mm) to g=1.5 mm case

11.5 893.5 3.85

21.5 953.5 8.1

31.5 1013.5 11.66

36.5 1043.5 13.1

41.5 1073.5 1.95

51.5 1133.5 2.38

Table 5.3: Comparison of the results of total time of drying for different cases at
Rep, =4400

kiln, more energy consumption, manpower and utilities. The above calculations show
that if the optimum gap size is used this extra cost is less than the extra income due
to the better quality of the lumber and less degradation due to more uniform drying
of boards. Another conclusion is that total drying time in addition to percentage of
increase in total heat transfer (Q—;%—"- x 100) and %?- can be used to decide about the
optimum gap size and its effect on the total cost of drying.

5.2.4 Effect of Re number

Similar computations were also carried out for Re=8800 and 13200 (ucentre = 5.08 and
7.62 m/s, respectively). Since the local Nu distribution does not change significantly
after the fourth board, only four boards in the stream-wise direction were considered.
The results for horizontal wallls are presented in Figures 5.35 and 5.36. The trend in
the beginning of the first board is slightly different from the Re=4400 case by having
two local maximums inside the separation zone on top of the first board instead
of one observed for Re=4400. In these high Re number cases, the changes in the

total heat transfer from the boards become more sensitive to changes in the gap size.
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Figure 5.35: Comparison of the distribution of local Nu number for the Li's geometry
with different vertical side gaps at Re=8800

This is due to higher air velocities observed in the main duct and their propagation
effects resulting from higher degree of turbulence. Here, even before sudden change
in the local Nu number starts (at ¢ = 21.5 and 16.5mm for Re=8800 and 13200.
respectively), the local Nu number on horizontal walls is enhanced by increasing the
gap size. At Re=8800 and 13200, the sudden change phenomena which started at

g = 21.5 mm and 16.5 mm, continues up to g = 26.5mm and 21.5 mm. repectively.

Figures 5.37 to 5.40 show the local Nu on front walls of the first, second, third
and last boards at Re=8800, respectively. The same distributions for Re=13200 are
plotted in Figures 5.41 to 5.44. Nu numbers at each location increase with Re number.
On the first board, unlike the Re=4400 case, Nu has a larger value at the center of
the board followed by a small drop. Only a small increase in Nu distribution happens
if Re is changed from 8800 to 13200 keeping the gap size 21.5mm. The absolute
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Figure 5.36: Comparison of the distribution of local Nu number for the Li’s geometry
with different vertical side gaps at Re=13200

maximum at the edge (& = 1) is almost the same at all Re numbers.

Nu distributions on rear walls of the boards are shown for Re=8800 in Figures
5.45 to 5.48 and for Re=13200 in Figures 5.49 to 5.52. At g = 21.5mm. increasing
the Re number cause an increase in Nu distribution. However, Re number does not
affect the trend and locations of local maximum for inside the gaps. On the back
of the last board, the trend is totally different from Re=4400 case. [t starts with a
small value (12-13) followed by an increase to a local maximum. The location of this
maximium moves upward by increasing the Re number showing a larger recirculation

zone at the back.
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gap size total heat 9—5%:—5- x 100 %3— %—1 x 100
g (mm) | transfer,Q(W) % v %
1.5 686.0 - - -
21.5 741.4 8.1 2770 +5.8
26.5 830.3 21.0 17780 -2.5
31.5 865.0 26.1 6940 -3.6
36.5 894.4 30.4 3880 -4.0

Table 5.4: Comparison of the results of total heat transfer to 7 boards for different
cases at Rep, =8800 (heat transfer rates are for unit length of lumber)

Tables 5.4 and 5.5 compare the results of total heat transfer and drying time as
well as %% at different gap sizes for Re=8800 and 13200, respectively. For Re=38800.
we saw that Nu number distributions do not change significantly for g > 26.5 mm.
Here also the maximum %8- happens at this gap size. Total drying time at this
condition is estimated to be 2.5% less than the without extra gap case (g=1.5mm).
This is an important finding that at higher Re numbers the extra gap size can reduce
the total drying time. Based on the above discussions ¢ = 26.5mm can be considered
as the optimum gap size for Re=8800. Another important finding is that for Re=8300

and gopr = 26.5mm, the total heat transfer is more than double the Re=4400 case at

its optimum gap size of 41.5 mm.

At Re=13200, the sudden increase in Nu distributios, total heat transfer and %
is first observed at ¢ = 16.5mm accompanied by a sudden drop in total drying time.
But the gains are more considerable at ¢ = 21.5mm making it the optimum gap
choice. Such a gap reduces the total drying time 1.8 percent compared to g = 1.5mm

and triples the total heat transfer compared to the optimum choice at Re=4400.
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gap size total heat 9—5%1—"- x 100 ‘,\‘33- ‘—‘t'—l‘J;i x 100
g (mm) | transfer,Q(W) % s %
1.5 1046.1 - - -
11.5 1086.1 3.8 4000 +3.3
16.5 1145.3 9.5 11840 +1.2
21.5 1218.8 16.5 14700 -1.8

96

Table 5.5: Comparison of the results of total heat transfer to 7 boards for different
cases at Rep,=13200 (heat transfer rates are for unit length of lumber)

5.2.5 Effect of inlet and wall temperature/moisture content

[t was emphasized in Chapters 2 and 3 that using the mean temperature/moisture
content instead of the inlet variables leads to incorrect disributions of surface coeffi-
cients. To show such a claim better, the distribution of mean temperature for g=21.5
mm at Re=8800 is plotted against the dimensionless length across the stack in Figure
5.33. The temperature difference between the air and board surface is 31.8°A” at the
inlet and 16.7°K at the stack exit. If the inlet conditions were used instead of the
mean values, the surface coefficient would have been predicted 47 percent less at the
exit and the closeness between the assymptotic values of surface coefficients for the
third to seventh boards would have not be observed. This advantage is one of the
contributions of the present work. Now the next question is whether the changes in

the board surface and inlet air temperature have any effect on the surface coefficients.

The effect of the inlet and wall temperature/moisture content was studied by a
series of similar computations with different combinations at Re=4400. First, the
wall temperature and air inlet temperature were interchanged in order to observe

the effect of heat/mass transfer direction and subsequent changes in the stream-wise
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Mean temperature distribution across stack for Re=8800 and g=21.5mm
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Figure 5.53: Mean temperature distribution across stack for Re=8800 and g=21.5mm

distribution of mean temperature on local and total heat transfer and optimum gap
size. The results of the local Nu number are presented in Figure 5.54. Neither of

these parameters showed any change.

Then for the numerical procedure, the temperature of different boards in a row
were set differently based on the total heat transfer to each board. The computations
were carried out for the optimum gap size (g=41.5 mm) and the case just before the

optimum size (g=36.5 mm). The results are shown in Figure 5.55.

It can be seen that the wall temperature/moisture content does not have any
significant effect on the local Nu and the optimum gap size. This is due to hav-
ing air Prandtl numbers of about 0.7 and its slight changes with temperature in
the kiln temperature range. Based on experimentally suggested equations for inter-
nal gas flows[71], usually Nu changes with Pr" (n=-0.34 to -0.19). Therefore. one
can conclude that the local Nu/Sh number distribution for step wise wall tempera-

tures/moisture content can be used for the unsteady case when the wall conditions
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Figure 5.54: Comparison of the distribution of local Nu number for the Li’s geometry
with two different inlet and wall temperatures at Re=4400
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Figure 5.55: Comparison of the distribution of local Nu number for the Li's geometry
with different inlet and wall temperatures at Re=4400
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Figure 5.56: Comparison of the distribution of local Nu number for the Li’s geometry
with g=36.5 and 41.5 mm at Re=4400

are changing with time and space.

5.2.6 Similarities at different Re numbers

Further study of the local Nu number distributions for the cases before and after the
jump phenomena shows that they have similar patterns after the second board while
they are almost the same in the first board. Figures 5.56 and 5.57 show that for dif-
ferent Re numbers the local Nu distributions before and after the jump can be related
by a multlipication factor (ratio of asymptotic values of local Nu numbers). Figure
5.58 shows that the same relation can be established between the Nu distributions of
two Re numbers just before the jump at each Re. Figure 5.59 also demonstrates such

a relation between the distributions of optimum gap size cases at two Re numbers of

4400 and 8800.
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Figure 5.57: Comparison of the distribution of local Nu number for the Li’s geometry
with g=21.5 and 26.5 mm at Re=8800
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Figure 5.58: Comparison of the distribution of local Nu number just before optimum
gap size (g=36.5 at Re=4400 and g=21.5 mm at Re=8800)
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Figure 5.59: Comparison of the distribution of local Nu number for the optimum gap
size (g=41.5 at Re=4400 and g=26.5 mm at Re=8800)



Chapter 6

One dimensional numerical

simulation of drying process

6.1 Introduction

With the model developed in chapter 4 and the surface coefficients obtained in chap-
ter 3, we are able to predict the temperature and moisture content in lumber drying
more accurately. The governing equations developed in the previous section are two
dimensional, unsteady, parabolic and non-linear because of the varying coefficients.
They can only be solved numerically. As it was mentioned earlier, since wood drying
is a relatively slow process, the coefficients Dx, Dr, Aefs, Ax, (pCp)ess and other
properties of different phases generally do not change very rapidly with time. There-
fore, the coeflicients are evaluated using values from previous time step. This makes
the linearization of the system of equation and its discretization possible. In order
to have better accuracy, at the beginning of any change in the drying air conditions.

smaller values of time steps, At, are used. Later, At can be increased up to a cer-



CHAPTER 6. ONE DIMENSIONAL NUMERICAL SIMULATION... 103

tain level which guarantees the stability and physically meaningful results. In the
mass transport equation, terms are linearized with respect to moisture content and
will be solved for moisture content in each time step. In the energy equation, the

linearization is carried out with respect to the temperature.

As mentioned earlier, wood drying can generally be treated as a two dimensional
problem. However, when the changes in the thickness direction are large compared
with those in the other dirctions, a one dimensional analysis will provide a good
approximation. The further approximation for drying a stack is to investigate the
drying of an individual board with average properties of the stack. This is a useful
tool when the changes in the average moisture content of the stack is the important
parameter of study. In such a case, the effect of changes in different parameters of the
model on the trend of results can be investigated faster due to less compuatational

resources and CPU time required.

6.2 One dimensional modelling

The moisture and heat transport are considered through a one dimensional model
in the y—direction. For discretization of the heat and mass balance equations. the
forward difference scheme is applied for the time derivative term in a time step. The
fully implicit method is implemented for space derivative terms of the parameter
to be solved (T in energy balance and X in mass balance). The space derivatives
of the other parameter (T in mass balance and X in energy balance) is considered
explicitly. Non-uniform grids are used with clustering near the surface when gradients

of variables are larger.

The computational domain consists of half of the board thickness. Therefore,

there are three types of nodes in one dimensional analysis, namely: internal, surface
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Surface node & its control volume

y
t Axis of symmetry node & its control volume
.............. - = = - e e e e wm o = -
Board axis of symmet{

Figure 6.1: Schematic view of different node types in one dimensional case and their
control volumes

and axis of symmetry. Figure 6.1 shows these points schematically.

A control volume surrounding an internal node is shown in Figure 6.2. The finite
volume approach derives the differencing equations by considering the mass/energy
storage and net flux of mass/heat transfer over such a finite volume. In the grid
system, the scalar variables are referred to the grid points while the fluxes are calcu-
lated at the faces of these scalar cells. The fluxes of heat and mass transfer at the
boundaries of each control volume are considered based on the gradients between two
adjacent points. This provide a second order accurate space derivative representation
(like central differencing). For accuracy of fluxes at the faces of the control volumes.
Patankar[53] suggested the usage of the harmonic average instead of the weighted

average since it better represents the physical reality across the discontinuities that
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Figure 6.2: Configuration of internal node control volume and the surrounding nodes

may occur within the material. Therefore:

Au: + Ays Au: Ay
y(]p-*- y,]+1 = y]+1 + yJ (61)
(ij+1) Dy Pu)
where @ is one of the coefficients of Dx, D1, Aess, Ax, and (pChp)ess.
6.2.1 Internal nodes
The discretized form of the mass balance for an internal node is:
n+1 n+1 _ yntl
de(i.j) — X() Ay; = Dy v Xesen = X
At J X(x.}+5) 5y,
ntl _ yntl T . . —T*. T .. —T~ .
—Dxiit ()] Gi=1) . p.. (1a+1) G _p.... . (i) (=l 69
LV o Tai-D T gy 02
where:

dy; = 0.5(Ay; + Ayjv1) (6.3)
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Here T('ﬁ'j) is the latest value obtained for T(’:*]')l from the last outer iteration.

Similarly, the discretization of the energy balance for an internal control volume

vields:

n+l n+1 +1
(0C)ersiii MA e Nrr o Tien = 1)
pleff(ig) At Yi eff(ii+L) 6yj

X7

+1 +1
Ty — TG X (i.j)

G.3) ~ LGa-1) (ij+1) ~
6Yj-1 oy;

~Aesi-1)

with a similar definition for X(;; and Y(", i)
- - 3 k n
XG =05(XG ;) + X)) o (6.6)

The equations for heat and mass balance for an internal node can be rewritten as:

n+1 1 — . N

aX.j-Y(T:':;l_l) + b.X,j-¥(g:S) + C.’(.j-Y(Tlg:;+1) = dX,J . (6.7)
D .

aT,JT(”:jl_l) + bT,JT(::)l + CT.jT(r:;+[) = dT.J ) (68)

where:

Dx(ij-1)

= 6.9
DX(:' i+1) DX(ij-l)
bx; = paly; + Af(— 2~ + —"1) (6.10)
X = Py ( 8y; 8y;-1 )
cx, = —At—2bita) (6.11)

oy;
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Tigeny — Ty Teg = Thi-y

dx ; = pgAy; X5 o + At[Dyy. . .(6.12
X.J pd yJ (i,7) + [ T(g'J+;—) 6-y] T(x,]—%) 5‘_1,/]'_1 ] ( )
/\e ij=4

ap; = —At—Giza) (6.13)
6yj-1

Afrised) | Meiii-b

br.j = (pCpless(iaAy; + Ab(—5 =2 + — =) (6.14)
oy; 6yj-1
<Al S+ )
er, = —AtHIGD (6.15)
oy;
n X)) — XG)

dr; = (pCp)es i) AtY; TG iy + MtAx iy 57,

J

XX
S P pputa U1 Ml U B (6.16)

(vJ 2) oyj—l ]
6.2.2 Surface node
The discretized form of the mass balance for a surface node is:
+1 n rn+l n+1
putin) —Xea Dy oy X — X@i-n
At 2 Aii=3) dyj-1
T .. —T=".

( °, ) ( v -1 - —~
=D ;-1 ! 5y,~_1” ) _ hmei )Py (X(ih) = Xegmair) - (6.17)

Similarly, the discretized energy balance for a surface node yields:

n+1 n Tn.+l _ Tn+1

O (2 Wi () VRS WU () M (A
(PCo)esstii) =7 DY = Aeff(ij-1) 59
.'Y-' e W X-‘ ;
* ) (1 -1) =
—/\X(i.j—%) (ij - 1” — hva.:.])'hmﬁ(;'j)pv(i,j)(4Y(i'j) — Xeg—air)
i

—h(TEH = Tpeair) (6.18)

i.J)
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where Ty, is the dry bulb temperature of drying air; k., and h are convective mass
and heat transfer coefficients; and hy(; j), the enthalpy of water vapor can be related

to temperature of the surface at different time steps as:

h ntl h”?w) + C -u(x,g)(T(::; - T(?,_))) . (619)

v(ig) =

Here, the Cp_,(;j) is a function of T{} ;). The rearrangement of equations like the

format for internal nodes yields cx ; = 0, cr; = 0 and:

Dy 1
ax; = —At—m2) (6.20)
5yj—1
Ay; DX(i. -1
bx; = pd ‘;y, + At 6y-112) + hme€i )iy - (6.21)
2 i

AYj vn T — -y
dx'j = pd_‘Z—‘Y(i'j) el AtDT("J—'zl')—b'—yJ_-;__—
+hm € j)Puii i) Xeqmair - (6.22)
Aeff(ij=1)
ar; = —At——&izal (6.23)
’ 5!/3‘—1
Ay; Aeff(ij-14)
j = C e ' 1 At e
br; = (PCp)essii) 5 T 5yt
+hmAt€(i.j)pv(i,j)(‘X8‘3; - ‘ch—air)cp—u(i.j) + hAt s (624)
AYj n X = XGi-1)
drj = (pCo)essii = Tha) = X Gs-p ™ gy |

+hm Ategi iy pu(ii) (X (Co-viit Tig) = huGiy) + #A T dpair - (6.25)



CHAPTER 6. ONE DIMENSIONAL NUMERICAL SIMULATION... 109

6.2.3 Node on axis of symmetry

The discretization of the mass balance for the control volume surrounding a node on

axis of symmetry yields:

n+l n n+1 +1 = _ 7=
pa Xep) =Xy _ _p o Ky = XKewy _p | Lo ~ Ty (6.26)
At 2 (Li+3) 8y; G2l gy,
Also the balance of energy for such a control volume results in:
g
+1 n n+1 n+1
( C ) Ty:.)) (‘vJ)A Y T('J) T(‘.H"l)

Plpleffii) ™ A7 YT ThellGi+h) 5y,

X5, - X;
(13) — M@ .H'l) 5=
—AX(ij+d) 5y; (6.27)

After rearranging the above equations in the format of Eqns. 6.7 and 6.8. it is observed

that ax; =0, a7 =0 and

D g+t
cX,j = —Aap K)o (6.28)
8y;
Ay Dy,
by ~—pd—+_\tii—’ (6.29)
0y;
A i) — LG
d = pg—2 )yJ Y(IJ) AtDT(,_H. 4 ( WJ) 5y( J+1) (6 30)
J
’\eff(i +3)
= —At J 6.31
CTJ 6?]] ( )
o
Ay; f\eff(i.j+§) .
brj = (pCp)essiigy—=— 2 +At— (6.32)
Y;

X(t J)

(t WJ+1) ;
. 6.33
o (6.33)

Ay;
dr; = (PCp)eff(i.j)_Q_JT&,j) — AtAx(ijsd)
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6.2.4 1D solution procedure

Figure 6.3 shows the flow chart of the program written for the one dimensional prob-
lem. The set of discretized mass transport and heat transfer equations are solved
separately. The TDMA( Three Diagonal Matriz Algorithm) is used for each set. The
solution of both sets is continued in an outer loop until required convergence is at-
tained. First the old values of all parameters are used for the first outer iteration. At
the end of each outer iteration the values of T='s and X*’s are updated based on the
last obtained values for T7"*!’s and X™*!’s. This will cause less oscillations and CPU

time. The convergence criterion is based on two values:

a) the maximum of difference between newly obtained and last iteration values at

each point, and
b) summation of all the above differences at all nodes.

When changes in moisture content at any node during a time step is more than a
certain limit, the time step,At, is halved after solving the field and the calculations
are repeated for the whole domain using the new At. This usually happens when the
moisture content of a point is greater than Xgsp in the last time step and suddenly

drops below Xgsp during the time interval.

6.2.5 Benchmark case

The combined experimental and numerical work of Stanish et. al.[19] was considered
as the benchmark case for the present model. Stanish et. al. studied the drying of
5 x 15 cm Southern Pine specimen assuming a one dimensional model with a fully
developed air flow between parallel plates. There are a few reasons for selecting [19]
as a benchmark case in the present work. First, a fully devéloped flow has a well

known relationship for its surface coefficients (see Rohsenow and Hartnett[71]). The
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[ Input ixn'tjal values |

[ Set time step and drying air conditions |

7
[ Calculate interfacial coefficients |
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= Start a new outer iteration |
¥
[Calculate the coefficients of TDMA algorithm for different nodes |
¥
| Solve the temperature (T) field |
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[ Solve the moisture content (X) field |

¥
[ Updating the X *sand T °s_|

Are both
No T and X fields

Figure 6.3: Flow chart of the Fortran program for one dimensional modelling
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second reason for choosing this case is that almost all the well performed models
mentioned in the review article of Kamke and Vanek[37] are based on the model of
Stanish et. al.[19]. Although the model suggested in [19] has some similarities in
approach to the present model, there are a few major differences. Since [19] took into
account the differences in total gas phase (water vapor and air) pressure inside the
wood and subsequently the contribution of air in the wood, they had to solve the air
density variations inside the wood in addition to moisture content and temperature
fields. This resulted in a complicated set of three coupled differential equations to be
solved simultaneously. This is a very difficult task in two dimensions. Another major
difference is the usage of constant values for the bound water diffusion coefficient.
Simplified relationships used for physical properties of water phases, the usage of the
multiplier factor (1 — ¢) in calculating the flux of bound water, and their expression
of the surface boundary condition in terms of air/water vapor pressure instead of
moisture content constitute other main differences between the work of Stanish et. al.

and the current model.

In one of the drying tests performed by Stanish et. al., the velocity. dry- and
wet-bulb temperatures of the dring air were 7 m/s, 75°C(348°K’) and 35°C'(328°K’).
respectively. Based on the mentioned air velocity, they assumed the heat transfer
coeficient (2) to be 38W/m?/° K using the formulation of Rohsenow and Hartnett[71]
for flow between parallel plates. The dry wood density of the specimen was 420

K g/m3. The other coefficients used in their model are:
K = 5.0 x 1071*m?, the permeabilty of dry wood for gas.
Ki;s = 5.0 x 10-1%m?2,
a = 0.05,

Dy =3.0 x 1073 Kg/m3/s,



CHAPTER 6. ONE DIMENSIONAL NUMERICAL SIMULATION... 113

Smin = 0.1.

For the present simulations a total grid array of 40 with expansion factor of 1.1
has been used. The unknowns of the present model were considered with trial and
error until a good fit with experimental data for average moisture content versus
time was attained. In addition to a closer fit, one of the criteria for such a good fit
was the slope of the numerical results in the most of drying time especially the final
stages. Fitting the simulation results to the data yielded the following set of model

parameters:
St =8000(°C),
Ki; = 1.5 x 10™%m?,
a = 0.014,
D, =04Kg/m3/s,
Smin = 0.02555.

Figure 6.4 shows the comparison between time dependent distribution of average
moisture content of the present work and experimental and numerical data of Stanish
et. al.[19]. As can be seen, the present model performs better than the Stanish’s
model. Figure 6.5 shows the moisture content profile at different times. The simula-
tion model predicts that the wood surface dries very rapidly. When free water exists
at some parts of the board, a change in the trend of moisture content profile around
the Fiber Saturation Point (FSP ~ 0.24 — 0.28) can be observed. Around this area
the curvature of the moisture content profile tends to be upward, unlike the rest of
the curve. This is where free water movement cease to exist due to (S < Spin) and

bound water diffusion starts to increase.

The variation of temperature at the board center line is plotted in Figure 6.6 from

which it can be seen that the temperature difference between locations inside the
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Figure 6.4: Time dependent average moisture content of a single board (Stanish test
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Figure 6.5: Time dependent local moisture content of a single board (Stanish test 1),

h = 58W/m2/°K
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Resuits of one dimensional analysis of board center temperature
T T L}

350

3401 -

Temperature (K)

290 1

280 L L 1 L L
o 10 20 30 40 50 60
Time (hours)

Figure 6.6: Time dependent temperature at the board center line (Stanish test ).
h = 538W/m?/°K

board becomes less than a few degrees after 5 hours of drying.

6.2.6 Further model verification

One of the aspects of the model verification is to compare experimental data of drying
under different conditions using the model unknown values obtained from the base
data. Experimental and numerical data from drying of a different pine specimen
performed by Stanish et. al. are compared with the results of the present model in
Figure 6.7. All model parameters were the same as the ones listed above, except the
surface coefficients (k = 87W/m?/°K) due to change of the air velocity. The results of
the present model are in reasonably good agreement with experiments particularly in
later stages of the drying period. In addition, one can say that the overall performance

of the present model is also better than those of the literature.
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Results of one dimensional analysis of average moisture content
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Figure 6.7: Time dependent average moisture content of a single board (Stanish test
2), h =8TW/m?/°K

6.2.7 Sensitivity study of the model unknown parameters

Expressions of the mathematical model discretized here are very complex in respect
to the parameters to be determined for specific species. A sensitivity analysis provide
a better understanding of the effects of these parameters and will help to optimize
the unknowns and assess the reliability of the model. For the sensitivity analysis.
the selected parameter was varied at different values while the other parameters were
kept unchanged. Differences in the average moisture content and center temperature

due to the variation of the parameter were observed.

Effect of K;, and Sn;n

K|, and S,;, appear in the calculation of the flux of free water. Kj, is the per-

meability of solid when the voids are completely filled by liquid (fully saturated).
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Smin 1s the minimum saturation required for free water migration. Below Sp;n, the
permeability,Kj,, and therefore J; is set to zero. Stanish [19] defined the effective
permeability of free water, K, as:

T S —Smin

Kl = I\’l;{l - COS[;)—. =S

1} . (6.34)

From this formulation, it is understood that J; o Aj,. But the dependency of J; on

Smin is yet to be examined. First, we define:

C = Smin ) (633)

S — Smin :
15 - (6.36)

n

o H
(&3
IR

7=

For simplicity we assume the second term on the left hand side of Eq. 6.36 is defined

as:
f(€) =1=cos(v) . (6.37)

The implementation of the Maclaurin expansion of f(¢) yields:
f(€) = f(Co) + (€ = Go) () - (6.38)

where, since (( — (o) < 1, the higher order derivative terms are neglected. Now using

the chain rule we write:

. _0foy
! = ——, I
fr(¢) By 3¢ (6.39)
Using Eqs. 6.35-6.37 and 6.39 in Eq. 6.38, we obtain:
S - Smin T S - Smin—O
1 - cos[?z-.——--1 — Smin] =1- cos[g.—1 — Smin—O]
T S -1-2 min—0 . T S - Smin—O )
+§(Smm — Smin—0) (1= Somo)? 32”[2-1—_3;:0‘] . (6.40)
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Since v is small, we assume sin(v) ~ v. Using Eq. 6.40 in Eq.6.34, A is obtained as:

, w2 (S —1—=2S8nin-0)(S — Smin-0)
I\[ = Klo[]- + —(Smin - Smin—O) (l — Smin_o)s .

4
Using the values of Spin—o = 0.02555, Xpar ~ 1.5 and Xrsp =~ 0.28, then for a

(6.41)

moisture content of X = 0.45, we obtain S ~ 0.1557. Now if we set S, = 0.038325

(1.5 times the initial value), then:
K; = K[l —0.004] (6.42)

which means 0.4% reduction in the permeability. If we assume that the moisture
content and saturation at that point are X = 0.3715 and S = 0.07, A; will be reduced
by 0.15%. Therefore, changes in Sy, do not cause significant changes in the effective
permeability. Figure 6.8 shows the the effect of changes in Spn;, on the moisture
content. These changes shown in Figure 6.8 seem much more than we expected it to
be related to K. The reason for this is the following: if Sn;» = 0.038325 it means
that for X < 0.3268 we impose J; = 0 while when Spin_o = 0.02555, for X < 0.3111
this is imposed in the modelling. Therefore, the real effect of S,:n is in setting the
Xomin for which J; has a non-zero value and its effect on A; is negligible. Figures 6.3
and 6.9 show the effect of £50% change in Sp.i» on average moisture content. X,.
and board center temperature. This effect, as can be seen in Figure 6.8 , consists of a
major shift in the time dependent X,, curve. The change in the slope of X,, is quite
considerable between 2 and 30 hours after the start of drying while at the final and
initial stages, its difference is less. This is due to having local moisture contents above
limits required for (S > Smin—o) condition at the beginning and below the values for
(S < Smin-new) condition after 30 hours. The effect on board center temperature is

almost nil.

Figure 6.10 and 6.11 plot the effect of Kj,. The changes in Kj, cause the same

trend of shifting X,, as was seen for Sy, in the opposite direction. The increase in
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Figure 6.10: Sensitivity of time dependent average moisture content to Aj,

K, shifts the X,, curve upward but reduces its curvature in the midway. The slow
changes in the slope decay as time passes by and free water phase vanishes in the
most of the board thickness. Here, like the S,;, case, the center temperature is not

affected, and the effect of 50% increase in Kj, is less than a 50% decrease in it.

Effect of D, and St

In Chapter 4 the following equation was proposed for bound water diffusion coefficient:

S
Dy = Dyexp[40(2 — Xpsp) - 25)] . (6.43)
Pd T

As mentioned earlier, such a relationship performs better both above and below F'SP
and mathematically closer to behavior of wood structure. We expect that any change
in D, will change D, linearly, but the effect of St is more complicated. As can be

observed in Figure 6.12, D, has a considerable effect on time dependent X,,. 50%
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Figure 6.12: Sensitivity of time dependent average moisture content to D,
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Figure 6.13: Sensitivity of time dependent board center temperature to D,

decrease in D, decreases the change in X,, with time (drying rate), and shifts its
curve upward more than twice as much as +50% change moves it downward. Also

the decrease in D, causes considerable decrease in the curvature of the X, plot.

Figures 6.12 and 6.13 show that £50% changes in D, have almost no effect in the
initial stages of drying when bound water is not the dominant phase. From Figure
6.13, it can be noted that a —50% change in D, causes up to 2°C rise in board center
temperature after 2 to 3 hours of drying. Then its effect drops and is less than 0.5°C
after 7 hours of drying. The difference with respect to the base case stays almost the

same after 30 hours.

Figures 6.14 and 6.15 represent the effect of £50% changes in St on X,, and
board center temperature. Figures 6.16 and 6.17 present similar curves for £10%
changes in St. Any increase in St will decrease D, due to the nature of e:cp(;;-zl)

term. As can be seen from Figures 6.14 and 6.16, such an effect will lower the drying
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Figure 6.14: Effect of £50% change in St on time dependent average moisture content

rate as well as the curvature of X,, versus time. In the extreme case of +30% change.
the bound water diffusion is weakened to such a level that causes a sort of instable
solution observed (see Figures 6.14 and 6.15) in the form of small oscillations about
the expected solution. —50% change also dries out the board very fast as shown
in Figure 6.14. This also causes slower changes in center temperature during initial
stages, and a final higher temperature closer to the air temperature. This means a
smaller initial effective conductivity at lower temperatures and a larger conductivity
at higher final temperatures. The effect of £10% changes in St plotted in Figure 6.17
show better such a trend, due to a stable solution while the effect of +10% change is

considerably less than that of the —10%.
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Figure 6.16: Effect of £10% change in St on time dependent average moisture content
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Results of one dimensional analysis of board center temparature
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Figure 6.17: Effect of £10% change in St on time dependent board center tempera-
ture

Effect of o

« is the only unknown of the model related to water vapor phase. The effect of
changes in a is shown in Figures 6.18 and 6.19. Effect of « is negligible up to 3 hours
of drying due to small amount of water vapor exist and move inside the board. With
temperature rising everywhere as time increases, more moisture evaporates. This
means that with 50% higher values for a, more water vaporizes and moves resulting
in much faster rate of drying as can be seen in Figure 6.18. Also the temperature at
board center rises by 1°C in Figure 6.19 due to —50% change in a. At final stages
of drying, most moisture inside the wood consists of water vapor. Thus the effect of
a on the slope of time dependent X,, at final stages of drying has a major role in

minimizing the model parameters.
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Chapter 7

Two dimensional simulation of

kiln drying

A two dimensional model is developed for drying of a stack. In the present numerical
model (similar to the experiments of Li[532]), the stack considered here consists of
42 boards stacked in 6 rows (see Figure 5.1). The kiln used in experiments provides
uniform inlet air flow for the stack, making possible to consider the fluid flow and
Nu distributions the same for all rows. Thus, only one row is considered in the
simulations. For each board of the row, the average characteristics (p4 and initial
moisture content) of the boards in the related column is considered. Here. the mass
and heat transport equations are linearized with respect to moisture content and
temperature, respectively. Similar to our one dimensional model, the coefficients are
evaluated using the values of the last time step. The computational domain is chosen
as half of each board thickness due to symmetry. There are nine types of nodes as

shown in Figure 7.1 schematically.

During the discretization of the mass balance equation, two methods can be im-

plemented for space derivatives: ADI (Alternating Direction Implicit) and Fully
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.Mam air flow direction

X Board axis of symme

Figure 7.1: Schematic view of different node types in two dimensional case and their
control volumes
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Figure 7.2: Configuration of internal node control volume and the surrounding nodes
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Implicit. ADI is an approximation to the Crank-Nicolson method. In this technique.
the total time step is divided into two equal half time steps. In each half time step,
the forward difference approach is applied for time derivative terms. In the first half
time step, the space derivative terms are considered explicitly in one direction (e.g.
z—direction), and implicitly in the other (e.g. y—direction). Solving such a set of
discretized equations results in the moisture content values at time n + % XHis,
The similar procedure is used for the second half time step, except that in this case
the explicit procedure is applied in the y—direction to the X™3's and the implicit
procedure is used in the r—direction to X™*'’s. The set of mass transfer equations
for each direction in each half time step is solved using the TDMA algorithm. Since
solving the one dimensionalized equations in each half time step is very straight for-
ward and easy, the ADI method is much faster than iterative methods used in two

dimensional analysis.

The fully implicit method requires only one time step. The time derivative is dis-
cretized using forward scheme and for the space derivatives the fully implicit scheme is
applied. Different degrees of implicity can be used in evaluating the space derivatives.

but the fully implicit case is less prone to instability in non-linear transfer equations.

For the heat transfer equation, the fully implicit method is applied due to growing
instability observed in the temperature field when other methods, such as ADI. are
implemented. For the present work the Chebichev acceleration technique of the SOR
(Successive Over Relaxation) method[72] has been modified further to achieve the
stability and faster convergence of the results. Figure 7.3 illustrates the structure of

the Fortran program written for the two dimensional model.

The discretized form of the equations for internal and some boundary nodes are

presented next. Due to similarities and to save space, some details are omitted.
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[ Set initial values |
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Figure 7.3: Flow chart of the Fortran program for two dimensional modelling
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7.1 Discretization for internal nodes

The discretized form of the mass balance for an internal node in the first half time

step, using the ADI method, is:

pdijA.l', At -
2
ntt n+l nt+l n+t
X . —-X.2 X, 2 —X, .2
AI' D Dl (‘v.l+1) (‘vl) _ DX LilL (1 J) (ij-1)
Pxh 8y; Grma) by
Y T T .. —T~.
Az;[Dr,: . (i.J+1) (tg) Dr.. . (i.J) (¢—1)
+Azi T(ig+3) by; T(ij-3) 5y;-1 ]
Xn - X Xr . —Xr
(1+1.5) (s.0) (i.J) (i=1.1)
D™ e DXy T e
T=. . —T*. T . —T"
Ay (i+1.J) (i) %)) (i=1.J) -
PP =g T P ™ g, )
where:
or; = 0.5(Az; + Aziyy) (7.2)
Wi = TGy - (7.3)
This equation for the second half time step can be written as:
1
R G i
PdAyJA-'L" ( vJ) é£ ( VJ) —
2
Yn+l§ Xn'*";' Yn‘*‘%’ _ Yn+l§
AziDyyrpay—t) ) p o D) TGl
WY X (1.J+3) 5yj (i.i-7) 5yj—1
T T, T=  —T=.
AzilDpre o gotedtt) 60 p (i) ~ “(i,i-1)
+Az| T(i,j+}) 8y, T(i,j~1) Syt ]
Xntl | xntl Xl xntl
T4Lg) ) (i.7) (:-1.)
+Ay;[Dx(ivd.5) 5z — Dx-1,) Sz ]
= =T = T
('+1v.7) (‘v]) (‘vJ) (i-1,5) -~
R T O T ey S B (7.4)



35

[
(8}

CHAPTER 7. TWO DIMENSIONAL SIMULATION OF KILN DRYING

The discretization of the energy balance for an internal control volume using the fully

implicit method yields:

Tey — Tk
3., 1,
(PCp)es (i) Ay Azi— e L=
n+l n+1 n+1 T+l
AZihes (i it Teaen — 165 oy Ta) ‘T(i,j-n]
iwteff(ig+3) 5y, eff(ij-3) 5yi-1
Xr . . =X, X5 . — X~
(5.J+1) — “Mi5) (1.4) (i.g—1)
+A3},' /\ sl - /\, { j-. L
[ X (i,j+1) by, X(i,j~3%) 6y;—1 ]
n+l  __ pntl n+l _ 7+l
+Ay;\ T(i+1,j) T(i.j) A T(t'»i) T(i-l,j)]
yil’ eff(i+3.) 8z = Aeff(i-1.) FET
X, =X~ X- .. - X
A, (s+1,)) (5,4) (%)) (i-1.J) -
+AY[Ax 1415 5z, ~ At T g ] . (7.3)

where X, = X{;;. During the computations, it was observed that this type of
slection of X* causes faster convergence and changing it to X™*! did not show any

change in the results since moisture content changes very slowly with time.

Rerarranging the discretized mass equation in each half time step in a similar

format for the one dimensional case of TDMA algorithm results in:

L +L L -
ax.jX(r:;il) + bx.jX(r:'j)’ + cx,jX(':.:il) =dx,; . (7.6)
ax X3 0 XEh + exaXii ) = dxi - (7.7)

where

At Dyxij-1y _
ax;= - J:,‘—?'———;S;j_—l— (18)

At Dxgijet Dy ij—1 -
bx.; = Azi[paAy; + 5 ( gyj L 5;,1 12) I (7.9)

7 J=
At Dyxgjet ' -

cx,; = —Ag, =Tt (7.10)

2 by;
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dx,;j = paATAy; X[} ;)

+%£/_\Zi[DT(£,j+§-) T(‘i'Hgy: Ten Drij-b T&'j)é;j’:rii'j_”]
+ij/?[DX(,-+L ; X(r:‘-l-l.i;xt X i) DX({-%,J') X(Y:",j)é;ii(ni—l,j)]
+ij%t‘[DT(g+%,J)T(:+l J(;‘Tl Tih Dy, T(?,j)é;ii?—l.j)]
and
b = Ay lpadai + S D‘;‘: 24 D;;“_‘_f"’ )

At Dxird.i)

CX.i = Ay,] ) 61'
t

+%
dx.i = paAr;Ay; \’('Z'J-)'

At = =T T~ T
(J+1) (1) DT(-- (i) (- 1)]

—Axx[DT(x J+ ) 6y] le"f) by_] 1
nt+t nt+dt S+t ntt
+A:c,A D, Koo = Xaad _py o Xy = ’((uzl)]
2 (ij+%) by, (4g-73) 5!/] )
At 1) ~ TG) T — i)
A Pran = DT
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In order to solve the heat transfer equation by SOR method, this equation is rewritten

in the following format:
1 +1 ) .
a Tty + 06nTai ) + cinTisen + dean Ty + eanTisy = f

where:

Eff(t+2 J)

agij) = —AtAy; §z; ’

. (7.16)
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Aeff(i=1.4)
b(i,j) = —Atij—&r ’

A ff, 4%
cig) = —AtAz;% \

Aeffiig-t

/\eff(i+§,j) + ’\eff(i—-;-.J)
dx; driy
Aeffijrd) | Aeffii-b)
+ — )
by; 6yj-1

)

ey = (PCpless (i) Azidy; + AtAY;(

+ALAL(

Sy = (PCo)es sy AzidY; T(: )

X‘ - '_ . R .. . X-
(i.7) (5,0) ~ MJ-1)
+AtAz [ Ax Catd ~ M-}
Drussn—4 (b4 8y;1
X - X(; (i-1.j
N (i+1, (i.1) ) — “7(i=ty)
+ALAY;[Ax 141 ) ' 15)1‘ = — AX (i-L.)) * 8z, -l

7.2 Treatment of boundary nodes

134

(7.18)

(7.19)

—
=1
[
—

—

—_
-1
.
by
o

~—

Since most boundary nodes are dealt with in a similar way, the discretized equations

for type 1 of Figure 7.1 is discussed here. This node is located on the front vertical

surface and the right hand side of axis of symmetry. Implementing the ADI method

to the mass balance during the first half time step for a control volume surrounding

this point yields:

n+-1-
Ay; Az; X' — X Ay; i
Py = —hm =" €0)Pu(i) (X (ki) = Xeqmair)
- = 2
ntt n+i .
AI* —[D X(i'jil) _ X(i.j)2 4+ Dryiiva T(i,1+1) T(xj)]
X(1.7+ ) 6'y (1,]+§) 5y]
n
—\yJ X(H-I,J) X T(x+1 J) (w’)] .

(t.3)
) [Dr(:+ J) 6T; +DT(£+§,J) 6z,
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The discretized form of mass balance for the second half time step is:

+1 -3
ij.A.’L‘{ X("‘:yj) _ X("-J')? = —h Ay] = . Xn+1 - X . )
475 Ty At - ThmTy €(i.4)Pu(id) (- (i,§) — “teq—air
A 2

ﬂ+l- n,-{-L = -
+Az,~ [D X f.jil) - (i,j)2 +D T(i,j+1) -7
5 Px.i+d) 5y; T(ij+3)
Yn+l _ Yn+1 T'

Ay; itla) Vi) (i+1.)
+_.2—[DX(i+%,j) 7 + Driry) oz,

— T"‘"’] . (7.24)

The balance of energy for the same control volume, using the fully implicit method.

can be written as:

n+1
Ay, an Tah =T _

(pCo)esrrii) =5 3 kY
Ay; . Ay;
-hm 5 ! hva-f-jlje(i'j)pu(i.j)()((i,j) = -qu—a.ir) - > . (T(,::)l - Tdb-—air)
n+1 _ Tn+l ' _ -
+A$i[/\ o T(i'j+l) T(i'j) +Axr s gt X(id)]
D) eff(ii+5) 5?/]' X(ij+3) 6yj
Ay; T(’:I:J) _ T(':.;.)1 X(-i-*-ld') - X(-i.j) - s
+=5- [Aessiint iy 5z, + AX (ir k) 5a, ]. (7.25)

Here, like the one dimensional case we use the following relationship for h,(; ;. the

enthalpy of water vapor:

1
hvm—j) = h”?"vf) + Cp—v("vi)(T(?;)l

-Ti,) - (7.26)

The rearrangement of the mass balance equations in the TDMA format for internal

node yields ax; = 0, ax; = 0 and:

D 0.7 1
b = Azilpady; + A== (7.27)
2
D $.7 1
cx,j = —Az ATl (7.28)

6y;
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TGjen — i
6y;
"'hm.Ay]Ate(t,])pu(:,_})(‘x(’zd) - -ch—air)

dx'j = pdAI;ijX&'j) + AtAI,'DT(i'_H,%)

Ty — Tis

X1 — X ]
513,' '

51.‘,'

+Ay;At[Dx 341, + D11

and:

be = A Dxirsa)
Xi= yj[PdA$i+At(T+ mé(;,_,‘)ﬂu(i,j))] .

DX(:‘+%.J')

cx; = —Ay; At \
.Y, y] 62‘

n+,13
dx,= PdA-'BiijX(i,j)

T. T- ¥n+% Yﬂ-'f'rl.,'
/ . (5J+1) — S (iJ) Aa+1) T M)
+AtA$‘[DT(i'j+%)——_5yj + D.Y(i,j-{-%) 5yj ]

T  _T= _
+Ay1’/—\-t[DT(;+g.j)—%,—("Jl + hmé(i.)Puig) Xeg-air] -
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(7.30)

(7.31)

(7.32)

Writing the balance of energy in the format used for SOR solver results in b(; ;) = 0.

d(,"_,‘) =0, and:

’\eff(i+‘-j)
ai.j) = —AtijT
t
Aeffij+t
Cij) = —AtA.’E,'Lé.(—;;LH- y
J

Ay;
€lig) = (PCp)eff(i.j)Asz)i + hAtAY;

4

+ALAY; Comv(ijyhm (i) Pu(ii) (X(i j) — Xeg—air)

+At(Ay; —effa(;“']) + Aa:;——ef?y'#z) )
i J

Ay
fiiy = (PCp)es s Ai—5 2 T(: ) + hALAY Tap-air

_‘AtijhmC(i,j)pv(i,j)(‘x(-{'j) - -ch-air)( v?,',j) - Cp—vT?{'j))

Xr . - X" X~ - X~
(6.j+1) {1,4) i (i+1.5) (i.4)
by; * AyJAX(H'%'j) dz; )

(7.33)

(7.34)

(7.35)

(7.36)
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7.3 Changes in drying air condition inside the

stack due to heat and mass transfer

Due to heat transfer from air to the boards, the air temperature decreases streamwise
inside the stack. Also the migration of moisture from boards increases the absolute
humidity, w, of air along the main flow direction. These two mechanisms cause an
increase in air relative humidity, Rs, and decrease of Xy—qir. This might lead to
saturation of drying air with water (air relative humidity becomes %100). [n order
to consider the above facts, the heat and mass balance for a control volume extended
between the stack inlet and any position in the stack should be written. Such a control
volume is shown in Figur@ 7.4 . AQ and Arn, are heat and mass transfered between
planks and drying air up to station z, respectively. Also m,, m, and m,;, represent

the total mass flux of moist air, water vapor exist in air and dry air, respectively.

Therefore:
M, = My, + Mair . (7.37)
w is defined as:
w = T:n'v - rht _ rhair . (7.38)
Mgir Mair

The balance of mass and energy for the mentioned control volume yields:

T T
Aty = /0 dr, = /0 € yPo [ Xy = Xeqmairkdl (7.39)

AQ = /o dQ = /0 KTy — Tiooair]-dl +
/0 hu(i,j)hme(i,j)Pu(i,j)[X('g,j) —Xeq—air]-dl ’ (7.40)

where dl is the length of control volume exposed to drying air. The above integrations

can be calculated using computational techniques. The air dry-bulb temperature at
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/ticker axis of symmetry Control volume
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Figure 7.4: Schematic view of control volume used for considering the effect of
heat/mass transfer between air and boards

station z, based on the definition of mean temperature, can be written as:

AC
Ty = Tap—in + ——Q— : (T.41)
thP—a.ir

The relative humidity of moist air, Ry, at any location is related to Py, the atmo-
spheric pressure, as[73]:

"‘}Pa.tm _
Bn = : 42
" Pyy(1,,)(0.62198 + w) (7.42)

where P,,r,,) is the saturated vapor pressure of water vapor at dry-bulb temperature.
Knowing R and Ty, the X.,_qir can be calculated using the relationships mentioned
in Chapter 4. When we obtain R, > | (saturation), its value is considered 1 and the
corrected w, Am,, AQ, T4 and X.q-qir are obtained by back substitution and trial

and error.
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7.4 Solution procedure for the two dimensional

case

The discretized equations for heat and mass transfer are solved separately and the
solution process is continued through an outer iteration until convergence (see the
flow chart of the program in Figure 7.3). The drying air conditions are updated at
the end of each time step. The program has two different versions for solving the mass
transfer equation using the ADI or Fully Implicit methods. As was mentioned earlier.
the ADI version uses the TDMA algorithm for solving the moisture content field in
each half time step. The SOR algorithm with Chebyshev acceleration technique is
adopted and modified to solve the equations discretized using fully implicit method.
The program uses this solver for temperature field as well as for fully implicit version

of the mass transfer.

7.4.1 Chebyshev acceleration version of SOR method

For the SOR method, we define the residue of the equation as:

—_ 1 +1 R 1
i) = a6 Tty + 06Tty + cinTism

+di )Ttk + ean Tk = fugy - (7.43)

‘v])
The formulation for the new parameter, e.g. T¥°Y, in this iterative method is:
P & L(i)

id €(id) -

The convergence criterion for terminating the iteratin is related to maximum of the
norm of the residual. The optimal choice for Q2 is given by (see [72]):
2

Qoptim.al = = . (745)
1+ \/17_ paacobi
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PJacobi, the spectral radius of the Jacobi iteration, for a rectangular uniform J x L

grid, is:

(7.46)

PJacobi = 1+ (A.z: )2

Usually the asymptotic rate of convergence in SOR is not attained until the J**
iterations. The error often grows by a factor of 20 before convergence is achieved.
The ) defined above is the optimum asymptotic relaxation parameter, but it is not
necessarily a good initial choice. In SOR with Chebyshev acceleration. odd-even

ordering is used and  is changed at each half sweep according to the following

formulation:
N0 =1
1
0= 0.50% ot
M gt
Q% — Qoptimal - (7.47)

By this type of formulation, the norm of error for Tj; ;) always decreases with each
iteration. The other modification is the changing the start location of sweeping from
one corner to the opposite corner of the domain after a certain number of iterations.
This was done to reduce the difference between values at different points when a one
dimensional case is solved using the two dimensional approach. In such a case. in the
direction with no change, all the calculated values should be the same. Without this

modification, there is a tendency for the small errors to grow and cause instability.
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Time Dry-bulb Wet-bulb Xeq Relative
durationfhr] | temperature[°C] | temperature[°C] % humidity%
12 34 49 12.1 73

48 54+ B(t—-12) | 49+ F(t-12) |33< X, <121 26 < Ry <75
(Xay > 13%) 82 54 3.3 2
2.333 82— B2t —t.) | 54+ 55(t—t) |33< X, <137 26, <82
21.85 65.1 61 13.7 82

Table 7.1: Drying air schedule used in present work (Li[52])

7.5 Process of obtaining the model unknowns

In modelling of the conventional kiln drying of western hemlock, certain unknown
parameters are required to achieve the desired performance for different gap sizes
and drying air conditions (temperature, relative humidity and velocity). Several
sets of experimental data of Li[52] have been considered for adjaustments of the
model parameters. Two of these are runs number 7 and 10 of [52], which have the
specifications of Re=4400, g=1.5 mm and Re=8800, g=21.5 mm. Table 7.l shows
the time schedule of wet- and dry-bulb temperature, relative humidity and equilbrium
moisture content of drying air at the inlet of kiln used in the present study as well as
Li’s tests. In this schedule, the third stage is the longest one. This stage is continued
until a preset stack average moisture content, here 13 percent, is achieved. The
final stage of the drying schedule is the conditioning followed after a transition stage.
During the conditioning process a moist air with a larger equilibrium moisture content
than the preset one and close to the desired X., for the final product is sent through
the stack. The main purpose of this process is to increase the moisture content of the

board surface already over dried.

For the stack array with g=1.5 mm since the effect of side gaps is not significant,
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a one dimensional analysis for seven individual boards of a row, similar to the process
of Chapter 6 was performed. In this case, first the average Nu number of each board
was obtained using the results of Chapter 5. The effect of heat/mass transfer from
the front wall of the first board and the rear wall of the last board were taken into
account. This was carried out by adding the percentage of the total heat transfer
from each board through these faces, to the averege surface coefficients of the related
board. Then the model unknowns were changed, starting with values obtained for
pine, until a close fit between the computed time dependent average moisture content

and experimental data was achieved.

Later, the information obtained through the one dimensional analysis for the
unknown parameters of the model are used as initial guesses for the two dimensional
analysis. Here the grid array of 76 x40 for each board was used for all simulations. The
grids were uiform in the z direction. In the y— direction, grids have an expansion
factor of 1.1 allowing smaller control volume sizes closer to horizontal faces of the
boards. The convergence criterion for temperature field at each board, solved by the

SOR method, was set as:

Serr < 10713 Z"j i) linitiar (7.43)

where:

Serr =2 Ll (7.49)

Serr 1s the summation of all the errors at different points which was defined already

in Section T7.4.

The computaions were carried out for several sets of parameters until the best fit
between results and experiments was attained. The final set of coefficients used for
the two dimensional simulation of the drying process of hemlock in the present work

are:
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Time dependent average maisture content of the stack for Re=4400 & gap=1.5mm
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Figure 7.5: Time dependent stack average moisture content of the Li’s geometry for
g=1.5 mm at Re=4400

Sp = 6500(°C),
K, = 1.1 x 10~%m?,
a = 0.0075,

D, = 0.0041K g/m?/s,
Smin = 0.028.

Results for the average moisture content in these two cases are compared with the
experimental data in Figures 7.5 and 7.6. The experimental trend is well produced.
considering the dispersion of the data, shown completely in Figure 7.5 as an example.
The moisture content is reasonably predicted by the model, particularly during the

final conditioning process. This is a major contribution of the present work.

The average temperature at the center of boards is plotted against Li’s test find-

ings for Re=4400 and g=1.5 in Figure 7.7. Li reported that the difference between
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Figure 7.6: Time dependent stack average moisture content of the Li’s geometry for
g=21.5 mm at Re=8800

temperature at the center of different boards is small in most of the drying time.
Therefore, the average value is a good parameter to study the performance of the
model in predicting the tempearture across the stack. As it is observed in this Fig-

ure, the results are in good agreement with experiments.

7.6 Validation of the model

Validation of the model is carried out by comparing the numerical results with the
experimental data of Li for Re=4400, g=21.5mm and Re=8800. g=1.5 mm. The
numerical simulation results for the time dependent stack average moisture content
are plotted along with the experimental data in Figures 7.8 and 7.9. As can be seen.

the numerical model predicts the drying process in both cases.

Li performed different cuts in vertical, horizontal and central locations of the
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Figure 7.7: Average temperature at the center of the boards of the Li’s geometry for
g=1.5 mm at Re=4400

Time dependent average moisture content of the stack for Re=4400 & gap=21.5mm
50 T T T y

T v T T
45 .
.. . Experimental results ot Li

40+ - . Present numaerical study -
F
§35r 4
®
g 30+ 4
& as l
2

20 -

15 -

10 L . 2 L L L A )

20 40 60 80 100 120 140 160 180
Time (hr]

Figure 7.8: Time dependent stack average moisture content of the Li’s geometry for
g=21.5 mm at Re=4400
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Figure 7.9: Time dependent stack average moisture content of the Li's geometry for
g=1.5 mm at Re=8800

final product to investigate the distribution of local moisture contents at different
locations of each board. In Figures 7.10 and 7.11, the data for the fourth boards of the
row are compared with our numerical results for the drying conditions of Re=4400.

=21.5mm. The computed final average moisture content of the fourth board is
15.6% compared to the reported 16.7% of Li. Keeping this fact and the dispersion of
experimental data in mind, the trend and values of the experimental data for moisture
content of different cuts are well predicted. Thus, it can be concluded that the present
model has shown a good performance in predicting the local and average moisture

contents as well as the temperature field.
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Figure 7.10: Distribution of local moisture content in horizontal direction of the forth

board of the Li’s geometry for g=21.5 mm at Re=4400
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Figure 7.11: Distribution of local moisture content in vertical direction of the forth
board of the Li’s geometry for g=21.5 mm at Re=4400
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Figure 7.12: Time dependent stack average moisture content of the Li's geometry for
different gaps at Re=4400

7.7 Effects of the optimum gap size on drying

curves

Program runs were performed for optimum gap sizes of g=41.5 mm and 26.5 mm
at Re=4400 and 8800, respectively. In one set of computations., the same initial
conditions of boards(p, and initial moisture contents) for the case of g=21.5 mm were
used. Plotted in Figures 7.12 and 7.13 are the comparisons of these computations
for time dependent stack average moisture content with those of the case of g=21.5
mm. The conditioning time period is the same in all cases (21.85 hours). It can be
understood that using the optimum gap size decreases the drying time 21.9 and 6.2

percent compared with the case of g=21.5 mm at Re=4400 and 8800, respectively.

Similar computations were repeated using the initial conditions of the case of

g=1.5 mm at each Re number. Figures 7.14 and 7.15 compares the drying curves
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Time dependent average moisture content of the stack for Re=8800 at different gaps
T ¥ T T

60 T ™ Y
55 —-. , Present numaerical study (gap=1.5) 4
- , Present numerical study (gap=21.5)
sor —~ —. Present numaerical study (gap=26.5) b
__as5p
a® ~
% a0}
o
% s+
a0
3 3
2
<
25
20
15+
10 ) L L " PR . "
o] 20 40 680 80 100 120 140 160

Time [hr)

Figure 7.13: Time dependent stack average moisture content of the Li's geometry for
different gap sizes at Re=8800

of such runs for optimum gap sizes with the case of g=1.5 mm at two different
Re numbers of 4400 and 8800. According to these Figures, the optimum gap size
reduces the drying time 27.0 and 11.6 percent in comparison with no side gap cases

at Re=4400 and 8800, respectively.

Figures 7.16 and 7.17 show the distribution of moisture content across the fourth
board at different times for Re=4400 when gap sizes are g = 1.5mm and g, =
41.5mm. As can be seen in these Figures, the distribution of moisture content around
the surfaces of the final product is more uniform when the stack array has the optimum
gap size. This will result in a lower possibility of some defects due to a corresponding
reduction in internal stresses. The same conclusion can be drawn for possibility of

these defects during the whole period of drying.

Another case which was not investigated by Li is the one with ucenter = 7.62m/s

or Re=13200. The initial conditions of the case of g=21.5 mm at Re=3800 was
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Figure 7.14: Time dependent stack average moisture content of the Li’s geometry for
different gaps at Re=4400
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different gap sizes at Re=8800
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c) d)

Figure 7.17: Distribution of moisture content across the fourth board of the Li’s
geometry at different times for Re=4400 and g=41.5mm; a=60hr (X,,,-=0.349,
Xmin=0.036), b=end of 3rd stage(Xmn:=0.183 ,Xin=0.035), c=end of ith
stage(Xmar=0.182, Xnin=0.052), d=end of conditioning(Xm.;=0.174, Xnin=0.108)
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Time dependent average moisture content of the stack for Re=13200 & gap=1.5 & 21.5mm
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Figure 7.18: Time dependent stack average moisture content of the Li’s geometry for
different gap sizes at Re=13200

used for modelling of drying subjected to ¢ = 1.5mm and g,pe = 21.3mm conditions
at Re=13200. The drying curves are compared with each other in Figure 7.18. It

demonstrates that the optimum gap size decreases the total drying time 12.8 percent.

7.8 Effects of the optimum gap size on uniformity

of products

In drying of a stack, the ideal desired condition for dried products is that the products
will have a uniform final local moisture content every where in the planks. Such an
ideal case will result in best quality final products. This means: uniform strain
(shrinkage); zero degraded and over dried product; and no need for redrying the

under dried boards. One can imagine that in such a case:
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a) the average moisture content of all the boards in a row are the same,

b) the standard and average deviation of each board, std; and ad;, as well as its
average value of moisture content gradient are zero. The latter parameter can be

defined as:
SUEE) + (B Az.ay

9z S Asip (7.50)

lVXIav =

The above mentioned three non — uniformity parameters are time dependent and
can be normalized if we divide them by the average moisture content of the related
board. Plotted in Figures 7.19 to 7.24 are the absolute and normalized distributions
of the non-uniformity parameters of each board versus the average moisture content
of the same board when Re=4400 and g=1.5 mm. Also shown in Figure 7.25 is the
time dependent standard deviation of boards for this case. All absolute graphs predict
a sudden increase in nonuniformity of all the boards during the first stage of drying
followed by another increase in the second stage. The maximum happens during the
second stage of drying (between 42 to 52 hours) when we have the fastest rate of
drying. During the third stage, which is the longest one and when the driest air is
used, the non-uniformity drops. At the end of this stage, two groups are distinct.
The first and last board are over-dried and their curves are close to each other for
moisture contents less than 16 %. The same closeness is observed for the plots of the
five middle boards when their X,, is less than 26 %. Also the last and first boards
have the largest maximum non-uniformities. During the transition period between the
third stage and the final conditioning stage, air becomes cooler and moister. Here, the
average moisture content of boards continues decreasing for about half an hour then
increases. The absolute non-uniformity drops suddenly during the final conditioning
section when the moisture content enhances. While each of the products has much less
non-uniformity than before the conditioning, the difference between the final average

moisture contents of boards is quite considerable (3.8 % between the maximum and
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Figure 7.19: Standard deviation of moisture content for the Li's geometry for
g=1.5mm at Re=4400

minimum).

The difference between the two groups is more clear in the normalized plots. Here.
the maximum occurs during the third stage followed by a local minimum at the end
of this stage. The transition period usually enhances the normalized non-uniformity

while it drops during the main conditioning process.

Since the absolute standard deviation curve versus X,, of the boards represents
the non-uniformity better, we continue our discussion with such plots. In Figures
7.26 and 7.27, the mentioned distribution is plotted at Re=4400 for two side gaps of
21.5 and gope = 41.5mm. Also Figure 7.28 present a similar plot when g,,; = 41.5mm
and initial conditions are the same as those of the case of g=1.5mm. These plots
show that the optimum gap size provides the closest conditions of the boards to each
other both before and after conditioning (less than 1.4% difference between maximum

and minimum final X,,). In order to get a better overall view, the summation of the
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Figure 7.21: Average gradient of moisture content for g=1.5mm at Re=4400
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Normalized Standard deviation of moisture content for Re=4400 & gap=1.5mm
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Figure 7.22: Normalized Standard deviation of moisture content at Re=4-400

Normilized Average deviation of moisture content {or Re=4400 & gap=1.5mm
T

0.4 T T T T T — T Y
-, Block No.1
$0.35 . . Block No.2 B
gray — . Block No.3
- . -, Block No.4
1 0.3} —.— . Block No.S T
§ —— , Block No.6
S o025 gray ... Block No.7 4
§ 02| i
30.1 S5k -
<
é 0.1 ~
0.05 ‘.. -
° 1 3 A i L b A _A b
5 10 15 20 25 30 as 40 45 50 55

Average maoisture content {%]

Figure 7.23: Normalized average deviation of moisture content for g=1.5mm at
Re=4400
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Normalized average gradient of moisture content for Re=4400 & gap=1.5mm
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Figure 7.24: Normalized average garadient of moisture content for g=1.5mm at
Re=4400
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Figure 7.25: Time dependent Standard deviation of moisture content for g=1.5mm
at Re=4400
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standard deviations of all boards can be plotted against the X,, of the whole stack.
Such curves are presented in Figure 7.29 and 7.30. In the first figure, only the initial
conditions of g=21.5 and g=41.5 are the same. Here, the total standard deviation has
a smaller maximum when the optimum gap size is used. However, its value is larger
before the conditioning. Conditioning reduces the difference between the standard
deviation of the optimum gap case and the g=1.5 mm case, and at the end of drying
the former has slightly more standard deviation. This is due to having more drying
from all surfaces of the boards for the optimum gap size compared to the g=1.5mm
case. By looking at this trend one cannot judge that the g=41.5 mm case is less
uniform at the end since most of the non-uniformity is referred to differences between
the boards. If we want to obtain the same final total standard deviation for the
g=41.5 case, the conditioning stage should be 1.4 hours longer. This extra time, if
we insist on its requirement, is much less than 50.22 hours difference between the two

total drying times.

A series of similar plots are presented in Figures 7.31 to 7.33 for Re=3300 at two
gap sizes of g=1.5mm and g,,; = 26.5mm. Plotted in Figures 7.34 to 7.36 are the
similar distributions for Re=13200 when gap sizes are 1.5 and g,,: = 21.3mm. From
these figures and the ones for Re=8800 and Re=4400, it can be concluded that the
optimum gap size reduces the difference between the final average moisture content of
different boards of the row before and after the conditioning. By using the optimum
gap size instead of g=1.5 mm, the difference between the maximum and minimum
final X,, is reduced from 3.57% to 1.37% and from 3.0% to 1.9% for Re=8800 and
13200, respectively. This provides a better distribution of the final average moisture
content and reduces the amount of boards over- or under-dried. We observed that
the non-uniformity curves for the first and last board when there is no extra gap are

close. This shows that reversing the air flow as a remedy is not that much effective
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Figure 7.26: Standard deviation of moisture content for the Li's geometry for
=21.5mm at Re=4400
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Figure 7.27: Standard deviation of moisture content for g=41.5mm at Re=4400 (ini-
tial values the same as those of g=21.5mm case)
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Figure 7.29: Total standard deviation of moisture content for the Li’s geometry at
Re=4400
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Figure 7.30: Total standard deviation of moisture content for the Li's geometry at
Re=4400

when the length of stack is not too long, and cannot reduce the difference between
the middle boards and this group. The alternative should be applying the side gap
for all stacks besides reversing the air flow when a couple of stacks are put beside

each other.
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Figure 7.34: Standard deviation of moisture content for g=1.5mm at Re=13200 (ini-
tial values the same as those of Run 13 of Li)
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Chapter 8

Simple diffusion case

It has been observed that heat transfer during wood drying occurs much faster than
mass transfer and the wood reaches thermal equilibrium with surrounding air within
few hours while drying takes days. Therefore, in spite of the complexity of equations
4.3 and 4.5 (for numerical procedure), the total mass transfer in woed can be modelled
as a diffusion process with a diffusion coefficient as a function of the moisture content
and temperature. Simpson and Liu[l4] determined the surface emission and mass
diffusion coeflicients of aspen from experimental data of sorption and desorption over
a range of moisture content. The method was applied only for an individual wood
slab with constant external boundary conditions and not a stack of boards. They

proposed the following relationship for mass diffusion coefficient:

B
D= Al.e:z:p(-i,}-).emp(BgX) . (8.1)

Thus, instead of equation 4.3, we will use the following equation for the total mass

flux, J, in equation 4.5:

I=D(X,T)\VX .

—_—
SX)
o

~—
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The assumption of a constant diffusion coefficient, when the drying air temperature
is constant, has been used for an individual slab subjected to the external boundary
layer air flow, by Simpson[49]. They proposed the following equations for Dav(c—’"s—z-),

constant diffusion coefficient, and S,,(<*), constant surface coefficient:

—0.165(%)?

= _ (8.3)
0.701( 7% )e(0.5) + 2.03%05
0-7 lDau
S = e , (3.4
(3)[ 2> — 0.196]
where E = ',%",—T'f\{' and X; is the initial moisture content and X/ is the final moisture

content if desorption continues for a long time, e.g., equilibrium moisture content of
drying air. tos is the time required for half the desorption to occur in seconds (time

to reach the X—':—"ff—). (4

ﬁ)t(o.s) is the inverse of the slope of the dimensionless X curve

versus time computed at tos, and a is the board thickness in centimeters.

Present work

An attempt to apply the above method to the experimental data of Li[52] for time
dependent average moisture content of a stack of hemlock during drying resulted
in negative coefficients. Further investigations showed that the method cannot be

applied to cases with non-constant air conditions.

Then the method was applied to part of the process which had constant air con-
ditions (T, = 54°C, Tyy = 82.2°C which resulted in X; = 0.033). These conditions
were held between 61.53 and 162.17 hours after drying had started for a stack of
planks without side gaps. Having X; = 0.3 as the average initial moisture content of

boards at the beginning of this period of drying, the to.s, Doy and Sa, were obtained
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successfully as:

to‘s = 221003 (S) (85)

Do, = 6.7456 x 1075 (&) (8.6)
S

S = 26116 x 1075 () . (8.7)

A Fortran program was written for solving the simple one dimensional diffusion
case. The program used the implicit Crank-Nicholson method for discretization and
the TDMA method for solving the equations. The obtained coefficients. in time steps
of 30 seconds, and 21 grids in thickness direction were used in the present calculations
of this Fortran program. Figure 8.1 shows the numerical results of average moisture
content obtained by this method. They are in good a.greernént with experimental
results. This is an interesting finding since the flow over a stack is an internal flow
with separation at the inlet and outlet which provides complicated boundary condi-
tions. These boundary conditions and the flow are quite different from the assumed
external flow over an individual board of the original method with constant boundary

conditions. This type of application has not appeared in the literature.

Based on the results of Chapter 3, the average heat transfer coefficient for this

run is h ~ 15;‘2‘%—. The average mass transfer coefficient can be calculated by:

Dwntcr—airh 5
hm = T , (8.8)

where Dyater—air = 2.9886 x 107522 and Agir = 2.6820 x 10~ 2. These values result
in, hm = 0.0167%. The average effective surface coeflicient applied to the determina-
tion of the moisture content in the model proposed in Chapter 4 and discretized in
Eq. 6.17, is:

2 ;
hm€spsut)s . (8.9)

Sau—cff = Py
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For T(wb)=54 and T(db)=82.2 deg.C (air EMC=3.3 %)
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Figure 8.1: Comparison of the distribution of stack average moisture content as cal-
culated by solving the simple diffusion equation with experimental results of Li[40]

for Re=4400

The average dry wood density for this run was pg = 440%‘5—. The surface conditions
are close to the drying air conditions, i.e. T, ~ 355.15°A and .X, ~ 0.033. This
results in ¢, ~ 0.7067, ¢, ~ 0.2434 and p,, ~ 0.31505;%-. Therefore:

Saveess = 14540 x 10-"(-“:3) : (3.10)

This implies that the average effective surface coeflicient (S,,—.rs) computed from
solving the external heat/mass transfer equations in Chapter 5 is approximately 5.6
times larger than S,, of the simple diffusion analysis. The reason for the difference
in these values could be due to the omission of the complexities of the moisture
movement process. Such an assumption could lead to higher diffusion coefficients and
lower surface coeficients in order to reach the same accuracy of results. The second
reason is because of the definition of the above S,,, which is based on the constant

inlet air conditions in the assumed external flow instead of the mean conditions used
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in the real case of the duct flow. Since the air absorbs moisture from the wood
surface, the mean concentration of water in the drying air increases in the stream
wise direction. Therefore, the difference between the concentration of the surface and
outside air in the external flow is larger than the difference between the surface and
air mean concentrations with the same entrance conditions. This results in much
lower S,, values for the external flow with the same inlet air conditions and total

mass transfer.
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Chapter 9

Conclusions

This thesis has focused on various aspects of the transport phenomena occuring during
drying of a stack of wood planks. The objective was to provide accurate predictions
through numerical simulation models towards an optimum drying process. The new

findings of this study are summarized below.

The two-dimensional problem of drying a stack of 105 x 105 western hemlock
planks, stated in Chapters 3 to 4, has been solved in Chapters 5 to 8. The effect of
side gap on the drying process was studied. The problem consists of two major parts.
The first part requires obtaining the surface coefficients on all faces of boards. Surface
coefficients indicate the rate of heat and mass transfer between the board surfaces and
the drying air. The importance of this section for the external air flow was brought
to light in Chapter 5. The second part studies the drying process inside the wood
and relates to the first part via wood surfaces. The study involves the behaviour of
different phases of moisture inside the board. Solution to this part forms the main

subject of Chapters 6 to 8.

In Chapter 5 a numerical procedure for finding the local distribution of surface



CHAPTER 9. CONCLUSIONS 172

coefficients and the turbulent flow field was developed and validated for several air
flow rates. This was the first successful attempt for obtaining the surface coefficient
distributions on the horizontal faces of boards and the first published work for the
same distribution on vertical faces. The procedure used relates the surface coefficients
to the mean temperature (or concentration) and not to the inlet conditions which were
mistakenly used in the literature. The present work investigated for the first time the
effect of side gaps on the surface coefficients on both horizontal and vertical surfaces
of different boards of stack at different air flows. Combinations of several parameters
were analyzed to observe the gains in the external process due to such gaps. The
analysis showed that there is an optimum gap size for each air velocity (Re number).
[t was also found that the suggested optimum gap size decreases when Re number
increases and the rate of this decrease is less for higher Re numbers. The optimum
gap size at higher Re numbers can also reduce the total time required for drying a
certain amount of lumber after taking into account the loss of kiln loading capacity
due to unused space of the gaps. The effect of air temperature and humidity on the
distribution of surface coefficients was found to be negligible. Therefore. the optimum
gap size can be considered only a function of the Re number and stack array. The
other important point was the similarity between the distributions on the horizontal
walls at different Re numbers and gap sizes with a multiplication factor of the ratio of
their assymptotic values. This will help save time and reduce the number of required

studies in selecting cases, and will also help to generalize the external process.

A new relationship for the bound water diffusion coefficient was proposed in Chap-
ter 4 and validated in Chapter 6. This required the introduction of a new unknown
parameter, related to the effect of temperature, for the specific wood species. A
sensitivity analysis for the model unknown parameters was performed in Chapter

6. It was demonstrated that the effect of this new parameter on the predictions of
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moisture content and temperature was much more significant than those of the other
unknown parameters. Comparing with another numerical models, it was shown that
this relationship for bound water diffusion coefficient incorporates the effects of local
temperature and moisture content into the diffusion process better. Other reasons
for a better performance are the following. The type of the governing equations and
other sub-models used in this work provide a better implementation of the effect of
different phases contributions to mass and energy balance at each control volume.
They also facilitate the contributions of gradients of moisture content and tempera-
ture on each other. Usage of wood porosity in the mass transfer boundary condition

at the surfaces brings the surface resistance to mass transfer into consideration.

An algorithm capable of solving the governing coupled two-dimensional mass and
heat transfer equations has been developed in Chapter 7. The modifications to SOR
iterative solver, developed in this work, increased its accuracy and lowered the chances
of oscillatory and non-physical results. The comparison of the numerical results with
experiments showed that the model is able to predict the local and average moisture
content as well as the temperature field with a good accuracy. The program calculates
and saves the transfer parameters at the boundaries of the control volumes as well as
at their centers. This makes it possible to implement the effects of anisotropy to the
program in the future works. The other advantage of the program is that it considers
and calculates the changes in the drying air temperature and humidity across the
stack. This is due to heat and mass transfer between the planks and the drying air
which lowers its drying capability downstream. Considering such effects, makes the
program capable of predicting the effect of reversing air flow in the stack in future
investigations. Several parameters were calculated to study the non-uniformity of
the planks during drying. These include: standard and average deviation as well as

the average gradient of the moisture content of each board. It was proposed that
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the above parameters (or their normalized values with average moisture content) can
be plotted against the average moisture content of each board to judge about the
uniformity occuring during the drying process. The plots distinguished two groups of
boards when planks are laid in one stack and any row conta.insb seven boards without
side gap. The first and last board are over-dried at the end. Based on the trends of
the parameters, the standard deviation (Std) has been chosen as the parameter to
predict the uniformity. Distributions of Std showed that when the optimum gap size
is used, the difference between the maximum and minimum final average moisture

content becomes less than halved compared to the case with no gap.

A successful one dimensional diffusion analysis was presented in Chapter 8 to study
an aspect of the drying process. The average diffusion and surface coeflicients were
determined from the experimental data of stack average moisture content based on
a recently proposed method. This method was originally proposed for a single board
and this new type of application for a stack has not appeared in the literature. The
study showed that this method is capable of predicting the drying process when there
is no side gap, and the temperature and humidity of the drying air are kept constant
for a long period, and change stepwise. Several sets of experimental data are needed
to obtain the average coefficients for different drying air conditions (temperature.
humidity and velocity) and initial wood parameters (dry wood density and moisture
content). Therefore, such a simple one-dimensional model is inadequate for studying
the effects of the side gaps and air velocity, and a comrehensive method, such as
prescribed in previous chapters of this thesis, is neccessary. However, such a simple
method can be useful if the coefficients are extracted for many different combinations
of air condition and wood from experiments and when an approximation for the

distribution of avarege moisture content of the stack with time is needed.



CHAPTER 9. CONCLUSIONS 175

9.1 Future work

The effect of the geometrical parameters of the stack array on the distribution of
surface coefficients at different Re numbers can be studied more thoroughly. The
dimension-less numbers such as the gap-thickness ratio, g/t (¢ is the board thickness);
the gap-sticker ratio, g/s (s is the sticker thickness); baord aspect ratio, W/t (W is

the board width), can be examined.

Extensive experiments can be arranged to measure the time dependent local mois-
ture content and strain in different directions at various locations of the boards such
as: surface, center, etc. Comparisons of moisture content data with numerical results
will improve the accuracy of the model unknowns and performance of the model. The
strain data should be linked to moisture content data to establish new theories for
their relationships. Lack of such strong and validated theories has slowed down the

very much demanded analysis of stress and strain during drying.
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The raw data of expriments of Li[52] have been used to obtain the dry wood density

of each individual board. Then the average density of the boards in a column is used

for each board in a row, namely boards 1 to 7. Tables A.l to A.4 provide the dry

wood densities of each board in a row for four runs of Li with different Re numbers

and side gap sizes.

Board No.

1

2

3

4

5

6

palz%]

450

470

431

421

460

438

408

Table A.1: Wood dry density used for boards of a row in Run No.7 of Li Rep,=4400,

g=1.5 mm
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Board No. | 1 2 3 4 5 6 T
pa[2%] | 456 | 430 | 411 | 435 | 442 | 469 | 401
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Table A.2: Wood dry density used for boards of a row in Run No.14 of Li Rep, =4400.

g=21.5 mm

Board No.

1

2

3

4

D

6

L d

{

pa[ %]

358

359

346

395

348

413

355

Table A.3: Wood dry density used for boards of a row in Run No.10 of Li Rep,=3800.

g=1.5 mm

Board No.

1

2

3

4

|

Pd[i%]

417

429

447

391

406

6
422

399

Table A.4: Wood dry density used for boards of a row in Run No.13 of Li Rep, =8800.

g=21.5 mm
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Appendix B

Computer program for

two-dimensional drying

The following program is written for the two-dimensional drying of western hemlock.
For the surface coefficients on horizontal and vertical faces of the boards. equations
were obtained by curve fitting the best equation to the numerical results of Chapter

3. This has been performed using a commercial software called “Table Curve 2D".

For the physical properties of liquid water and water vapor, polynomials have
been curve fitted to the steam tables of {74] to provide accuracy of better than 0.3

percent.

For one dimensional drying, the ADI formulation in the first half time step is only
used and some changes, like doubling the time step, has been made in order to solve

for points number 9,8,7 of Figure 7.1, instead of the whole domain.

C = COPYRIGHT®*® AHMAD HASHEMI ESFAHANIAN, 1999

C ** THIS PROGRAM MAY NOT BE USED, COPIED, ALTERED OR REPRODUCED IN ANY

C COMPUTER LANGUAGE OR OTHER WAYS WITHOUT THE EXPRESS WRITTEN CONSENT
C OF THE AUTHOR

C THIS PROGRAM IS FOR SOLVING THE DRYING OF STACK LUMBER x’
C2345678901234567810123456789012345678901234567890123456789012345678901



APPENDIX B. COMPUTER PROGRAM FOR TWO-DIMENSIONAL DRYING137

DOUBLE PRECISION PSV,PV,SAI,DTSAIL,DXSAL,ROW RNUL,XFSP,ROSV
DOUBLE PRECISION amaxertv,amaxerxv,sumtv,sumxv,smin,skl,alfa
DOUBLE PRECISION dmu,ros,vtin,twin,tdin,wss, wwl,ww2,win
DOUBLE PRECISION wsd,emu,fiin,patm,pvin,xia,cvin,roain,rovin
DOUBLE PRECISION time,dt,epsd,xmax,rjac,SAMO,SHAH,FIINNEW
DOUBLE PRECISION sumt,sumX,amaxert,amaxerX,xav,PSVTD MR, WINNEW
DOUBLE PRECISION ROTIN, TMIN, TMVIN,AMAIRIN
DQUBLE PRECISION TI(O:B0,0:80.7).)(1(0:80,0:80,7),T(O:50,0:50.7)
DOUBLE PRECISION XH(0:80,0:80,7)
DOQUBLE PRECISION CX(0:80,0:80,7),TV(0:80,0:80,7)

DOUBLE PRECISION XX(80),YY(80),RX(80),RY(80),DX(80),DY(80)
&, TM(80,7),AVX(?)

DOUBLE PRECISION VvX(80,80,3),VT(80,80,3)

DOUBLE PRECISION H1(80,80,3),DH(80,80,3),
& U(80,80,4),DU(80,80,4),
& RO(80,80,4),EPS(80,80),T1P(0:80,0:80,7),X1P(0:80,0:80,7)

DOUBLE PRECISION AMBDA(80,80),BX(80,7),ROMV(80,7),XEQ(80,7)
& F11(80,7),BY(80,7,2)

DOUBLE PRECISION A(80),B(80),C(#0),D(80),E(80),G(80),H(80)
DOUBLE PRECI3ION BQY(80,7,2), TIN(7),AMVIN(7),AMTIN(7),BQX(80,7)
DOUBLE PRECISION XHOM,THOM,XOM,TOM,XHM,XM0,TM0, T1M,X1M
DOUBLE PRECISION RODUP(80,80,4),RODU(80,80)

DQUBLE PRECISION SVXY(80,80),5VTY(80,80),5VXX(80,80),
& GYT(80,80),GYX(80,80),GXT(80,80),GXX(80,80),SVTX(80,80)

DOUBLE PRECISION VIRCONDX(80,80), VIRCONDY(80,80),EE(80,80)
& ,FF(80,80),AA(80,80),BB(80,80),CC(80,80),DD(80,80)
& HYVXGX(80,80),HXVXGX(80,80),VIRCOND(80,80),HHVXY(80,80),
& HHVXX(80,80),HHVX(80,80),HHVT(80,80),SVT(80,80),5VX(80,80)

< DOUBLE PRECISION AAX(80,80),BBX(80,80),CCX(80,80),DDX(80.80}
¢ & ,FFX(80,80),EEX(80,80)

DOUBLE PRECISION TAD,TSTD
& ,AD(7),STD(7),GRADYX(80,80,7),ADMAX(7),.GRADXX(80,80,7)
& XGRAD(80,80,7},GRADYXMAX(7),AVGRADYX(7),AX,AY,CXMAX(7)
& ,GRADXXMAX(7),AVGRADXX(7),XGRADAV(7),XGRADMAX(7),CXMIN(T)

INTEGER NX,NY,ILJ K,NITOUT ,NTIM,NX1,NX2,NY1,NY2
& IMAX,JMAX,NMAX,NITINX,NFIFLAG(80,7),IFIFLAG,IPRINT,JPRINT

INTEGER JGRADMAX(7),JGY(7),1GY(7),JGX(7),IGX(7),IADMAX(7),
& JADMAX(7),IXMAX(7), JXMAX(7),IXMIN(7),JXMIN(7),IGRADMAX(7)
& .NP1TIM,NP2TIM,NPATIM,NPSTIM,N1TIM,NMITIM NM2TIM,NM4TIM NM5TIM
& N2TIM,N4ATIM,NSTIM

C ASSIGNING THE CONVERGENCE CRITERION
PARAMETER (AMAXERTV=1.D.3,AMAXERXV=5.D.7,SUMTV=1.D-2,
& SUMXV=1.D-6)

PARAMETER (SMIN=0.028D0,SKL=1.1D-16,ALFA=0.0075D0,
& DMU=0.0041DG)

OPEN(UNIT=8,FILE="dev1r10.0¢")
OPEN(UNIT=1,FILE="mctemplrl0.out’)
OPEN(UNIT=2,FILE='mctemp2ri0.out’)
QPEN(UNIT=3,FILE="mctemp3r10.out’)
OPEN(UNIT=4,FILE='mctemp4r10.out’)
OPEN(UNIT=5,FILE="mctemp5r10.0ut’)
OPEN(UNIT=9,FILE="mctemp6rl0.0ut’)
OPEN(UNIT=7,FILE="mctemp7ri0.out’)
WRITE(1,*) 'Variables= j,i,x,y, Temperature(K),MC,MC-GRADIENT"
WRITE(2,*) 'Variables= j,i,x,y,Temperature(K),MC,MC.-GRADIENT"'
WRITE(3,*) 'Variables= j,i,x,y, Temperature(K),MC,MC-GRADIENT’
WRITE(4,®) 'Variables= j,i,x,y, Temperature(K)},MC,MC-GRADIENT"
WRITE(S,*) 'Variables= j,i,x,y,Temperature(K),MC,MC.GRADIENT"
WRITE(9,®) 'Variables= j,i,x,y, Temperature(K),MC,MC-GRADIENT’
WRITE(7,®) 'Variables= j,i,x,y, Temperature(K),MC,MC-GRADIENT"
WRITE(S,*)%SMIN=',SMIN,’ SKL=',SKL,” ALFA=’,ALFA,"RDMU="',DMU

WRITE(8,*)’BNTIM - time xav ,TAD, TSTD, xav(l}
& xav(2) xav(3) xav(4) xav(5) xav(6) xav(7)
& (STD(K),K=1,7)

P (AD(K),K=1,7),
r (ADMAX(K),K=1,7),
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& (XGRADAV(K),K=1,7),

& (XGRADMAX(K),K=1,7)
& J(AVGRADXX(K),K=1,7)
& J(GRADXXMAX(K),K=1,7),
& (AVGRADYX(K),K=1,7)

& J(GRADYXMAX(K),K=1,7),
& (CXMAX(K),K=1,7)

& J(CXMIN(K),K=1,7),

& (CX(IGRADMAX(K),JGRADMAX(K),K),K=1,7),
3 (CX(IGX(K),JGX(K),K),K=1,7)
& (CX(IGY(K),JGY(K).K),K=1,7),
& (XX(IGRADMAX(K)),K=1,7),
& (YY(JGRADMAX(K)),K=1,7), (XX(IGX(K)),K=1,7),
& (YY(JGX(K)),K=1,7),
& (XX(IGY(K)).K=1, 7). (YY(JGY(K)),K:],T),
£ (XX(IXMAX(K)),K=1,
& (YY(UXMAX(K)),K=1, )
& (XX(IXMIN(K)),K=1, ) AYY(JXMIN(K)),K=1,7),"
NY1=78
NX1=76
NY2=78
NX2=78

C ASSIGNING THE INLET AIR CONDITIONS
VTIN=0.0207421D0

TWIN=48.99D0+273.13D0

TDIN=327.4D0

=== ASSIGNING THE INITIAL VALUES FOR RUN10 OF L[, RE=8800, G=!.5 MM
DO 45 K=1,7

IF(K.EQ.1)THEN
DO 20 I=1,NX1
BQX([,K)=0.Do
BX(LK)=0.D0
TM(I,K)=TDIN
DO 20 J=1,NY1
CX(1,J,K)=0.4563548243D0
T(1,J,K)=293.15D0
20 CONTINUE
END IF

IF(K.EQ.2)THEN
DO 22 I=1,NX1
BQX(IK)=0.D0
BX(I.K)=0.Do
TM(LK)=TDIN
DO 22 J=1I,NY1
CX(1,J,K)=0.5077487336D0
T(1,4,K)=293.15D0
22  CONTINUE
END IF

IF(K.EQ.3)THEN
DO 24 I=1,NX1

BQX(I.K)=0.D0

BX(1,K)=0.D0

TM(LK)=TDIN

DO 24 J=1,NY1
CX(1,J,K)=0.481341386D0
T(1,J,K)=293.15D0

24 CONTINUE

END IF

IF(K.EQ.4)THEN
DO 26 I=1,NX1
BQX(I,K)=0.D0
BX(1,K)=0.D0
TM(I,K)=TDIN
DO 26 J=1,NY1
CX(1,J,K)=0.4756910157D0
T(1,4,K)=293.15D0
26 CONTINUE
END IF

IF(K.EQ.5)THEN
DO 28 I=1,NX1
BQX(I,K)=0.D0
BX(I,K)=0.D0
TM(L,K)=TDIN
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DO 28 J=1,NY1
CX(1,J,K)=0.4265398935D0
T(1,4,K)=293.15D0

28 CONTINUE

END IF

IF(K.EQ.6)THEN
DO 30 I=1,NX1
BQX(I,K)=0.D0
BX(1,K)=0.D0
TM(L,K)=TDIN
DO 30 J=1,NY1
CX(1,J,K)=0.4383420436D0
T(1,J,K)=293.15D0
30 CONTINUE
END IF

IF(K.EQ.7)THEN
DO 32 I=1,NX1
BQX(I,K)=0.D0
BX(1,K)=0.D0
TM(LK)=TDIN
DO 32 J=1,NY1
CX(1.J,K)=0.495548D0
T(1,J,K)=293.15D0
32 CONTINUE
END IF
15 CONTINUE

-

o)
il
°
(=]
=3

QY(J,K
BQY(J,K.2)=0.D0
BY(J,K,1)=0.D0
BY(J,K,2)=0.D0

DO 50 [=1,NX1
RO(I,J,4)=ROS
50 CONTINUE

$2 CONTINUE

56 FORMAT(80(F15.9))

57 FORMAT(IS,F14.4,80(F14.10))
58 FORMAT(IS,1X,80(F10.3))
NTIM=0

TIME=0.0D0

DT=0.1D0/1.1D0

CALL GRIDY(YY,DY,RY,NY)

C asmm

100 NTIM=NTIM+1

[F(TIME.LE.20.0D0)DT=1.1D0*DT
[F(TIME.LT.2000.0D0.AND.TIME.GT.20.0D0)DT=1.05D0*DT
[F(TIME.LT.8000.0D0.AND.TIME.GT.2000.D0)DT=1.1D0*DT
IF(TIME.LE.9000.0D0.AND.DT.GE.300.0D0)DT =300.0D0
IPF(TIME.GT.1.0D0.AND.DT.GE.0.1DO*TIME)DT=0.1D0"TIME
[F(TIME.GT.9000.0)DT=1.05*DT
IF(TIME.LT.43200.0D0.AND.TIME+DT.GT.43200.0D0)DT=43200.0D0-TIME
IF(TIME.LT.43200.0D0.AND.DT.GT.100.0D0)DT=100.0D0
[F(TIME.LT.43200.0D0.AND.TIME.GT.31000.0D0.AND.DT.GT.60.0D0)DT=60.0D0

IF(TIME.LT.461220.0D0.AND.TIME+DT.GT.461220.0D0)
& DT=461220.0D0-TIME

[F(ABS(TIME.DT).LE.461220.0D0.AND.TIME+DT.GE.461220.0D0
& .AND.DT.LT.5.0D0)DT=5.0D0

IF(TIME.LE.80000.0D0.AND.DT.GE.100.0D0)DT=100.0D0
IF(DT.GT.150.0D0)D'T=150.0D0

TIME=DT+TIME

C wswu=sssssASSIGNING THE INLET AIR CONDITIONS =e#®sssssass
[F{(TIME.GE.43200.0D0.AND.TIME.LE.216000.0D0)THEN
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TWIN=48.99D0+273.15D0+(53.97D0-48.99D0)/(216000.0D0-43200.0D0)*
& (TIME-43200.0D0)

TDIN=54.02D0+273.15D0+(81.96D0-54.02D0)/(216000.0D0-43200.0D0)*
& (TIME-43200.0D0)
END [F

IF(TIME.GE.216000.0D0.AND.TIME.LT.461220.0D0)THEN
TWIN=53.97D0+273.15D0

TDIN=81.96D0+273.15D0C

END IF

IF(TIME.GT.461220.0D0. AND.TIME.LT.469620.0D0)THEN
TWIN=53.97D0+273.18D0+(80.98D0-53.97D0)/(552540.0D0-544140.0D0)*
& (TIME-461220.0D0)

TDIN=81.96D0+273.15D0+(65.13D0-81.96D0)/(552540.0D0- 544140.0D0)*
& (TIME-461220.0D0)
END IF

[F(TIME.GE.469620.0D0)THEN
TWIN=60.98D0+273.15D0
TDIN=65.13D0+273.15D0

END IF

WSS=0.62198D0°PSV( TWIN)/(101325.0DC-PSV(TWIN))
WW1=(3151.37015D0-2.381D0*TWIN }*WSS+TWIN-TDIN
WW2=3151.37015D0+1.805D0"TDIN-4.186D0*TWIN
WINZWW1/WW2
WSD=0.62198D0*PSV(TDIN)/(101325.0D0.PSV(TDIN))
EMU=WIN/WSD
FIIN=EMU/(1.0D0-(1.0DC-EMU)*PSV(TDIN)/101325.0D0)
PATM=101325.0D0

PSVTD=PSV(TDIN)

MR=18.01528D0/28.9645D0

FIINNEW=WIN®PATM/PSVTD/(MR+WIN)

FIIN=(FIINNEW +FIIN)/2.0D0
¢ PVIN=FIIN®PSVTD

ROTIN=MR®PATM®(1.0D0+WIN)*28.9654D0/(8314.41D0* TDIN)
& /(MR+WIN)

CVIN=WIN/(1.0D0+WIN)

ROVIN=ROTIN®CVIN

TMIN=ROTIN*VTIN

TMVIN=ROVIN*VTIN

AMAIRIN=TMIN-TMVIN

WINNEW=TMVIN/AMAIRIN
FIINNEW=WIN*PATM/PSVTD/(MR+WIN)

IF(ABS(WINNEW.WIN)/WINNEW.GT.0.02D0.AND.
& ABS(FIINNEW.FIIN)/FIINNEW.GT.0.02D0)THEN

WIN=WINNEW
FIIN=FIINNEW
GO TO S

END IF

[} CONTINUE

C
IF(IFIFLAG.NE.1)THEN
DO 25 K=1,7
AMVIN(K)=ROVIN*VTIN
AMTIN(K)=AMVIN(k)/CVIN
TIN(K)=TDIN

DO 25 [=1,80
ROMV(I,K)=ROVIN
TM(LK)=TDIN
FIKL,K)=FIIN
25  CONTINUE
END IF
c

c -.‘.‘-.-‘--START SOLVING F\OR A NEw BOARD AR ESEERESSAEREARER
K=0
120 K=K+1

C CALLING THE CORRECT MESH GENARATION FOR EACH BOARD AT EACH TIME STEP
IF(K.EQ.1)THEN
CALL GRIDX1(XX,DX,RX,NX)
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END IF

IF(K.NE.1)THEN
CALL GRIDX2(XX,DX,RX,NX)

END IF

C w=ss=sssssxASSIGNING THE VALUES FOR SURFACE COEFFICIENTS

CALL BQXYCAL(BX,BY,BQX,BQY,K.NX,NY,XX,YY)

185 NITOUT=0

IMAX=NX+1

IMAX=NY+1

C es=sss=s= SETTING THE AVERAGE ROS FOR EACH BOARD *===sssssss
IF(K.EQ.1)ROS=358.015384D0
IF(K.EQ.2)ROS=358.8973191D0
{F{K.EQ.3)R0O5=346.2378746D0
IF(K.EQ.4)ROS=395.0738574D0
IF(K.EQ.5)ROS=348.3127815D0
IF(K.EQ.6)ROS=413.060263D0
[F(K.EQ.7)ROS=355.6120802D0
c

C COMPUTING THE VALUES FOR INITIAL TEMPERATURE OF THE NEW TIME STEP
CALL UHCAL(U,H},DU,DH,T.K,NX,NY)

CALL ROEPCAL(RG,EPS,EPSD,CX, T ,K,NX,NY ROS,AMBDA,XMAX,U,H1
& ,DU,DH)

CALL VTXCAL(VX,VT,RO.T.CX,NX,NY,K.SMIN,XMAX,ALFA,DMU,SKL,EPS
& ,ROS)

C ASSIGNING THE N'S COEF. VALUES FOR (N+1/2)'S FOR STARTING THE ITERATIONS
DO 200 [=1,NX

DO 200 J=1,NY

T1P(L,J,K)=T(L1.K)

TULIK)=T(L,J.K)

X1P(1,J,K)=CX(LJ.K)

X1(LJ,K)=CX(I,J,K)

200 CONTINUE

C"® CALCULATING TM,FII & XEQ (TEMPERATURE, RELATIVE HUMIDITY & EQULIBRIUM MOISTURE CONTENT OF AIR)**
CALL CALXEQ(XEQ,TM.FILLNX)

C em=s==sss UPDATING TM,XEQ & FII BASED ON HEAT & MASS TRANSFER *=====
CALL XTAIRUPDATENEW2(CX,ROMV, TDIN,TWIN, VTIN,NX,NY,BY BX

& .DX,DY,EPS,AMTIN,AMVIN T ,H1,BQY,TIN, TM,BQX,FIIN XEQ

& FILNFIFLAG,WIN,IFIFLAG)

C swsssssssss START A NEW OUTER ITERATION by
250 NITOUT=NITOUT+1

C THESE TWOQ SENTENCES ARE CALLED FOR ONE DIMENSIONAL CASE
¢ CALL CXVCAL(CXV,X1,CX,NX,NY,K)
C CALL CALXEQ(XEQ,TM,FII.NX)

C ELT LY

[of messsns START ENERGY EQUATION eee==e
IF(NITOUT.EQ.1)THEN

C THIS IS CALLED FOR ONE DIMENSIONAL CASE

¢ 1D CALL TVCAL(TV,T1,T NX,NY K}

CALL CALRODU(RODUP,RODU,RO,DU,NX,NY,DX,DY)

CALL CALSVTXXY(VT,VX,DX,DY,DT,NX,NY,SVT,SVX,
& SVTX,SVTY,SVXX,5VXY)

CALL CALVIRCOND2(H1,VT,VX,AMBDA,VIRCOND,VIRCONDX,
& VIRCONDY, HHVX,HHVT HHVXX HEVXY.DX,DY,NX,NY,DT)

CALL CALHVXGX(HEXVXGX,HYVXGX HHVXX ,HHVXY,CX,DX,DY NX,NY,DT.K)
c 1D CALL CALEVXGX(HXVXGX,HYVXGX,HHVXX,EEVXY,CXV,DX,DY NX,NY,DT,K)

CALL CALABCD(VIRCONDX,VIRCONDY,AA,BB,CC,DD,NX,NY)

CALL CALEFNEW(VIRCONDX,VIRCONDY,EE FF,T,T,CX,CX,RODU,EPS,
& BY,BX,XEQ,TM,BQY,BQX,DH,DX,DY NX,NY,K,DT,H1, HXVXGX,HYVXGX,
& NFIFLAG)
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CALL sor(aa,bb,cc,dd,ee, ff,51,IMAX,jmax,rjac, K, NMAX)

C

CALL CALXGRADXT(GXT,GXX,T1,X1,NX,NY,K)
CALL CALYGRADXT(GYT,GYX,T1,X1,NX,NY,K)
PRINT *,'Nmax=',Nmax

c
C ®e%= mssssme  START MASS EQUATION
CALL TVCAL(TV,T,T,NX,NY,K)

C @wmsmssssss START A NEW INNER ITERATION FOR X'S
NITINX=0

260 NITINX=NITINX+1
C

C === SETTING THE COEFFICIENTS FOR ADI METHOD
CO 3000 I=1,NX

A(1)=0.0D0

C(NY)=0.0D0

H(NY)=0.0D0

C *= ASSIGNING ZERO TO ALL VALUES
B(1)=0.0D0

C(1)=0.0D0

D(1)=0.0D0

E(1)=0.0D0

G(1)=0.000

H(1)=0.0D0

A(NY)=0.0D0
B(NY)=0.0D0
D(NY)=0.0D9
E(NY)=0.0D0
G(NY)=0.0D0

C —~—————— FOR BOUNDARY POINTS NO. 2 & 6
IF(LEQ.NX)THEN
J-—

=1
C(J3)=SVXY(LJ)

D(J)=SVXX(I-1,J)*(CX(LJ,k)-CX(I-1,J,%))-SVTY(LJ)*
& (TV(L341,k)-TV(LJ,k))+SVTX(-1,1)*(TV(LJ,k)-TV(I-1,d.k))

XoM=CX(1,1,K)
TOM=T(L,1.K)

SAMO=DY(J)*BY(J,K,2)"DT*SAI(XOM, TOM)*ROSV(TOM)*EPS(1,J)**2
& *(X0M-XEQ(LK))

IF(NFIFLAG(I,K).EQ.1)SAM0=0.0D0
B(1)=-1.0D0*C(1)+DX(I)*DY(1)*ROS
D(1)=D(1)+CX(I,1,k)*DX(1)*DY(1)*ROS-SAMO

J=NY
D(J)=SVXX(L-1,0)*(CX(I,J.k)-CX(I-1,J,%))+SVTY(L,-1)
& (TV(L,k)}TV(I,J-1,k))+SVTX(I-1,J)*(TV(L,J.k)-TV(1-1,d,k))

A(D=SVXY(L,J-1)
XHOM=CX(NX,NY,K)
THOM=T(NX,NY,K)

SAMO=DY(J)*BY(J.K,2)*DT*SAI(XHOM,THOM)*
& ROSV(THOM)*EPS(1,J)**2%(XHOM-XEQ(L,K))

IF(NFIFLAG(I,K).EQ.1)SAM0=0.0D0

SHAH=DX(I)*BX(I,K)*DT*"SAI(XHOM,THOM)*ROSV(THOM )*EPS(1,J)**2
IF(NFIFLAG(L,K).EQ.1)SHAH=0.0D0

B(NY)=-1.0D0*A(NY)+DX(I)*DY(NY)*ROS+SHAH

D(J)=D(J)+CX(LJ.k)*DX(I)*DY(J)*ROS+SHAH*XEQ(, K )-SAMO

END IF
C —————-——— FOR BOUNDARY POINTSNO. 7 &8
[F(IL.LT.NX.AND.I.GT.1)THEN

I=1
C(J)=5VXY(I,J)

D(J)=0.5D0*SVXX(I-1,J)*(CX(I,J,k)-CX(I-1,J,%))}-SVTY(L,J)"
& (TV(1,J41,k)-TV(1,J,k))+0.5D0°SVTX(I-1,J)*(TV(I,J.k)
& -TV(I-1,1,%)}-0.5D0*SVXX(I,J)*(CX(I+1,d,k)-CX(1.J,k))
& -0.5D0*SVTX(L,J)*(TV(I+1,J,k)-TV(1,J k)

XOM=CX(I,1,K)



APPENDIX B. COMPUTER PROGRAM FOR TWO-DIMENSIONAL DRYING193

TOM=T(L,1,K)
B(1)=-1.0D0*C(1)+DX(I)*DY(1)*ROS
D(1)=D(1)+CX(I,1,k)*DX(I)*DY(1)*ROS

J=NY
D(J)=0.5D0*SVXX(I-1,3)"(CX(1,d,k)-CX(I-1,d k))+SVTY(L,J-1)*
& (TV(I,J,%)-TV(LJ-1,k))+0.5D0*SVTX(I-1,4)*(TV(I,J,k)

& -TV(I-1,4,k))-0.5D0*SVXX(L, J)*(CX(I+1,1,k)-CX(1,J k))

& -0.5D0*SVTX(L,J)*(TV(I+1,1,k)-TV(LJ k))

A(J)=5VXY(L,J-1)

XHOM=CX(I,NY,K)

THOM=T(I,NY.K)

SHAH=DX(I)*BX(l,K)*DT*SAI(XHOM, THOM)*ROSV(THOM)*EPS(I,J)*=2
iF(NFIFLAG({],K}.EQ.1)SHAH=0.0D0

B(NY)=-1.0D0*A(NY)+DY(NY)*DX(I)*ROS+SHAE
D(J)=D(J)+CX(L,J.k)*DX(1)*DY(J)*ROS+SBEAH"XEQ(L.K)

END IF

C ———— ~ FOR BOUNDARY POINTS NO. 1 &5
{F(I.LEQ.1)THEN

J=1

C(J)=5VXY(LJ)

D(J)=-1.0D0*SVTY (L, (TV(LJ+1,k)-TV(LJ k))
& SVXX(LI)*(CX(1+1,1.k)-CX(1,1,k})
& -SVTX(LI)*(TV(141.3.k)-TV(L1 k))

XoM=CX(1,1,K)
ToM=T(L1,K)

3AMO=DY(J)*BY(J.K.1)*DT*SAI(X0OM,TOM)*ROSV(TOM)*EPS(1,J)**2
& *(XOM-XEQ(LK))

IF(NFIFLAG(LK).EQ.1)SAM0=0.0D0

B(1)=-1.0D0"C(1)+DX(I)*DY(1)*ROS
D(1)=D(1)4+CX(1,1,k}*DX(1)*DY(1)*ROS-SAMO

JI=NY

D(J)=5VTY(L,J-1)*(TV(L,,k)-TV(I,J-1,k))
& -SVXX(L,3)*(CX{I+1,4,k)-CX(L,d,k))
& SVTX(LI)*(TV(I+1.J.k)-TV(LJ k)

A(J)=5VXY(I, 1)

XHOM=CX(I,NY,K)

THOM=T(I,NY.K)

SAMO=DY(J)*BY(J,K,1)*DT®SAI(XHOM, THOM)*
& ROSV(THOM)*EPS(I,J)""2*(XHOM-XEQ(I,K))

IF(NFIFLAG(L,K).EQ.1)SAM0=0.0D0
SHAH=DX(1)*BX(I,K)*DT*SAI(XHOM, THOM)*ROSV(THOM)*EPS(L,J)"=2

IF(NFIFLAG(I,K).EQ.1)SHAH=0.0D0
B(NY)=-1.0D0*A(NY)+DX(I)*DY(NY)*ROS+SHAH
D(J)=D(J)+CX(LJ.k)*DX(1)*DY(J)*ROS+SHAH*XEQ(L,K)-SAMO

END IF
C

G(1)=D(1)/B(1)
H(1)=C(1)/B(1)

DO 2900 J=2,NY-1
A(J)=0.0

B(J)=0.0

c(J)=0.0
D(1)=0.0

E(J)=0.0

G(N=0.0

H(J)=0.0

C ——————— FOR GENERAL SURFACE POINT NO. 4
IF(1.EQ.NX)THEN

A(J)=0.5D0*SVXY(],J-1)

C(J)=0.5D0*SVXY(I,J)
D(J)=5VXX(I-1,J)*(CX(I,J,k)-CX(I-1,J,k))-0.5D0*SVTY(L,J)*
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& (TV(LJI+1,k)-TV(L,J,k))+SVTX(I-1,J)*(TV(LJ,k)
& -TV(1-1,3,%))4+0.5D0"SVTY(LJ-1)*(TV(1,J,k - TV(L,J-1,k))

XoM=CX(I,J,K)
ToM=T(I,},K)

SAMO=DY(J)"BY(J,K,2)*DT*SAI(X0M,TOM)*ROSV(TOM)"EPS(LJ)**2
& *(XOM-XEQ(LK))

IF(NFIFLAG(L,K).EQ.1)SAM0=0.0D0
B(J)=-1.0D0"(A(J)+C(J))+DX(I)*DY(J)*ROS
D(J)=D(J)+CX(1,J.k)*DX(1)*DY(J)*ROS-SAMO
END IF

C ——————— FOR GENERAL INTERNAL PQINT NO. 9
IF(I.LT.NX.AND.LGT.1)THEN

A(J)=0.5D0*SVXY(1,J-1)
C(J)=0.5D0*SVXY(1,J)

D(J)=0.5D0*SVXX(I-1,J)*(CX(1,J.k)-CX(I-1,d,k))-0.5D0*SVTY(I,J)
& *(TV(LI+1,%)-TV(1,J,k))+0.5D0*SVTX(I-1,J)*(TV(L.J,k)
& -TV(I-1,J,k))-0.5D0*SVXX(I,J)*(2X(I+1,d,k)-CX(1,J.k))
& -0.5D0*SVTX(LJ)*(TV(I41,4,k)}-TV(LJI k))
& +0.5D0*SVTY(LJ-1)*(TV(L,J.k}-TV(I,-1,k))

B(J)=-1.0D0(A(J)+C(J))+DX(I)*DY(J)*ROS
D(J)=D(J)+CX(1,1,k)*DX(I)*DY(J)*ROS

END IF

¢ ———-———— FOR GENERAL SURFACE POINT NO. 3
IF(L.LEQ.1)THEN

A(J)=0.5D0*SVXY(,J-1)
C(1)=0.3D0"SVXY(I,J)

D(J)=0.5D0*SVTY(I,J-1)*(TV(I,J,k)-TV(1,J-1,k))-0.5*SVTY(I,])
& *(TV(LJI+1.k)-TV(L,J,k))-SVXX(L,JY*(CX(I+1,J.k)
& .CX(1,J,k))-SVTX(LJI}™(TV(I+1,J,k)-TV(I,J,k))

X1M=XH(1,J.K)
XoM=CX(I,J.K)
TOM=T(1,J,K)

SAMO=DY(J)*BY(J,K,1)*DT*SAI(XOM,TOM)*ROSV(TOM)*EPS(1,J)**2
& *(XOM-XEQ(I,K))

IF(NFIFLAG(I,K).EQ.1)SAM0=0.0D0
B(J)=-1.0D0*(A(J)+C(J))+DX(1)*DY(J)*ROS
D(J)=D(J)+CX(L,J,k)*DX(I)*DY(J)*ROS-3AMO
END IF
c

E(J)=B(J)-A(J)*H(J-1)

H(J)=C(J)/E(J)

G(1)=(D(J)-A(J)*G(J-1))/E(J)
2900 CONTINUE
E(NY)=B(NY)-A(NY)*H(NY-1)
G(NY)=(D(NY)-A(NY)*G(NY-1))/E(NY)
XH(I,NY,K)=G(NY)
IF(XH(LNY,K).GT.XMAX)XE(LNY,K)=XMAX
IF(XE(I,NY,K).LT.0.03D0)XH(I,NY,K)=0.03D0

DO 2920 J=NY-1,1,-1
XEH(LJ,K)=G(J)-H(J)*XH(1.J+1,K)
IF(XH(I,J,K).GT.XMAX)XH(LJ,K)=XMAX
IF(XH(I,J,K).LT.0.03D0)XH(I,J,K)=0.03D0
2920 CONTINUE

3000 CONTINUE

C
CALL CALXGRADXT(GXT,GXX,T1,XH,NX,NY,K)
CALL CALYGRADXT(GYT,GYX,T1,XH,NX,NY,K)

C
C
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c #=*== START MASS EQUATION IN 2nd HALF TIME®®®=***

C *== SETTING THE COEFFICIENTS
DO 1000 J=NY,1,-1

A(1)=0.0D0

C(NX)=0.0D0

H(NX)=0.0D0

C ASSIGNING ZERO VALUES FOR STARTING THE COMPUTATIONS

B(1)=0.0D0

D(1)=0.0D0

C(1)=0.0D0

E(1)=0.0D0

G(1)=0.0D0

H(1)=0.0D0

A(NX)=0.0D0

B(NX)=0.0D0

D(NX)=0.0D0

E(NX)=0.0D0

G(NX)=0.0D0

C ————————— FOR CORNER POINTS NO.5 & 6

IF(J.EQ.NY)THEN

I=1

C(I)=SVXX(L,J)

D(D=8VXY(I,J-1)*(XH(1,J,k)-XH(I,J-1,k))-SVTX(L,])
& *(TV(I+1,4,k)-TV(LJ1Kk))}+3VTY([,J-1)*(TV(L,J,k)-TV(LJ-1,k))

X1M=X1(1,J,K)

XoM=XH(1,J.K)

XMo=CX(1.J,K)

TMO0=T(l,J.K)

SHAH=DY(J)*BY(J,K,1)*DT"SAI{XM0,TM0)"
& ROSV(TMOJ*EPS(L,J)*=2

IF(NFIFLAG(L,K).EQ.1)SHAH=0.0D0

5AMO=DX(1)*BX(I,K)*DT*SAI(XMO0,TMO)*ROSV(TMO)*EPS(I,J)**2°
& (XOM-XEQ(LK))

IF(NFIFLAG(],K).EQ.1)SAM0=0.0D0
B(1)=-1.0D0*C(I)+DX(I)*DY(J)*ROS+SHAH

D(I)=D(I)+XH(L,J,k)*DX(1)*DY(J)*ROS+SHAH*XEQ(L,K)-SAMO

[=NX
XHOM=XH(NX,J,K)

XM0=CX(I,J,K)
T™MO0=T(1,J,K)

A(NX)=SVXX(I-1,J)

D(1)=SVXY(L,J-1)*(XE(L,J,k)}-XH(I,J-1,k))+SVTX(L-1,])
& *(TV(L,3,k)}TV(I-1,1,k))+SVTY(LJ-1)*(TV(LJk)-TV(L,J-1,k}))

SHAH=DY(J)*BY(J,K,2)*DT*SAI(XMo0,TM0)"
& ROSV(TMO)*EPS(I,J)**2

IF(NFIFLAG(I,K).EQ.1)SHAH=0.0D0

SAMO=DX(I)*BX(I,K)*DT*SAI(XM0,TM0)*ROSV(TMO)*EPS(I,J)**2"
& (XHOM-XEQ(IL,K))

[F(NFIFLAG(I,K).EQ.1)SAM0=0.0D0
B(NX)=-1.0D0®A(NX)+DX(NX)*DY(J)*"ROS+SHAH
D(N)=D(1)+XH(I,J,k)*DX(I)*DY(J)*"ROS+SHAR*XEQ(I.K)-5AMO
END IF

C —————— FOR CORNER POINTS NO.3 & ¢
[F(J.LT NY.AND.J.GT:1)THEN

=1
C(I)=SVXX(LJ)
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D(1)=0.5D0*SVXY(I,J-1)*(XH(I,J,k)- X E(I,J-1,k))-SVTX(I,J)
L *(TV(I+1,0,k)-TV(I,J,k))+0.5D0*SVTY(L,J-1}*(TV(I,J k)
& ~TV(I,J-1,k))-0.8D0*SVXY(L,J)*( XE(I,J+1,k)-XE(1,J,k))
& -0.5D0*SVTY(LJY(TV(LJ+1,k)}TV(1,J,k))

X1M=X1(1,1,K)
XOM=XH(1,J,K)
XM0=CX(1,J,K)
TMO=T(1,J,K)

SHAH=DY(J)*BY(J,K,1)*DT*SAI(XM0,TM0)*ROSV(TMO0)*EPS(I,J)**2
IF(NFIFLAG(I,K).EQ.1)SHAH=0.0D0

B(1)=-1.0D0*C(1)+DX(1)*DY(J)*ROS+SHAH
D(L)=D(1)+XH(L,J,k)*DX(1)*DY(J)*RO3+3HAH*XEG(LK)

I=NX
XHM=X1(NX,J,K)
XHOM=XH(NX,J,K)
XMo=CX(1,J,K)
TMO0=T(I,J,K)
A(D=SVXX(l-1,])

D(1)=0.5D0=SVXY(I,J-1)*(XH(L,J,k)-XH(I,J-1,k))+SVTX(I-1.J)
& *(TV(LJ,k)-TV(I-1,1,k))-+0.5D0*SVTY(L,J-1)*(TV(I,J k)
& -TV(I,J-1,k))-0.5D0*SVXY(LJ)"( XH(I,J+1.k)-XH(1,J.k})
& -0.5D0*SVTY(L,J)*(TV(LJ+1,k)-TV(I,d.k))

SHAH=DY(J)*BY(J.K,2)"DT*SAI(XM0, TM0)*ROSV(TM0)*EPS(I,J)*=2
IF(NFIFLAG(I,K).EQ.1)SHAH=0.0D0

B(NX)=-1.0D0"A(NX)+DX(NX)*DY(J)*ROS+SHAH
D(1)=D(I)+ XH(LJ,k)*DX(1)*DY(J)*ROS+SHAH*XEQ(L.K)
END IF

(o4 FOR CORNER POINTS NO. 1 & 2

IF(J.EQ.1)THEN

I=1
C(I)=SVXX(1,J)

D(1)=-1.0D0*SVTX(LJ)*"(TV(I+1,4.k)-TV(I,4,k))-SVXY(I,J)*
& (XE(LJ+1,k)-XH(1,4,k))-SVTY(LJ)*(TV(LJ+1,k)-TV(1,J.k))

X1M=X1(1,J,K)
XoM=XH(1,J,K)

XMO=CX(I,J,K)
TMO=T(l,J,K)

SHAH=DY(J)*BY(J,K,1)*DT*SAI(XM0,TM0)*
& ROSV(TMO)*EPS(1,J)**2

IF(NFIFLAG(1,K).EQ.1)SHAH=0.0D0O

B(1)=-1.0D0"C(1)4+DX(1)*DY(J)"ROS+SHAH
D(1)=D(1)+XH(1.J,k)*DX(1)*DY(J}*ROS+SHAH*XEQ(LK)

[=NX
A(l)=SVXX(I-1,J)

D(1)=SVTX(I-1,J)*(TV(L,J,k)-TV(I-1,J,k))-SVXY(1,J)*
& (XH(I,J41,k)-XH(1,J,k))-SVTY(L,J)*(TV(LI+1,k)-TV(L.J.k))

XHEM=X1(NX,J,K)
XHOM=XH(NX,J,K)

XM0=CX(I,J,K)
T™MO=T(1,J,K)

SHAH=DY(J)*BY(J,K,2)*DT"SAI(XM0,TM0)"
& ROSV(TMO)*EPS(1,J)*"2
IF(NFIFLAG(L,K).EQ.1)SHAH=0.0D0

B(NX)=-1.0D0*A(NX)+DX(NX)*DY(J)*ROS+SHAH
D(I)=D(I)+XH(L,J,k)*DX(1)*DY(J)*ROS+SHAH*XEQ(LK)

END IF
C
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G(1)=D(1)/B(1)
H(1)=C(1)/B(1)

DO 900 I=2,NX-1
A(I)=0.0D0
B(I)=0.0D0
C(I1)=0.0D0
D(I)=0.0D0
E(l)=0.0D0
G(I)=0.0D0
H(I)=0.0D0

C ——————— FOR GENERAL SURFACE POINT NO. 7
[F(J.EQ.NY)THEN

~(1)=0.5D0*SVXX(!, 1)
A(1)=0.5D0*SVXX(I-1,J)

D(1)=5VXY(I,J-1)*(XH(L,J,k)-XH(1,J-1,k))-0.5D0*SVTX(I,J)
& *(TV{I+1,1.k)-TV(LJ,k))}+SVTY(1,J-1)*(TV(1,J.k)
& -TV(I,J-1,k))+0.5D0*SVTX(I-1,J)*(TV(I,3,k)-TV(L-1,1,k))

X1M=X1(1,1,K)
TiM=T1(LJ.K)
X0M=XH(LJ,K)
XM0=CX(I,J,K)
TM0=T(I,1,K)

SAMO=DX(I)*BX(LLK)*DT*SAI{XM0,TM0)*ROSV(TMO)*EPS(1,J)*=2*
& (XOM-XEQ(I.K))

IF(NFIFLAG(1,K).EQ.1)SAM0=0.0D0

B(I)=-1.0D0*(A([)+C(1))+DX(I)*DY(J)*ROS
D(I)=D(1)+XH(I,J,k)*DX(1)*DY(J)*ROS.-SAMO
END IF

C ————=—-———FOR GENERAL INTERNAL POINT NO. 9
[F(J.LT.NY.AND.J.GT.1)THEN

C(1)=0.5D0*SVXX(1,J)
A(1)=0.5D0*SVXX(I-1,J)
D(1)=0.5D0*SVXY(1,J-1)*(XH(L,J.k)- XH(I,J-1,k))-0.5D0*SVTX(1,J)
& *(TV(141,,k)-TV(L,J,k))+0.5D0=SVTY(I,J-1)*(TV(1,J.k)
& -TV(1,J-1,k))-0.5D0"SVXY(L,J)*( XH(L,J+1,k)-XH(L.J.k))
& -0.5D6"SVTY(L,3)*(TV(I,J+1,k}-TV(L,J,k})}+0.5DO*SVTX(L-1.J)
& *(TV(LJ.k)}TV(-1,1k))

B(I)=-1.0D0%(A(I)+C(1))+DX(I)*DY(J)*ROS
D(1)=D(I)+XH(1,3,k)*DX([)*DY(J)*ROS
END IF

C ——————— FOR GENERAL 5YMMETRY AXIS POINT NO. 8
IF(J.EQ.1)THEN

C(1=0.5D0*SVXX(L,J)
A(1)=0.5D0*SVXX(L1,J)

D(1)=0.5D0*SVTX(I-1,J)*(TV(1,d,k)-TV(I-1,J,k))-0.5D0*SVTX(1,J)
& *(TV(I+41,3,k)-TV(1,J,k))-SVTY(L,J)*(TV(L,I+1.k)
& -TV(LJ,k)FSVXY(L,J)*(XH(I,J+1,k).-XE(L,J,k))

B(1)=-1.0D0%(A(1)4+C(I))+DX(1)*DY(J)*ROS
D(I)=D(I)+XH(1,1,k)*DX(I)*DY(J)*ROS
END IF

c
E(I)=B(I)-A(I)*H(I-1)
H(1)=C(I)/E(1)
G(I)=(D(1)-A(I)*G(I-1)}/E(I)
900 CONTINUE

E(NX)=B(NX)-A(NX)*H(NX-1)
G(NX)=(D(NX)-A(NX)*G(NX-1))/E(NX)
X1(NX,J,K)=G(NX)
IF(X1(NX,J,K).GT.XMAX)X1(NX,J,K)=XMAX
IF(X1(NX,J,K).LT.0.03D0)X1(NX,J,K)=0.03D0
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DO 920 I=NX-1,1,-1
X1(1,J,K)=G(I)-H(I)*X1(I+1,J,K)
[F(X1([,J,K).GT.XMAX)X1(I,J,K)=XMAX
IF(X1(1,J,K).LT.0.03D0)X 1(I,J,K)=0.03D0

920 CONTINUE

1000 CONTINUE

CALL CALXGRADXT(GXT,GXX,T1,X1,NX,
CALL CALYGRADXT(GYT,GYX,T1,X1,N

(&
C
5020 CALL CALSUM(T1,X1,T1P.X1P.SUMT,SUMX,AMAXERT AMAXERX,NX,NY K}

IF(AMAXERT.LE.AMAXERTV.AND.SUMT.LE.SUMTV.
& AND.AMAXERX.LE.AMAXERXV.AND.SUMX.LE.SUMXV)GO TO 5100

[F(NITOUT.GT.5C0)THEN

WRITE(1,*)’NO CONVERGENCE FOR T1 AND X1',' TIME=",TIME,” K=',K

WRITE(2,*))NO CONVERGENCE FOR T1 AND X1'' TIME=",TIME,' K=",K
GO TO 9000

END [F

C GOING TO NEXT ITERATION SINCE THERE IS NO CONVERGENCE

GO TQ 250

5100 CONTINUE

[FIFLAG=0
PRINT *,'NO. OF OUTER ITERATIONS' NITOUT,” K='K

C SENSNEASSESNSAEEN STARTING A NEW BOARD ssSseENERR
IF(K.LT.7)THEN

GO TO 120
END IF

C s=wem==BEFORE GOING TO NEXT TIME STEP,UPDATING NEW X & T(N) WITH OLD
cHe= X & T(N+1) EVALUATING THE STACK AVERAGE MOISTURE CONTENT

$500 XAV=0.0D0
DO 6200 K=1,7
AVX(K)=0.0D0

DO 8000 I=1,NX
NFIFLAG(I,K)=0
AX=1.0D0
IF(I.LEQ.1.0R.LEQ.NX)AX=0.5D0
DO 6000 J=1,NY
AY=1.0D0
IF(J.EQ.1.0R.J.EQ.NY)AY=0.5D0
CX(1,J.K)=X1(1,4.K)
T(LJ,K)=T1(1,J.K)

XAV=XAV+CX(LJ,K)*DX(1)*DY(J)"AX"AY
AVX(K)=AVX(K)+CX(I,J,K)*DX(1)*DY(J)*AX*AY

6000 CONTINUE

AVX(K)=AVX(K)/(0.0525D0%0.105D0)
6200 CONTINUE
XAV=XAV/(7.00°0.0525D0%0.105D0)

CALL DEVIATION(CX,AVX,DX,DY,NX,NY,AD,STD,TAD,TSTD,
& GRADYX,GRADXX,XGRAD,ADMAX,GRADYXMAX,GRADXXMAX,AVGRADYX ,AVGRADXX
& ,XGRADAV XGRADMAX,CXMIN,CXMAX IGX,JGX,IGY ,JGY IADMAX,JADMAX,
& IXMAX,JXMAX,IXMIN,JXMIN,IGRADMAX,JGRADMAX)

C****PREPARATION FOR PRINTING AFTER A CERTAIN NUMBER OFTIME STEPS
NP1TIM=TIME/3600.0D0
NP2TIM=TIME/7200.0D0
NPATIM=TIME/14400.0D0
NPSTIM=TIME/18000.0D0
N1TIM=TIME-3600.0D0*NP1TIM
N2TIM=TIME-7200.0D0*NP2TIM
NATIM=TIME-14400.0D0*NP2TIM
N5TIM=TIME-18000.0D0*NP2TIM
NM1TIM=(TIME-DT)/3600.0D0
NM2TIM=(TIME-DT)/7200.0D0
NMA4TIM=(TIME-DT)/14400.0D0
NMSTIM=(TIME-DT)/18000.0D0
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[F (MOD(NTIM,15).EQ.1.AND.TIME.LT.30.0)THEN
IPRINT =1
GO TO 660
ELSE
[PRINT=2
END IF

IF(MOD(NTIM,10).EQ.1.AND.TIME.GE.30.0. AND.TIME.LE.500.0D0)THEN
IPRINT=1
GO TO 6860
ELSE
IPRINT=2
END IF

IF (MOD(NTIM,18).EQ.1.AND.TIME.GT.500.0.AND.TIME.LE.7200.0D0)
& THEN
IPRINT=1
GO TO 660
ELSE
IPRINT=2
END IF

C IF (MOD(NTIM,15).EQ.1.AND.TIME.GT.8000.0.AND.TIME.LT.16200.0D0)
IF(NPITIM-NMITIM.EQ.1.AND.TIME.GE.7200.0.AND TIME.LT 14400.0D0)
& THEN
[PRINT=1
GO TO 860
ELSE
IPRINT=2
END IF

[F(NP2TIM-NM2TIM.EQ.1.AND.TIME.GE.14400.0.AND.TIME.LT.57600.0D0)
& THEN
IPRINT=1
GO TO 660
ELSE
IPRINT=2
END IF

IF(NPATIM-NM4TIM.EQ.1.AND.TIME.GE.57600.0
& .AND.TIME.LT.216000.0DO)THEN
{PRINT=1
GO TO 660
ELSE
[PRINT=2
END IF

IF(NPSTIM-NM5TIM.EQ.1.AND.TIME.GE.216000.0
& AND.TIME.LT 544140.0D0)THEN
IPRINT=1
GO TO 660
ELSE
IPRINT=2
END IF

[F(NP4TIM-NM4TIM.EQ.1.AND.TIME.GE.544140.0)
& THEN
IPRINT=1
GO TO 660

IF (TIME.EQ.544140.0D0)THEN
IPRINT=1
GO TO 860
ELSE
[PRINT=2
END IF

IF (TIME.EQ.631200.0D0)THEN
[PRINT=1
GO TO 660
ELSE
IPRINT=2
END IF

IF (TIME.GE.631200.0D0.AND.XAV.GE.0.150D0)THEN
IPRINT=1
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GO TO €60

END IF

Ce=== PRINTING THE TEMPERATURE AND MOISTURE CONTENT FIELDS ***
660 IF(IPRINT.EQ.1)THEN
K=1
WRITE(1,*) 'Zone T="TIME’, TIME, '(3)", i=’,
NY, ', j=’, NX
DO 1666 [=1,NX
DO 1666 J=1,NY
WRITE(1,6600) I,J,XX(I),YY(J),T1(1,J.K),X1(L,],K),
& XGRAD(L,J,K)

1666 CONTINUE
K=2
WRITE(2,*) "Zone T="TIME', TIME, '(8)", i=’,
NY, ', j=', NX

DO 2666 I=1,NX

DO 2666 J=1,NY

WRITE(2,6600) [,J,XX(I),YY(J),T1(1,J,K), X1(L3,K),
&  XGRAD(I,JK)

2666 CONTINUE
K=3
WRITE(3,*) 'Zone T="TIME', TIME, (S}, i=’,
& NY, ', j='. NX

DO 3666 I=1,NX

DO 3666 J=1,NY

WRITE(3,8600) [,J,XX(I),YY(J),T1(LJ.K),X1(1,J,K),
&  XGRAD(IL,J,K)

3666 CONTINUE
K=4
WRITE(4,") 'Zone T="TIME' TIME, '(S§)", i=’,
NY, ’, j=", NX

DO 4666 [=1,NX

DO 4666 J=1,NY

WRITE(4,6600) [,J,XX(I),YY(J),T1(LJ.K).X1(L.J,K),
&  XGRAD(I,J.K)

1666 CONTINUE
K=s
WRITE(S,") 'Zone T="TIME',TIME, '(§)", i=’,
& NY, ', j=', NX

DO 56866 [=1,NX
DO 5668 J=1,NY
WRITE(5,6600) 1,J,XX(I),YY(J),T1(LJ,K),X1(LJ,K),
& XGRAD(I,J,K)

5666 CONTINUE
K=6
WRITE(9,”) 'Zone T="TIME', TIME, '(S)", i=’',
NY, ', j=', NX

DO 6666 I=1,NX

DO 6666 J=1,NY

WRITE(9,8600) I,J,XX(I),YY(J),T1(I,J,K),X1(L,J,K),
& XGRAD(I,J,K)

6668 CONTINUVE
K=7
WRITE(7,*) 'Zone T="TIME',TIME, '(S)", i=",
& NY, ', j=', NX

DO 7668 I=1,NX
DO 7668 J=1,NY
WRITE(7,8600) I,J,XX(1),YY(J),T1(LJ.K),X1(1,J,K),
& XGRAD(ILJK)
7666 CONTINUE

ENDIF
6600 FORMAT(2(13),(F7.4,F7.4),F6.1,F8.5,F9.3)

C==** PRINTING FOR DEVIATION PARAMETERS
IF (MOD(NTIM;15).EQ.1.AND.DT.LE.50.0D0)
& THEN
IPRINT=1
GO TO 9660
ELSE
JPRINT=2
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END IF

IF (MOD(NTIM,10).EQ.1.AND.DT.LE.100.0D0.AND.DT.GT.50.0D0)
& THEN
JPRINT=1
GO TO 9660

IF (MOD(NTIM,6).EQ.1.AND.DT.LE.150.0D0.AND.DT.GT.100.0D0)
& THEN
JPRINT=1
GO TO 9660
ELSE
JPRINT=2
END IF

IF (MOD(NTIM,4}.EQ.1.AND.DT.LE.300.0D0.AND.DT.GT.150.0D0)
& THEN
JPRINT=1
GO TO 9660
ELSE
JPRINT=2
END IF

IF (TIME.EQ.544140.0D0)THEN
JPRINT=1
GO TO 9660
ELSE
JPRINT=2
END IF

IF (TIME.EQ.552540.0D0)THEN
JPRINT=1
GO TO 9660
ELSE
JPRINT =2
END IF

IF (TIME.EQ.631200.0D0)THEN
JPRINT=1
GO TO 9660
ELSE
JPRINT=2
END IF

[F (TIME.GE.631200.0D0.AND.XAV.GE.0.15SD0)THEN
JPRINT=1
GO TO 9660
ELSE
JPRINT=2
END IF

6657 FORMAT(16,F9.1,3(F8.5),28( F8.5),42(F10.4),35(F8.5),5(TF7.4,7F7.4),84(13))

9660 [F(JPRINT.EQ.1)THEN

WRITE(8,6657)NTIM,TIME, XAV, TAD,TSTD,(AVX(K),K=1,7),(STD(K),K=1.7)
& (AD(K),K=1,7),(ADMAX(K),K=1,7),(XGRADAV(K),K=1,7),
& (XGRADMAX(K),K=1,7),(AVGRADXX(K),K=1,7),(GRADXXMAX(K),K=1,7),
& (AVGRADYX(K),K=1,7),(GRADYXMAX(K),K=1,7),
& (CXMAX(K),K=1,7),(CXMIN(K),K=1,7),
& (CX(IGRADMAX(K),JGRADMAX(K),K),K=1,7),
& (CX(IGX(K),JGX(K).K),K=1,7),(CX(IGY(K),JGY(K),K),K=1,7),
& (XX(IGRADMAX(K)),K=1,7),(YY(JGRADMAX(K)),K=1,7),
& (XX(IGX(K)),K=1,7),(YY(JGX(K)),K=1,7),
& (XX(IGY(K)),K=1,7),(YY(JGY(K)),K=1,7),
& (XX(IXMAX(K)),K=1,7)(YY(JXMAX(K)),K=1,7),
& (XX(IXMIN(K)),K=1,7),( YY(JXMIN(K)),K=1,7)
& (CMH(1,K),K=1,7),(CMH(2,K),K=1,7),
& (CMH(3,K),K=1,7),(CMH(4,K),K=1,7),
& (CMH(5,K),K=1,7),(CMV(1,K),K=1,7),
& (CMV(2,K),K=1,7),(CMV(3,K),K=1,7),
& (CMSIDE(K),K=1,7),(CMCENT(K),K=1,7)

& (JGRADMAX(K),K=1,7),(IGX(K),K=1,7),(JGX(K),K=1,7),(IGY(K),K=1,7),

c
¢ & (IADMAX(K),K=1,7),(JADMAX(K),K=1,7),(IGRADMAX(K),K=1,7),

[~

¢ & (JGY(K),K=1,7),(IXMAX(K),K=1,7),(JXMAX(K),K=1,7),(IXMIN(K),K=1,7)



APPENDIX B. COMPUTER PROGRAM FOR TWO-DIMENSIONAL DRYING202

¢ & (JXMIN(K),K=1,7)
END IF

PRINT *,'TIME=',TIME

¢ ===ssss GOING TO THE NEXT TIME STEP
c

IF(TIME.LT.548280.0D0)GO TO 100
PRINT *,'NTIME='NTIM

9000 CONTINUE

CLOSE(1)

CLOSE(2)

CLOSE(3)

CLOSE(4)

CLOSE(S)

CLOSE(9)

CLOSE(T)

CLOSE(8)

3TOP

END

C= ==
¢ CALCULATING THE AVERAGE MOISTURE CONTENTS OF DIFFERENT CUTS
SUBROUTINE CALMCCUT(CMH,CMV,CMSIDE,CMTOP,CMCENT,CX,DX,DY NX.NY)

DOUBLE PRECISION CMH(5,7),CMV(3,7),CMSIDE(7),CMTOP(7),CMCENT(7),
& CX(0:80,0:80,7),DX(80),DY(80),AX,AY,S1V,52V,53V,51DYDX,52DYDX,
& 33DYDX,SH,SHDYDX,SC,5CDYDX,55,5SDYDX

INTEGER NX,NY,I,J,K,NH,NF NS
DO 100 K=1,7

31vV=0.0D0
52V =0.0D0
53v=0.0D0
33DYDX=0.0D0
52DYDX=0.0D0
51DYDX=0.0D0

DO 40 I=1,NX
AX=1.0D0
IF(1.EQ.1.OR.I.LEQ.NX)AX=0.5D0

53V =53V+AX"DX(1)*(0.5D0*DY(1)*CX(1,1,K)+DY(2)*CX(1,2,K)
& +DY(3)*CX(1,3,K)+DY(4)/3.0D0°CX(I.,4.K))

33DYDX=S3DYDX+AX*DX(I)"(0.5D0*DY(1)+DY(2)+DY(3)+DY(4)/3.0D0)

DO 10 J=5,12
32V=52V+AX*DY(J)*DX(I)*CX(L,J,K)
52DYDX=52DYDX+AX*DY(J)*DX(I)

10 CONTINUE
§2V=52V+AX*2.0D00/3.0D0*DY(4)*"DX(I)*CX(1,4,K)
52DYDX=52DYDX+AX*2.0D0/3.0D0*DY(4)*DX(I)

DO 20 J=13,NY-1
51V=351V+AX*"DY(J)*DX(I)*CX(1,J,K)
51DYDX=S1DYDX+AX*"DY(J)*DX(I)
20 CONTINUE
S1V=S1V+40.5D0*AX*DY(NY)*DX(I)*CX(I,NY .K)
SIDYDX=S51DYDX+0.5D0"AX"DY(NY)*DX(I)

40 CONTINUE

CMV(1,K)=S1V/S1DYDX
CMTOP(K)=CMV(1,K)

CMV(2,K)=52V/S2DYDX
CMV(3,K)=53V/S3DYDX

DO 70 NH=1,5
CMH(NH,K)=0.0D0
IF(NH.EQ.1)THEN
NS=1
NF=16
END [F

{F(NH.EQ.2)THEN
NS=16
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NF=31
END IF

[F(NH.EQ.3)THEN
N§=31
NF=48

END IF

IF(NH.EQ.4)THEN
N5=46
NF=61

END IF

IF(NH.EQ.5)THEN
NS=61
NF=76

END IF

SH=0.0DO
SHDYDX=0.0D0

DO 60 [=NS,NF
AX=1.0D0
[F(1.EQ.NS.OR..LEQ.NF)AX=0.5D0

DO 50 J=1,NY
AY=1.0D0
IF(J.EQ.1.0R.J.EQ.NY)AY=0.5D0

SH=SH+AX"AY*DY(J)*DX(1)*CX(1,J,K)
SHDYDX=SHDYDX+AX®AY*DY(J)*DX(I)

50 CONTINUE

80  CONTINUE
CMH(NH,K)=SH/SHDYDX

70 CONTINUE

3C=0.0D0
SCDYDX=0.0D0

35=0.0D0
SSDYDX=0.0D0

DO 95 J=1,12
AY=1.0D0
IF(J.EQ.1)AY=0.5D0

DO 80 I=1,16

AX=1.0Do

IF(1.EQ.1.OR.1.LEQ.16)AX=0.5D0
SS=SS+AX*AY*DY(J)*DX(1)*CX(1,J.K)
SSDYDX=SSDYDX+AX*AY*DY(J)*DX(I)

80 CONTINUE

DO 85 [=61,NX

AX=1.0D0

IF(1.LEQ.61.0R.1.EQ.NX)AX=0.5D0
SS=SS+AX*AY®DY(J)*DX(1)*CX(1.J,K)
55DYDX=5SDYDX+AX"AY*DY(J)*DX(I)

85 CONTINUE

DQ 90 [=16,61

AX=1.0D0

[F(1.EQ.16.0R.1.EQ.61)AX=0.5D0
SC=SC+AX"AY*DY(J)*DX(1)*CX(I,J,K)
SCDYDX=SCDYDX+AX*AY*DY(J)*DX(I)

30 CONTINUE

95 CONTINUE
CMSIDE(K)=55/SSDYDX
CMCENT(K)=SC/SCDYDX
100 CONTINUE

RETURN

END

c

C***CALCULATING THE COMPONENTS OF GRADIENTS OF MOISTURE CONTENT

SUBROUTINE CALGRADXX(GRADXX,GRADXXMAX,AVGRADXX,IGX,JGX,CX,DX,DY
& NX,NY)

DOUBLE PRECISION GRADXX(80,80,7),CX(0:80,0:80,7),DX(80),DY(80)




APPENDIX B. COMPUTER PROGRAM FOR TWO-DIMENSIONAL DRYING204

& ,GMAX,GRADXXMAX(7),AVGRADXX(7),AX,AY
INTEGER NX,NY,I,J,K,JGX(7),IGX(7)
DO %0 K=1,7
GRADXXMAX(K)=0.0D0
AVGRADXX(K)=0.0D0
DO 50 J=NY,1,-.1
AY=1.0D0
IF(J.EQ.1.0R.J.EQ.NY)AY=0.5D0
DO 40 I=1,NX-1
AX=1.0D0
IF(I.EQ.1)AX=0.5D0
GRADXX([,J,K)=2.0D0*(CX(I+1,J,K)-CX(I,J.K))/(DX(I)+DX(I+1))
GMAX=ABS(GRADXX(I,J,K))
AVGRADXX(K)=AVGRADXX(K)+AX®AY*DX(I1)*DY(J)*GRADXX(I,J,K)
IF(GMAX.GT.GRADXXMAX(K))THEN
GRADXXMAX(K)=GMAX
IGX(K)=I1
JGX(K)=J
END IF
40 CONTINUE
I=NX
AX=0.5D0
GRADXX(NX,J,K)=GRADXX(NX-1,],K)
GMAX=ABS(GRADXX(I,J,K))
AVGRADXX(K)=AVGRADXX(K)+AX*AY*DX([)*DY(J)*GRADXX([,J,K)
IF(GMAX.GT.GRADXXMAX(K))THEN
GRADXXMAX(K)=GMAX
IGX(K)=1
JGX(K)=J
END IF
50 CONTINUE
RETURN
END
[of
SUBROUTINE CALGRADYX(GRADYX,GRADYXMAX,AVGRADYX,IGY,JGY,CX,DX,DY
& NX,NY)
DOUBLE PRECISION GRADYX(80,80,7),CX(0:80,0:80,7),DX(80),DY(80)
& ,GMAX,GRADYXMAX(7),AVGRADYX(7),AX,AY
INTEGER NX,NY,I,JLK,JGY(7),IGY(7)
DO 50 K=1,7
GRADYXMAX(K)=0.0D0
AVGRADYX(K)=0.0D0
DO 50 I=1,NX
AX=1.0D0
[F(I.EQ.1.OR.LEQ.NX)AX=0.5D0
DO 40 IJ=NY-1,1,-1
AY=1.0D0O
[F(J.EQ.1)AY=0.5D0
GRADYX(I,J,K)=2.0D0*(CX(I,J+1,K)-CX(1,J,K)}/(DY(J)+DY(J+1))
AVGRADYX(K)=AVGRADYX(K)+AX®AY"DX(1)*DY(J)*GRADYX(IL,J,K)
GMAX=ABS(GRADYX(I,J,K))
[F(GMAX.GT.GRADYXMAX(K))THEN
GRADYXMAX(K)=GMAX
IGY(K)=1
JGY(K)=J
END IF
40 CONTINUE
J=NY
AY=0.5D0
GRADYX(I,NY K)=GRADYX(I,NY-1,K)
AVGRADYX(K)=AVGRADYX(K)+AX®AY*"DX(I)*DY(J)*GRADYX(!I,J,K)
GMAX=ABS(GRADYX(L,J,K))
IF(GMAX.GT.GRADYXMAX(K))THEN
GRADYXMAX(K)=GMAX
IGY(K)=I
JGY(K)=J
END IF
50 CONTINUE
RETURN
END

[of

C *==**2CALCULATING THE DEVIATION PARAMETERS

SUBROUTINE DEVIATION(CX,AVX,DX,DY NX,NY,AD,STD,TAD,TSTD,
& GRADYX,GRADXX,XGRAD,ADMAX,GRADYXMAX,GRADXXMAX,AVGRADYX,AVGRADXX
& ,XGRADAV ,XGRADMAX,CXMIN,CXMAX,IGX,JGX,IGY,JGY,IADMAX,JADMAX,
& IXMAX,JXMAX,IXMIN,JXMIN,IGRADMAX,JGRADMAX)

DOUBLE PRECISION CX(0:80,0:80,7),AVX(7),DX(80),DY(80),TAD,TSTD
& ,AD(7),STD(7),GRADYX(80,80,7),ADMAX(7),GRADXX(80,80,7)
& ,XGRAD(80,80,7),GRADYXMAX(7),AVGRADYX(7),AX,AY,CXMAX(7)
& ,GRADXXMAX(7),AVGRADXX(7),XGRADAV(7),XGRADMAX(7),CXMIN(7)
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& ,DDDO,DDDI1,DDD2

INTEGER NX,NY,LJ,K,JGY(7),IGY(7),JGX(7).IGX(7),IADMAX(?),
& JADMAX(7),IXMAX(7),JXMAX(7),IXMIN(7),JXMIN(7),IGRADMAX(7),
& JGRADMAX(7)

TAD=0.0D0

TSTD=0.0D0

CALL CALGRADXX(GRADXX,GRADXXMAX,AVGRADXX,IGX,JGX,CX,DX, DY, NX,NY)
CALL CALGRADYX(QRADYX,GRADYXMAX,AVGRADYX,IGY,JGY,CX,DX,DY,NX,NY)

DO 200 K=1,7

AD(K)=0.0D0
STD(K)=0.0D0
XGRADAV(K)=0.000
ADMAX(K)=0.0D0
CXMAX(K)=0.0D0
CXMIN(K)=1.5D0
XGRADMAX(K)=0.0D0

DO 90 I=1,NX
AX=1.0D0
IF(I.LEQ.1.OR.LEQ.NX)AX=0.5D0
DO 90 J=NY,1,1
AY=1.0D0
[F(J.EQ.1.OR.J.EQ.NY)AY=0.5D0
XGRAD(I,J,K)=DSQRT(GRADYX([,J,K)**24GRADXX(I,J, K)**2)
XGRADAV(K)=XGRADAV(K)+XGRAD(LJ.K)*DX(I)*DY(J)*AX*AY
DDDO0=ABS(CX(I,J,K)-AVX(K))
DDD1=ABS(CX([,J.K)}-AVX(K))*DX(I)*DY(J)*AX*"AY
DDD2=(CX(I,J,K)-AVX(K))**2*DX(I)*DY(J)*"AX*AY
AD(K)=AD(K)+DDD1
STD(K)=STD(K)+DDD2

IF(DDDO.GT.ADMAX(K))THEN
ADMAX(K)=DDDo
IADMAX(K)=1
JADMAX(K)=J
END IF
IF(CX(I,1,K).GT.CXMAX(K))THEN
CXMAX(K)=CX(I,J,K)
IXMAX(K)=I
IXMAX(K)=J
END IF
IF(CX(1,J,K).LT.CXMIN(K))THEN
CXMIN(K)=CX(1,1,K)
IXMIN(K)=1
IXMIN(K)=J
END IF

IF(XGRAD(I,J,K).GT.XGRADMAX(K))THEN
XGRADMAX(K)=XGRAD(I,J,K)
IGRADMAX(K)=!

JGRADMAX(K)=J

END IF

90 CONTINUE

AD(K)=AD(K)/(0.0525D0°0.105D0)

TAD=TAD+AD(K)

STD(K)=DSQRT(STD(K)/(0.0525D0%0.105D0})

TSTD=TSTD+STD(K)

XGRADAV(K)=XGRADAV(K)/(0.0525D0%0.105D0)
200 CONTINUE

TAD=TAD/7.D0
TSTD=TSTD/7.D0

RETURN
END
[of

C **THIS SUBROUTINE CALCULATES THE DIFFERENCE BETWEEN THE T AND X VALUES
C *® AT LAST AND CURRENT QUTER ITERATIONS + SUBSTIiTUTE THE TK AND XK'X

C **WITH T1 AND X1 VALUES: XK & TK VALUES ARE THE LAST ITERATION VALUES
SUBROUTINE CALSUM(T1,X1,TK,XK,SUMT ,SUMX,AMAXERT, AMAXERX,NX,NY,K)

DOQUBLE PRECISION X1(0:80,0:80,7),T1(0:80,0:80,7),
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& XK(0:80,0:80,7), TK(0:80,0:80,7),AMAXERT , AMAXERX,SUMX,SUMT,ERT ,ERX
INTEGER NX,NY,[,J,K,LOCXL,LOCXJ,LOCTLLOCTJ

AMAXERT=0.0D0
AMAXERX=0.0D0
SUMX=0.0D0
SUMT=0.0D0
ERX=0.0D0
ERT=0.0D0

DO 10 I=1,NX

DO 10 J=1,NY

ERT=ABS(T1(I,J,K)-TK(LJ,K))

ERX=ABS(X1(I,J,K)-XK(1,J,K)}

IF(ERT.GE.AMAXERT)THEN

LOCTI=I

LOCTI=J

AMAXERT=ERT

END IF

IF(ERX.GE.AMAXERX)THEN

LOCXI=!

LOCXJ=J

AMAXERX=ERX

END IF

SUMX=5UMX+ERX

SUMT=SUMT+ERT

TK(1,J,K)=T1(1,1,K)

XK(LJ,K)=X1(I,J,K)

C ** BOUNDING THE T1'S
IF(T1(1,J,K).GT.357.000)T1(!,J.K)=357.0D0
IF(T1(1,J,K).LT.285.0D0)T1(1,J,K)=285.0D0

10 CONTINUE

RETURN

END

C
C** UPDATING THE CONDITIQONS OF THE DRYING AIR

SUBROUTINE XTAIRUPDATENEW?2(XH,ROMV,TDIN, TWIN,VTIN NX,NY BY,BX
& ,DX,DY,EPS,AMTIN,AMVIN,TH HH,BQY,TIN,TM,BQX,FIIN ,XEQ,FII
& NFIFLAG,WIN IFIFLAG)

DOUBLE PRECISION TDIN,TWIN,VTIN,FIIN,PATM,PVIN
& ,PSV,CVIN,ROVIN,VT,TMS,VMS,DM,DQ,X0M, TOM,SAI.LROSV
& ,55,5Q,TQ,DV,SAM,SAMO,AMAIRIN, W ,DQM,SQM,WIN,ROTIN,TMIN,TMVIN
& MR

INTEGER NX,NY.1,J.K,nloop, NFIFLAG(80,7),IFIFLAG

DOUBLE PRECISION XH(0:80,0:80,7),ROMV(80,7),AMVIN(7),AMTIN(7)
& ,BY(80,7,2),BX(80,7), TH(0:80,0:80,7), HE(80,80,3),BQY(80,7,2),
& BQX(80,7), TIN(7),TM(80,7),DX(80),DY(80),EPS(80,80),XEQ(80,7)
& FI1(80,7)

PATM=101325.0D0
PVIN=FIIN*PSV(TDIN)
MR=18.01528D0/28.9645D0

Cressassnsssnan

ROTIN=MR*PATM®(1.0D0+WIN)*28.9654D0/(8314.41 D0 TDIN)
& /(MR4+WIN)

CVIN=WIN/(1.0D0+WIN)
ROVIN=ROTIN*CVIN
TMIN=ROTIN*VTIN
TMVIN=ROVIN®*VTIN
AMAIRIN=TMIN-TMVIN

DO 80,NLOOP=1,5
TMS=0.0D0
TQ=0.0D0

C**® ASSIGNING ZERO VALUES TO NFIFLAG'S AT START OF EACH ITERATION
DO 7,K=1,7
DO 7,I=1,NX
NFIFLAG(I,K)=0
7 CONTINUE
C*=** STARTING CALCULATIONS FOR A NEW BOARD
DO 70,K=1,7
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C ASSIGNING THE INLET VALUES FOR K=1
IF(K.EQ.1)THEN.
TWIN=TWIN
TIN(K)=TDIN
AMVIN(K)=TMVIN
AMTIN(K)=TMIN
VT=VTIN

END [F

TMS=AMTIN(K)

VMS=AMVIN(K)

C STARTING UPDATING FOR A NEW I
DO 30 [=1,NX

DM=0.0D0

DQ=0.0D0

DQM=0.0D0

C UPDATING FOR THE LEADING EDGE (I=1)
IF(1.EQ.1)THEN
DO 10 I=1,NY
XoM=XH(L,J,K)
TOM=TH(I,J,K)

SAM=DY(J)*BY(J,K,1)"SAI(XOM,TOM)*
& ROSV(TOM)®EPS(I,J)**2*(X0M-XEQ(LK))

IF(J.EQ.1.0R.J.EQ.NY)THEN
DM=DM+0.5D0*SAM
DQM=DQM+0.5D0*SAM=HH(I,J,1)

DQ=DQ+0.5D0*BQY(J,K,1)*(TOM-TM(IL,K))*DY(J)
& 4+0.9DO*SAM®HH(I,J,1)

ELSE
DM=DM+SAM
DQM=DQM+SAM®HH(1.J,1)

DQ=DQ+BQY(J.K,1)*(TOM-TM(I,K))*DY(J)}+3SAM"HH(LJ,1)

END IF
10 CONTINUE
END IF

C*"*RESET DM & DQ TO ZERO AFTER USING FOR I=1& REUSE THEM FOR 1;l
IF(I.NE.1)THEN

DM=0.0D0

DQ=0.0D0

DQM=0.0D0
END IF

C **== POR J=NY ON HORIZONTAL WALL
XOM=XH(I,NY,K)
ToM=TH(ILNY,K)

SAMO=DX(I)*BX(I,K)*SAI(XOM,TOM)*ROSV(TOM)*EPS(I,NY)*"2*
& (XOM-XEQ(LK))

$5=0.5D0"SAMO
3Q=0.5DG"SAMO*HH(I,NY,1)+0.5D0*BQX(L,K)*(TOM-TM(I,K))*DX(I)
SQM=0.5D0*SAMO*HH(I,NY,1)

IF(I.NE.1)THEN
DM=SS
DQ=5Q
DQM=5QM
END IF

C ***= FOR =N ON VERTICALL WALL AT THE BOARD'S BACK
IF(L.LEQ.NX)THEN
DO 20 J=1,NY
XoM=XH(I,J K)
ToM=TH(I,J,K)

SAM=DY(J)*BY(J,K,2)*SAI(X0OM,TOM)
& *ROSV(TOM)*EPS(I,J)**2%(X0M-XEQ(LK))

IF(J.EQ.1.0R.J.EQ.NY)THEN

DM=DM+0.5D0*SAM
DQM=DQM+0.5D0*SAM®HH(I,J,1)
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DQ=DQ+0.5D0*BQY(J,K,2)*(TOM-TM(LK))*DY(J)
& +0.5D0"SAM®HH(I,J,1)

ELSE

DM=DM+SAM
DQM=DQM+SAMSYH(T ],1)
DQ=DQ+BQY(J,K,2)"(TOM-TM(LK))*DY(J)+SAM*HH(1,J,1)

END IF
20 CONTINUE
ENDIF

TMS=TMS+DM
VMS=VMS+DM
TQ=TQ+DQ
DV=DM/ROSV(TM(I,K))
VT=VT+DV
ROMV(I,K)=VMS/VT
TM(LK)=TIN(1)+TQ/(TMS*1008.0D0)
W=(TMS-AMAIRIN)/ AMAIRIN
FI(LK)=W*PATM/PSV(TM(LK))/(MR+W)
C ==== THIS IS FOR THE CASE FII;1
IF(FII(I,K).GT.1.0D0)THEN
IFIFLAG=1
NFIFLAG(LK)=1
TMS=TMS-DM
VMS=VMS.DM
VT=VT.DV
ROMV(LK)=VMS/VT
W=(TMS-AMAIRIN)/AMAIRIN
TQ=TQ-DQM
TM(LK)=TIN(1)+TQ/(sms*1008.0D0)
FII(I,K)=W*PATM/PSV(TM(L,K))/(MR+W)
IF(FIK1,K).GT.1.0D0)THEN
FIKLK)=1.0D0
CALL CALXEQ(XEQ,TM,FILNX)
END IF
END IF
C *=== FOR THE BACK VERTICAL WALL
IF(L.NE.NX)THEN
IF(IFIFLAG.NE.1)THEN
TMS=TMS+S5S
VMS=VMS+DV

TQ=TQ+5Q-5QM
END IF
END IF

IF(K.LE.6.AND.L.LEQ.NX)THEN
AMVIN(K+1)=VMS
AMTIN(K+1)=TMS
TIN(K+1)=TM(LK)
TM(1,K+1)=sTM(LK)
END IF
cmmm=*®going for next [’
30 CONTINUE
cememnstigoing for next K'
70 CONTINUE

CALL CALXEQ(XEQ,TM,FII,NX)
c*®esestigoing for next' ITERATION LOOP’
80 CONTINUE

RETURN
END
c
SUBROUTINE CALXGRADXT(GXT,GXX,T,CX,NX,NY,K)
DOUBLE PRECISION GXT(80,80),GXX(80,80),T(0:80,0:80,7)
& ,CX(0:80,0:80,7)
INTEGER NX,NY,IJ,K
DO 50 J=1,NY
DO 40 I=1,NX-1
GXX(1,J)=CX(I+1,J,K)-CX(IL,1.K)
GXT(LJ)=T(I1+1,J,K)-T(L,J,K)
10 CONTINUE
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GXX(NX,J)=GXX(NX-1,)
GXT(NX,J)=GXT(NX-1,J)
50 CONTINUE
RETURN
END
c
SUBROUTINE CALYGRADXT(GYT,GYX,T,CX.NX,NY,K)
C IMPLICIT DOUBLE PRECISION (A-H,0-Z)
DOUBLE PRECISION GYT(80,80),GYX(80,80),T(0:80,0:80,7)
& ,CX(0:80,0:80,7)
INTEGER NX,NY,LJK
DO 50 I=1,NX
DO 40 J=1,NY-1
GYX(L,J)=CX(I,d +1,K)-CX(1,J,K)
GYT(L,N)=T(I,J41,K)}-T(1,J,K)
40 CONTINUE
GYX(I,NY)=GYX(I,NY-1)
GYT(LNY)=GYT(I,NY-1)
50 CONTINUE
RETURN
END

[of

C ** CALCULATING THE EQUILIBRIUM MOISTURE CONTENT OF AIR"**
SUBROUTINE CALXEQ(XEQ,TM,FIINX)

DOUBLE PRECISION XEQ(80,7),FII(80,7),TM(80,7)
& ,AK1,AK2,W AKK,TT

INTEGER NX,LK
DO 50 K=1,7

DO 50 I=1,NX

TT=TM(LK)

AK1=.45.69875133D0+0.321555416D0*TT.5.01228 D-4*TT"**2
AK2=.0.172194726D0+44.731747D.3*TT-5.55336D.6"TT""2
W=1416.501902D0-9.43022664D0"TT+0.0185328D0*TT""2
AKK=AK2*FII(I,K)
XEQ(I,K)=18.0D0/W*(AKI"AKK/(1.0D0+AKI®*AKK)+AKK/(1.0D0-AKK))
50 CONTINUE

RETURN

END

[of
C *** CALCULATING THE INTERNAL ENERGY OF PHASES

C V=1 VAPOQUR B=2 BOUND F=3 FREE 3S=4 SOLID
SUBROUTINE UHCAL(U,H1,DU,DH,T.K,NX,NY)

DOUBLE PRECISION A1,A2,A3,C1,C2,C3,C4,C5,D1,02,D3,D4,D5,E1,E2,
& E3,F1,F2,F3,F4,F5,G1,G2,G3,G4,P1,P2,P3,P4,P5,Q1,Q2,Q3,Q4, TP

DOUBLE PRECISION U(80,80,4),H1(80,80,3),DU(80,80,4),DH(80,80,3)
& ,T(0:80,0:80,7)
INTEGER NX,NY,[,J.K

A1=.8.991948190716617D-01
A2=1.906495192066809D+03
AJ3=1.920416956358803D+0¢6

C1=3.911292745066279D-05
C2=-4.803177704172579D-02
C3=2.206972449277908D +01
C4=.3.140814867379426D +02
C5=-7.995171343368989D+05

D1=4.041035127382818D-05
D2=-4.955357718019450D-02
D3=2.274399421234990D+01
D4=-4.476206478354741D 402
D5=-7.895564686971186D+05

E1=.1.236057724917015D+00
E2=2.563524677213299D+03
E3=1.8918792554898751D+06

F1=3.966253729589242D-07
F2=-3.801268470618274D-04
F3=1.271772117537275D-01
F4=.1.659458529219993D+01
F5=4.766214787665288D +03
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G1=5.335053488154614D-05

G2=-3.721735569210400D-02
G3=8.968188411027045D+00
G4=1.107373781180579D+03

P1=-2.375401980811967D-06
P2=3.414183570124922D-03
P3=-1.834527555173341D+400
P4=4.316642658134905D+02
P5=-3.320188572621348D 404

Q1=2.317937666947513D-05

Q2=-1.378062015866426D-02
Q3=2.813889900431855D+00
Q4=1.190469447107531D+03

DO 10 [=1,NX

DO 10 J=1,NY

TP=T(LJ.K)
U(1,4,3)=C1*TP**44C2*TP"*34+C3*TP**24+C4*TP +C5
U(1,J,1)=A1°TP**24+A2°TP+AJ
U(1,J,4)=123010.0D0-212.05D0* TP 4+2.425D0*TP"*2
H1(1,J,3)=D1*TP**4+D2*TP"*14+ D3*TP**2+D4"TP+D5
#1(1,J,1)=E1*TP*"*24E2*TP+E3

H1(1,4,2)=H1(L,J,3)
DH(IL,J,3)=F1°TP"*44F2*TP**34F3*TP**24+ F4*TP+F}%
DH(I1,J,1)=G1*TP®*34+G2*TP**24+G3*TP +G4
DU(1,J,3)=P1*TP**44P2*TP**3+P3*TP**2+P4*TP+P5
DU(L,J,1)=Q1°TP*""3+Q2*TP*"24+Q3*TP+Q4
DU(1,J,4)=1112.D0+4.85D0*(TP-273.15D0)

10 CONTINUE

RETURN

END

C

C *= CALCULATING THE DENSITY OF MOISTURE IN EACH PHASE **=**

C** AND DRY WOOD HEAT CONDUCTIVITY+ CHARACTERISTICS OF BOUND WATER®""
C V=1 VAPOUR B=2 BOUND F=3 FREE

SUBROUTINE ROEPCAL(RO,EPS,EPSD,CX,T.K,NX,NY ROS,AMBDA XMAX
& \U,H,DU,DH)

DOUBLE PRECISION X0,CT,XF,XFSP,ROS,ROTW,ROBSF,RF,EPSD,UD,HD,
& DUD,DHD XMAX,ROW, ROSV,SAl

DOUBLE PRECISION RO(80,80,4),EPS(80,80),CX(0:80,0:80,7),
& T(0:80,0:80,7),AMBDA(80,80),U(80,80,4),H(80,80,3),DU(80,80,4)
& ,DH(80,80,3)

INTEGER NX,NY,I.J,K,NP
EPSD=1.ROS/1500.0D0

DO 10 [=1,NX
DO 10 J=1,NY
RO(1,,4)=ROS
X0=CX(Il,J,K)
CT=T({,J,K)
XF=XFSP(CT)
ROTW=CX([,J,K)*ROS

IF(X0.GT.XF)THEN
RO(I,4,2)=XF*ROS
RO(1,,3)=ROTW-RO(1,J,2)
ELSE

RO(1,4,3)=0.0
RO(I,J,2)=CX(1,J,K)*ROS
END IF

EPS(L,J)=EPSD-R0O(1,J,3)/ROW(CT)
RO(LJ,1)=ROSV(CT)*SAI(X0,CT)*EPS(1,J)

[F(X0.GT.XF)RO(I,J,3)=ROTW-RO(],J,2)-RO(1,J,1)
EPS(I,J)=EPSD-RO(I,J,3)/ROW(CT)

RO(I,J,1)=ROSV(CT)*SAI(X0,CT)*EPS(I,J)

IF(X0.GT.XF)RO(I,J,3)=ROTW-RO(I,J,2)-RO(L,J,1)

IF(X0.LE.XF)THEN
RO(I,J,3)=0.0D0
RO(I,J,2)=ROTW-RO(1,J,1)
END IF

ROBSF=XF*ROS
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RF=RO(I,J,2)/ROBSF

UD=U(1,4,1)-U(1,J,3)

ED=H(I,J,1)-H(,J,3)
U(1,4,2)=U(1,J,3)-0.4D0*UD*(1.0D0-RF + RF*RF/3.0D0)
H(1,4,2)=H(1,J,3)-0.4D0*HD*(1.0D0-RF + RF*RF/3.0D0)

DUD=DU(I,J,1)-DU(1,4,3)
DHD=DH(I,J,1)-DH(I,1,3)
DU(1,J,2)=DU(1,4,3)-0.4D0*DUD>(1.0D0-RF+ RF*RF/3.0D0)
DH(1,J,2)=DH(I,J,3)-0.4D0*DHD*(1.0D0-RF + RF*RF /3.0D0)

AMBDA(1,J)=0.0D0
DO 5 NP=1,3
AMBDA(I,J)=AMBDA(I,J)+RO(1,J,NP)
5 CONTINUE

AMBDA(I,J)=R0QS/1000.0D0%(0.4D0+0.5D0" AMBDA(I,J)/ROS)+0.024D0

10 CONTINUE
XMAX=EPSD*1000.D0/ROS

RETURN
END
C D
C ——~ EVALUATING THE VT'S & VX'S COEFFICIENTS AT THE NODES -

(o] V=1 VAPOUR B=2 BOUND F=3 FREE S=4 SOLID

SUBROUTINE VTXCAL(VX,VT ,RON,T,CX NX,NY K,SMIN, XMAX,ALFA,DMU,
& SKL,EPS,R0S)

DOUBLE PRECISION CM0,CT1,XF1,XFSP,ROS,A5,DEX,SAI,
& XMAX,SMIN,ALFA,DMU,SKL,PL,EE,RELT.V,PSV,DD,DPSV,DTSAI
& ,DXSALPL,PV,.CLT,DBM,SBT,5,585,AKL,FX,RNUL

DOUBLE PRECISION VX(80,80,3),VT(80,80,3),T(0:80,0:80,7)
& ,CX(0:80,0:80,7),EPS(80,80),RON(80,80,4)

INTEGER NX,NY,1.J.K

P1=4.0D0*DATAN(1.0D0)
EE=DEXP(1.0D0)

DO 10 [=1,NX
DO 10 J=1,NY
CMO0=CX(LJ,K)
CT1=T(LJ,K)
RELT=T(I,J,K)/273.15D0
XF1=XFSP(CT1)

V=-1.2146D-4%18.D0"ALFA /8314.41D0*EPS({,J)*(CT1**0.75D0)
& /101325.D0

AS=16.373700-2818.6D0/CT1-1.6908D0*DLOG10(CT1)
& -5.7546D-3"CT1+44.007D-6*CT1**2

PSV=102142.621D0/760.0D0"10.0D0""AS

DD=2818.6D0/CT1"*2.1.6908D0*DLOG10(EE)/CT1
& -5.7546D-3+4.007D-6*CT1%2.0D0

DPSV=PSV*DLOG(10.0D0)*DD
VT(1,J,1)=V*(DTSAI(CM0,CT1)*PSV+DPSV*SAI(CMO,CT1))
vX(1,J,1)=V*DXSAI(CMO0,CT1)*PSV
DEX=40.0D0*(RON(I,J,2)/ROS-XF1).6500.0D0/CT1
PL=PV(CM0,CT1)/101325.0D0

CLT=CT1/298.15D0

DBM=DEXP(DEX)
3BT=-1.0D0%(187.D0+35.1D0*DLOG(CLT)-8.314D0*DLOG(PL))

VT(1,4,2)=-1000.D0/18.0D0*DMU*DBM*(SBT+8.314D0*CT1/P V(CM0,CT1)
& *(DTSAI(CM0,CT1)*PSV+DPSV*SAI(CMO,CT1)))

VX(1,J,2)=-1000.D0/18.0D0*DMU*DBM*8.314D0*CT1/PV(CM0,CT1)
& *DXSAI(CMO,CT1)*PSV

VT(1,J,3)=0.0D0
IF(CMO0.LE.XF1)THEN

VX(I,4,3)=0.0D0
GO TOS
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END IF

S=(CM0-XF1)/(XMAX-XF1)
SSS=(S-SMiN)/(1.0D0-SMIN)*PI/2.0D0
AKL=1.0D0-DCOS{SSS)
FX=AKL/(RNUL(CT1)*$"*0.61D0=(CMG-XF1))
VX(1,4,3)=-6100.D0*SKL*FX

IF(S.LE.SMIN.AND.CM0.GE.XF1)THEN
VX(I,J,3)=0.0D0
END IF

8 CONTINUE

10 CONTINUE
RETURN
END

C
C *® EVALUATING THE SATURATION PRESSURE OF WATER
DOUBLE PRECISION FUNCTION PSV(T)

DOUBLE PRECISION T

PSV=102142.621D0/760.0D0*10.0D0**(16.3737D0-2818.6D0/T
& -1.8908D0*DLOG10(T)-5.7546D-3"T 44.007D-6*T*"2)

RETURN
END

C
SUBROUTINE GRIDY(YY,DY,RY,NY)

DQUBLE PRECISION YY(80),RY(80),DY(80)
DOUBLE PRECISION SR1,YS1,5,5T
INTEGER NY,[,J,NS1

YY(1)=0.0D0

N51=40

5R1=0.92909D0

Y$51=0.0525D0

=1.0D0
T=0.5D0
DO 10 I=1,NS§1-2

5=S"SR1
ST=ST+S

10 CONTINUE

35=5"SR1

3T=5T+40.5D0"S

DY(1)=YS1/ST

3
5

DO 30 [=2,NS1
DY(I)=DY(I-1)*SR1

30 CONTINUE

NY=NS1

DO 120 I=1,NY

IF(LEQ.1)GO TO 114
YY()=YY(I-1)+0.5D0"(DY(1)4+DY(I-1))

114 IF(I.LEQ.NY)GO TO 120
RY(1)=DY(I)/(DY(1)+DY(I+1))

120 CONTINUE

RETURN

END

C— GRID GENERATION FOR BOARDS NO. 1
SUBROUTINE GRIDX1(XX,DX,RX,NX)

DOUBLE PRECISION XX(80),RX(80),DX(80)
DOUBLE PRECISION XS§1,XS2,XS3,XS4,X55,SR1,SR2,5R3,5R4,5RS,5,5T
INTEGER NX,I,N51,NS2,NS3,NS4,NS5NT
XX(1)=0.0D0

NS1=17

SR1=1.05D0

XS1=0.010D0

S=1.0D0

5T=0.5D0

DO 10 I=1,NS1-1

S=5"SR1

ST=ST+S

10 CONTINUE

DX(1)=XS1/ST

DO 20 I=2,N51

DX(I)=DX(I-1)*SR1
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30 CONTINUE

N352=17

XS82=0.02000
SR2=1.0D0/1.05D0
2=1.0D0

ST=1.0D0

DO 50 I=1,NS2-1
S=3"SR2

ST=ST+S

50 CONTINUE
DX(NS141)=(XS2.XS1)/ST
DO 60 I=2,NS2
DX(I+NS1)=DX(I+NS1.1)*SR2
60 CONTINUE

NS3=26

X33=0.065D0

SR3=1.1D0

S=1.0Do

3T=1.0D0

DQ 70 I=1,NS3-1
5=3"SR3

ST=ST+S

70 CONTINUE
DX(NS24NS1+1)=(XS3.X52)/ST
DO 80 I=2,NS3
DX(I+NS14+NS2)=DX(I+NS14+NS2.1)*SR3
80 CONTINUE

NS4=6

XS4=0.090D0
SR4=1.000/1.1D0
3=1.0D0

3T=1.0D0

DO 85 [=1,NS4-1

5=S"SR4

ST=3T+S

85 CONTINUE
NT=NS14NS2+NS3
DX(NT+1)=(XS4-XS3)/ST
DO 90 I=2,NS4
DX(I+NT)}=DX(I[+NT-1)*SR4
90 CONTINUE

NS5=10

X55=0.1035D0
5R5=1.0D0/1.2D0
5=1.0D0

5T=1.0D0
NT=NS14NS2+4+NS3+NS4
DO 100 I=],NS5-2
5=35"SR5

ST=ST+3

100 CONTINUE

S=S*"SRS
ST=5T+0.5D0"S

DX(NT+1)=(X55XS4)/ST
DO 110 [=2,NS5
DX{(I+NT)=DX(I4+NT-1)*SR5
110 CONTINUE
NX=NT+NS5

C THIS IS A SECTION TO MAKE EQUAL DX'S
c NX=78

DO 111 I=],NX

DX(I1)=0.1035D0/(NX-1)

111 CONTINUE

DO 120 [=1,NX
IF(LEQ.1)GO TO 114
XX(1)=XX(I-1)+0.5D0*(DX(1}4 DX(I-1))
114 IF(LEQ.NX)GO TO 120
RX(I)=DX(I)/(DX(I)+DX(I+1))

120 CONTINUE

RETURN

END

C--. JRID GENERATION FOR BOARDS NO. 2.7
SUBROUTINE GRIDX2(XX,DX,RX,NX)

DOUBLE PRECISION XX(80),RX(80),DX(80)
DOUBLE PRECISION XS1,XS2,XS3,Xs4,SR1,5R2,SR3,5R4,5,ST
INTEGER NX,I,NS1,NS2,NS3,NS4,NT
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XX(1)=0.0DO
NS1=19

SRi=1.1D0
X51=0.025D0
S=1.0D0

ST=0.5D0

DO 10 I=1,NS51.1
5=3*"SR1
ST=ST+S

10 CONTINUE
DX(1)=XS1/ST

DO 30 [=2,NS1
DX(I)=DX(I-1)*SR1
30 CONTINUE
NS§2=7
X32=0.06000
SR2=1.2D0
3=1.0D0

ST=1.0D0

DO 50 [=1,NS2-1
S=S"SR2
ST=ST+S

50 CONTINUE
DX(NS1+41)=(XS2-XS1)/ST
DO &80 [=2,NS2
DX(I+NS1)=DX(I+NS1-1)*5R2
60 CONTINUE
NS3=7
X53=0.095D0
3R3=1.0D0/1.2D0
5=1.0D0

3T=1.0D0

DO 70 I=1,NS3-1
5=3"SRJ3
ST=ST+S

70 CONTINUE
DX(NS2+NS1+1)=(XS53-XS2)/ST
DO 80 I=2,NS3
DX(I4+NS14+NS2)=DX(I4+NS1+NS2.1)"SR3
80 CONTINUE
NS4=7
XS54=0.1035D0
SR4=0.84D0
3=1.0D0

ST=1.0D0
NT=NS14+NS24NS3
DO 90 [=1,NS4-2
S=S"SR4
ST=ST+S

90 CONTINUE
5=5"SR+4
ST=ST+0.5D0"S

DX(NT+1)=(XS54-XS53)/ST
DO 100 I=2,NS4
DX(I+NT)=DX(I4+NT-1)*SR4
100 CONTINUE
NX=NT+NS4

C THIS IS A SECTION TO MAKE EQUAL DX'S
NX=78

DO 111 I=1,NX

DX(I}=0.1035D0/(NX-1)

111 CONTINUE

DO 110 I=1,NX

[F(LEQ.1)GO TO 104
XX(I)=XX(I1-1)40.5D0*(DX(1)+ DX(I-1))
104 [F(LEQ.NX)GO TO 110
RX(I)=DX(1)/(DX(I)+DX(1+1))

110 CONTINUE

RETURN

END

c EVALUATING PSAI FUNCTION
DOUBLE PRECISION FUNCTION SAK(CX,T)

DOUBLE PRECISION CX,T,AS1,AS2
AS1=17.884D0-0.1423D0"T+23.63D-5*T**2
AS2=1.0327D0.67.4D-5*T

SAI=DEXP(AS1®AS2°%(92.0D0*CX))

RETURN
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END
C EVALUATING DERIVATIVE (DSAI/DX) FUNCTION
C ** EVALUATING DIFFERENTIAL OF PSI TO MOISTURE CONTENT
DOUBLE PRECISION FUNCTION DXSAI(CX,T)

DOUBLE PRECISION CX,T,AS1,AS2,SALFS,F1

AS1=17.884D0-0.1423D0*T +23.63D-5°T**2
AS2=1.0327D0-67.4D-5T

SAI=DEXP(AS1*AS2%%(92.0D0%CX))

FS=AS1*AS2%%(92.0D0°CX)

F1=DLOG(AS2)

DXSAI=SAI*FS®92.0D0*F1

10 RETURN

END

C—————  _EVALUATING DERIVATIVE (DSAI/DT) FUNCTION
< *= EVALUATING DIFFERENTIAL OF PSI TO TEMPERATURE
DOUBLE PRECISION FUNCTION DTSAI(CX,CT)

DOUBLE PRECISION CX,CT,AS51,A52,SA1,DA1,DA2,F3,F4

AS1=17.884D0-0.1423D0*CT $23.63D-5*CT*"2
AS52=1.0327D0-87.4D-5*CT
SAI=DEXP(AS1®AS2""(92.0D0"CX))
DA1=-0.1423D0+23.63D-5*CT*2.D0
DA2=.87.4D-%
F3=AS2**(92.0D0"CX)
Fi1=AS52"%(92.0D0*CX-1.0D0Q)
DTSAI=SAI*(DA1F3+AS1%92.0D0*CX*DA2*F4)
10 RETURN
END
c
C ** EVALUATING THE FIBER SATURATION POINT
DOUBLE PRECISION FUNCTION XFSP(CT)
DOUBLE PRECISION CT

XFSP=0.57315D0-0.001D0*CT
RETURN

END

(o4
DOUBLE PRECISION FUNCTION PV(CX,T)
DOUBLE PRECISION CX,T,P5V,5Al
PV=PSV(T)*SAI(CX,T)

RETURN

END

C —

C ** EVALUATING THE DENSITY OF SATURATED WATER VAPOR
DOUBLE PRECISION FUNCTION ROSV(T)

DOUBLE PRECISION Al,A2,A3,A4,A5,T

A1=4.432837625451488D-09
A2=-4.915580026625070D-06
A3=2.064266950940671D-03
A4=-3.886732036460719D-01
A5=2.765818768321988D +01
ROSV=A1"T""4 4 A2*T*"34+ A*T*"24+ A4"T+AS

RETURN
END
C — FUNCTION FOR EVAL. DYNAMIC LIQUID WATER VISCOSITY ROL/MUL(T}

C ** EVALUATING THE VISCOSITY OF LIQUID WATER
DOUBLE PRECISION FUNCTION RNUL(T)
DOUBLE PRECISION A1,A2,A3,A4,A5,T

A1=2.345596395094833D-14

A2=-3.234702454809699D-11

A3=1.678630597315793D-08

A4=-3.890361741373284D-06

A5=3.405747213883450D-04
RNUL=A1"T** 4+ A2"T**34+ A3 T* 24+ A4*T+AS
RETURN

END

o} FUNCTION FOR EVAL. DENSITY OF WATER
C ** EVALUATING THE DENSITY OF LIQUID WATER
DOUBLE PRECISION FUNCTION ROW(TT)

DOUBLE PRECISION A1,A2,A3,TT

A1=-3.355930317044745D-03

A2=1.729139535881038D0

A3=7.796945077283663D +02

ROW=AI1*TT**2+A2°TT+A3

RETURN

END

C ———SUBROUTINE FOR CALCULATING THE SURFACE COEFFICIENTS
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C For Run 10 of Li, Re=8800, g=1.5 mm

C *= BQ'S=HEAT TRANSFER, B'S=MASS TRANSFER,

C ** X(AT END)=HORIZONTAL SURFACE, Y(AT END)=VERTICAL SURFACE

C**FOR VERTICAL WALLS:1=LEADING , 2=TRAILING EDGE SURFACE
C*BQY(l,3,1)=HEAT TRANSFER COEFFICIENT ON LEADING SURFACE OF 3ND BOARD

SUBROUTINE BQXYCAL(BX,BY,BQX,BQY,K,NX,NY,XX,YY)

DOUBLE PRECISION BX(80,7),BQX(80,7),BY(80,7,2),BQY(80,7,2),
& XX(80),yy(80)

DOUBLE PRECISION X,N
INTEGER NX,NY,[,J,K

C FOR 13T BOARD **
IF(K.EQ.1)THEN

DO 10 I=1,NX

X=XX(I)

C PART A
[F(X.LE.0.001131)THEN

BQX(I K)=407.1659549788167D0*DEXP(-21024.46684478504D0"x )+
31.93038218791909D0*DE XP(-
.1: 190.8939384430411D0%x)

ELSE

C PART B
x=DSQRT(x)

aqxu K)=(-40.60055557348986 D0+x=(2509.893603562523D0+
x*(-45233.75832392177D 0+ x*(273474.4522222359D0+
x*(-224405.9111035019 D0+ x*(-93968.84830620003D0))))))/
(1.04x*(-46.42031997130932D0+x*(888.2634409851075D0+
x*(-8498.740055879648 D0+ x*(37096.73029862930D0+
x*(-39029.17241457500D0))))))

ehkek

END IF
END IF

C *= FOR 2ND BOARD
IF(K.EQ.2)THEN

x=DSQRT(x)

BQX(1,K)=174.2807102712536D0+ x*(-11471.56791646031 D0+
x*(427917.5120607024D0+x*(-8941 796.863056447D0+
x*(115424760.2449348D0+x"(-964994935.9658027D0+
x*(5316271194.309318D0+x(-19150314217.03432D0+4
x*(43370204083.2234 7D0+x*(-56001533328.48792D0+
x*31428233192.12275D0)))))))))

Rhkike

END IF

C == 3RD BOARD
IF(K.EQ.3)THEN

x=DSQRT(x)

BQX(I,K)=118.4032087166884 D0+ x*(-8073.845057563445D0+
x*(311020.4559430483D0+x*(-6671293.653168771D04
x*(88027539.62410394 D0+ x*(-749434781.2624494 D0+
x*(4191211371.746140D0+x*(- 1528 7141605.55875D0+
x*(34984067586.48907D0+x"(-45571336480.68352D0+
x*25766029369.19578D0)))))))))

R o

END IF

C ** 4TH BOARD
[F(K.EQ.4)THEN

C PART A
IF(X.LT.0.098365215D0)THEN
x=1.0D0/DLOG(x)

BQX(I,K)=5054.773499014141D0+x*(177752.2993900421D0+
x*(2787860.724542999D0+4x*(25532275.57650707D0+
x*(151139808.8375395D0+4x*(604131239.6530711D0+
x*(1651320343.954868D0+x*(3048048160.430916D0+

- e
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1 x*(3636571573.933142D0+ x*(2532827359.046554D0+
1 x"782153615.7196340D6)))))))))

ELSE

C PART B
BQX(I,K)=23.10952507452315D0+5.941267193983624D0"( DATAN((x-
1 0.1034198926040754D0)/6.566736935923352D-
1 05)+1.5707963267948966192D0)/
1 3.1415926535897932384D0

END [P
IF(X.EQ.0.0D0)BQX(I,K)=102.46D0
END IF
c
C ** 5TH BOARD
IF(K.EQ.5)THEN

C PART A

IF(X.LT.0.095693486D0)THEN
x=1.0D0/DLOG(x)
BQX(I,K)=4985.466572261113D0+ x*(176869.6390117575D0+
x*(2799463.437750935D0+ x"(25886303.44409218D0+
x*(154736201.5617931 D0+ x*(625226992.1012339D0+
x*(1727854079.107009D0+ x*( 3224907363.803608 D0+
x*(3892183926.879361 D0+ x*( 2743028550.56:295D0+
x*857313257.9576165D0)))))))))

- be e g

EL3E
C PART B
BQX(I,K)=22.53231800096773D0+12.38607048447966D0%( DATAN((x-
1 0.1034442648309563D0)/3.578110566795277D-
1 05)+1.5707963267948968192D0)/
1 3.1415926535897932384D0

END IF
IF(X.EQ.0.0D0)BQX(L.K)=102.46D0
END IF

C **6TH BOARD
IF(K.EQ.8)THEN

C PART A

IF(X.LT.0.089588916D0)THEN
x=1.0D0/DLOG(x)
BQX(I,K)=4672.918331456752D0+x*(163550.2220439411D0+

1 x"(2544478.214232123D0+x*(23014960.25183302D0+

1 x®(133787642.2855464D0+4x"(521250449.3777585D0+

1 x*"(1375159115.619343D0+x*(2417782935.635727D0+

1 x"(2698144702.783632D0+x"(1712594195.263961D0+

1 x*463347013.2078118D0)))))))))

ELSE

C PART B
BQX(1,K)=22.36959481057400D0+415.43823221618957D0"(DATAN((x-
1 0.1034540480523745D0)/3.147319372719047D-
1 05)+41.5707963267948966192D0)/
1 3.1415926535897932384D0

END IF
IF(X.EQ.0.0D0)BQX(I,K)=104.46D0
END IF

C *= 7TH BOARD
IF(K.EQ.7)THEN
C PART A
IF(X.LT.0.046845312D0)THEN
BQX(I,K)=22.34266750091485D0+ 36.32222888065240D0"( DATAN((x-
1 0.0002041963816922589D0)/(-
1 0.0001833134648019605D0))+1.5707963267948966192D0)/
1 3.1415926535897932384D0

ELSE
C PART B ,
SS=(x-0.1457452261719253D0)/0.01572179786938619D0
BQX(I,K)=22.40770348742958D0+82433.5241:079670D0*DEXP(-
1 DEXP(-S5)-55+1.0D0)

END IF
IF(X.EQ.0.0D0)BQX(I,K)=102.46D0



APPENDIX B. COMPUTER PROGRAM FOR TWO-DIMENSIONAL DRYING218

END [F
BX(I,K)=8.647342479D-4*BQX(LK)
10 CONTINUE
DO 20 J=1,NY
X=YY(J)
IF(K.EQ.1)THEN
BQY(J,K,1)=(6.261404555418986D0+x*(103.68880253376 74 D0+
& x*(-3824.274150279517D0)))/
& (1.04x*(€3.81817415882764D0+x*(-2258.594958432667D0+
& x*13463.19268992207D0)))
BQY(J.X.1)=BQY(J.K,1)*BQY(J K.1)
ELSE
BQY(J,K,

1)
BQY(J.K,2)
END [F

Do
0.0D0

IF(K.EQ.7)THEN
x=DSQRT(x)

BQY(J,K,2)=(10.65602451129187D0+x"(-233.4898717610709D0+
& x"{2139.692287625347D0+x"*(-8858.828851081354D0+
& x*13451.44881053568D0))))/
& (1.04x%(-19.62189371118493D0+x*(154.3742227517323D0+
& x*(-554.9441910405214D0+x"749.9127281683968D0))))

END IF
BY(J.K,1)=8.€47342479D-4"BQY(J.K,1)

BY(J,K,2)=8.647342479D-4*BQY(J.K,2)

20 CONTINUE

RETURN

END

C
C calculating the enthalpies at the edge of control volumes
SUBROUTINE HXYCAL(HX,HY H1,DHK,TI1R,T,RX,RY,NX,NY K)

DOUBLE PRECISION HX(80,80,3),HY(80,80,3)},H1(80,80,3),DHK(80.80,3)
& ,T1R(0:80,0:80,7),T(0:80,0:80,7),RX(80),RY(80)

INTEGER NX,NY.IJ,K,np
DO 50 I=1,NX-.1
DQ s0 J=1,NY-1
DQ 40 NP=1,3

HX(L,J,NP)=1.0D0/(RX(I)/(H1(LJ,NP)+DHK(1,J,NP)*
& (TIR(L,3,K)-T(I,J,K)))+(1.0D0-RX(1))/(B1(1+1,],NP)+
& DHK(I+1,d,NP)*(TIR(I+1,J,K)}-T(I+1,1,K))))

4Y(1,J,NP)=1.0D0/(RY(J)/(H1(1,J,NP)+DHK(LJ,NP)*
& (T1R(L,J,K)-T(1,3,K)))+(1.0D0-RY(J))/(H2(L,I4+1,NP)+
& DHK(LJ+1,NP)*(T1R(IJ+1,K)-T([.J+1,K))))

40 CONTINUE
50 CONTINUE

[=NX

DO 60 J=1,NY-1
DO 55 NP=1,3

HY(1,J,NP)=1.0D0/(RY(J)/(H1(I,J,NP)+DHK(I,J,NP)*
& (T1R(1,J,K)-T(1,4.K)))+(1.0DC-RY(J))/(H1(I,J41,NP)+
& DHK(LJ+1,NPY*(T1R(I,J+1,K)-T(I,J+1,K))))

55 CONTINUE
60 CONTINUE

J=NY

DO 80 I=1,NX-1
DO 70 NP=1,3
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HX(L,J,NP)=1.0D0/(RX(I)/(E1(L,J,NP)+DHK(LJ,NP)*
& (T1R(L,J,K)-T(L,J,K)))+(1.0D0-RX(1))/(H1(I+1,J,NP)+
& DHK(I+1,J,NPY*(T1R(I+1,J,K)-T(I1+1,1.K))))

70 CONTINUE
80 CONTINUE

RETURN
END

(of
SUBROUTINE CXVCAL(CXV,CX,X1R,NX ,NY,K)

DOUBLE PRECISION CXV(0:80,0:80,7),CX(0:80,0:80,7)
& ,X1R(0:80,0:80,7)
INTEGER NX,NY,IJK

DO 50 I=1,NX
DO 50 J=1,NY
CXV(LJ,K)=(X1R(1,J,K)+CX(L,J,K))/2.0D0
50 CONTINUE

RETURN

END

C
SUBROUTINE TVCAL(TV, T, T1R,NX,NY,K)

DOUBLE PRECISION TV(0:80,0:80,7),T(0:80,0:80,7)
& ,T1R(0:80,0:80,7)
INTEGER NX,NY,[LJ.K

DO %0 [=1,NX

DO 50 J=1,NY

TV(LJK)=(T1R(I,J,K)+T(I,J,K))/2.0D0

50 CONTINUE

RETURN

END

C

SUBROUTINE CALHVXGX(HXVXGX,HYVXGX,HXVXX,HYVXY,X!,DX,DY,NX,NY
& DT K)

DOUBLE PRECISION HYVXGX(80,80),EXVXGX(80,80),HYVXY(80,80)
& ,HXVXX(80,80),DX(80),DY(80),X1(0:80,0:80,7),DT

INTEGER NX,NY,K,I.J
DO 50 [=1,NX-1
DO 50 J=1,NY-1
HXVXGX(L,J)=EXVXX(L,Jy*(X1(1+1,J K)-X1(LLJ,K))*DY(J)*DT
HYVXGX(LJ)=BYVXY(LJ)}*(X1(L,J+1,K)-X1(L,J,K))*DX(I)*DT
s0 CONTINUE

I=NX

DO 60 J=1,NY-1
HYVXGX(I,J)=HYVXY(I,J)*(X1(LJ+1,K)}X1(LJ,K))*"DX(D)*DT
80 CONTINUE

J=NY
DO 70 I=1,NX-1
HXVXGX(I,J)=BEXVXX(I,1)*(X1(I+1,J,K)-X1(1,J,K))*DY(J)}*DT
] CONTINUE

RETURN
END

C
C CALCULATING THE A,B,C AND D FOR SOR METHOD

SUBROUTINE CALABCD(VIRCONDX,VIRCONDY,AA,BB,CC.DD,NX,NY)

DOUBLE PRECISION VIRCONDX(80,80),VIRCONDY(80,80),AA(80,80)
& ,BB(80,80),CC(80,80),DD(80,80)
INTEGER NX,NY,I,J

C POINT NO.9
DO 10 [=2,NX-1
DO 10 J=2,NY-1
AA(1,J)=VIRCONDX(I,J)
BB(I,J)=VIRCONDX(I-1,J)
CC(1,J)=VIRCONDY(I,J)
DD(I,J)=VIRCONDY(I,J-1)
10 CONTINUE

C POINT NO.3
I=1
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DO 20 J=2,NY-1
AA(1,J)=2.D@*VIRCONDX(1,J)
BB(I,J)=0.D0 :
CC(LJ)=VIRCONDY(I,J)
DD(I,J)=VIRCONDY(L,J-1)

20 CONTINUE

C POINT NO.4
I=NX
DO 30 J=2,NY-1
AA(L];=0.Do
BB(I,J)=2.D0*VIRCONDX(I-1,J)
CC(1,J)=VIRCONDY(1,J)
DD(1,J)=VIRCONDY(I,J-1)
30 CONTINUE

C POINT NO.8
J=1
DO 40 I=2,NX-1
AA(LJ)=VIRCONDX(I,J)
BB(1,J)=VIRCONDX(I-1,J})
CC(1,1)=2.DO*VIRCONDY(I,J)
DD(1,J)=0.Do
10 CONTINUE

C POINT NO.7
J=NY
DO 70 I=2,NX-1
AA(LJ)=VIRCONDX(L,J)
BB(I,J)=VIRCONDX(I-1,J)
cc(n)=0.Do
DD(I,J)=2.DO*VIRCONDY(!,J-1)
To CONTINUE

C POINT NO.1
J=1
I=1
AA(L,J)=2.DO*VIRCONDX(ILJ)
BB(I,J)=0.D0
CC(1,J)=2.DO*VIRCONDY(!I,J)
DD(1,1)=0.D0

C POINT NO.2
J=1
I=NX
AA(LJ)=0.DO
BB(1,J)=2.D0O*VIRCONDX(I-1,J)
CC(1,J)=2.DO*VIRCONDY(I,])
DD(1,J)=0.D0

C POINT NO.5
J=NY
I=1
AA(1,J)=2.D0O"VIRCONDX(I,J)
BB(I,J)=0.D0
CC(l,J)=0.D0
DD(1,J)=2.DO*VIRCONDY(I,J-1)

C POINT NO.8
J=NY
I=NX
AA(LJ)=0.D0
BB(1,J)=2.D0*VIRCONDX(I-1,J)
cc(L,J)=0.D0
DD(1,J)=2.DO*VIRCONDY(!,J-1)
RETURN
END

[of
C *"® EVALUATING THE E AND F COEFFICIENTS OF THE SOR METHOD
SUBROUTINE CALEFNEW(VIRCONDX,VIRCONDY,EE,FF,CT,T1,X1,CXV.RODU,
& EPS,BY,BX,XEQ,TM,BQY,BQX,DHK,DX,DY,NX,NY K,DT H1, HXVXGX HYVXGX
& ,NFIFLAG)

DOUBLE PRECISION VIRCONDX(80,80),VIRCONDY(80,80),EE(80,80),
& FF(80,80),SAI,ROSV,T1(0:80,0:80,7),X1(0:80,0:80,7),
& RODU(80,80),EPS(80,80),BY(80,7,2),BX(80,7),XEQ(80,7), TM(80,7)
& ,BQY(80,7,2),BQX(80,7),DHK(80,80,3),DX(80),DY(80),DT,SAM
& ,CT(0:80,0:80,7),H1(80,80,3), HXVXGX(80,80),HYVXGX(80,80)
& ,CXV(0:80,0:80,7)

INTEGER NX,NY,[,J,K,NFIFLAG(80,7)
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DO 10 I=2,NX-1
DO 10 J=2,NY-1
EE(I,J)=RODU(I,J)-VIRCONDX(I,J)- VIRCONDX(I-1,J}
& -VIRCONDY(1,J-1)-VIRCONDY(I,J)

FF(1,J)=RODU(L,J)*CT(I,J,K)-HXVXGX(L,J)+HXVXGX(I-1,])
& -HYVXGX(I,J)+HYVXGX(I,J-1)
10 CONTINUE

C POINT NO.3
I=1
DO 20 J=2,NY-1
SAM=DY(J)*DT*BY(J,K,1)*EPS(I,J)**2*SAI(X1(I,J,K),T1(1,J.K))
& *ROSV(TI(I.J,K))*(CXV(],J.K)-XEQ(LK))

IF(NFIFLAG(L,K).EQ.1)3AM=0.0D0

EE(1,J)=RODU(I,J)-2.D0*VIRCONDX(],J)+2.D0*SAM*DHK(1,J,1)
& -VIRCONDY(LJ-1)-VIRCONDY(1,J)+2.D0*DY(J)*DT*BQY(J.K,1)

FF(1,J)=RODU(I,J)*CT(1,J,K)-2.DO*EXVXGX(I,J)
& -HYVXGX(LJ)+HYVXGX(],J-1)-2.D0*SAM®(H1(1,J,1)-DHK(1,J,1)"
& CT(1,J,K))+2.D0*DY(J)*DT*BQY(J,K,1)*TM(L,K)
20 CONTINUE

C POINT NO.4
I=NX .
DO 30 J=2,NY-1
SAM=DY(J)*DT*BY(J,K,2)*EPS(1,J)**2*SAl(X1(L,J.K),T1(L,J.K)})
& *ROSV(TI(LJ,K))"(CXV(I,J,K)-XEQ(LK))

IF(NFIPLAG(I,K).EQ.1)SAM=0.0D0

EE(1.J)=RODU(!,J)-2.DO*VIRCONDX(I-1,J)+2.D0*SAM*DHK(L,J,1)
& -VIRCONDY(1,J-1)-VIRCONDY(I,J)42.D0*DY(J)*DT*BQY(J.K,2)

FF(1,J)=RODU(L,J)*CT(!,1,K)+2.DO"HXVXGX(I-1,J)
&  -HYVXGX(LJ)+HYVXGX(I,J-1)-2.D0*SAM®(H1(L,J,1)-DHK(I,J,1)"
& CT(1,J,K))+2.D0*DY(J)"DT*BQY(J,K.2)*TM(L.K)
a0 CONTINUE

C POINT NO.8
=1
DO 40 [=2,NX-1
EE(I,J)=RODU(1,J)-VIRCONDX(I,J)-VIRCONDX(I-1,J)
& -2.DO*VIRCONDY(LJ)

FF(1,J)=RODU(I,J)*CT(I,J,K)-BXVXGX(I,J)+HXVXGX(I-1,J)
& -2.DO"HYVXGX(LJ)
10 CONTINUE

C POINT NO.7
J=NY
DO 70 [=2,NX-1
SAM=DX(I)*DT*BX(I,K)}*EPS(1,J)*"2"SAI(X1(1,J,K), TI(],J,K})
&  "ROSV(TI(I,JK))*(CXV(IJ,K)XEQ(LK))

IF(NFIFLAG(L,K).EQ.1)SAM=0.0D0

EE(I,J)=RODU(I,J)-VIRCONDX(I,J)-VIRCONDX(I-1,J)-2.D0
& *VIRCONDY(I,J-1)42.D0*SAM*DHK(I,J,1)+2.D0*DX(I)*DT*BQX(L.K)

FP(I,J)=RODU(I,J)*CT([,J.K)}-HXVXGX(I,J)+HXVXGX(I-1,J)
& +2.DO*HYVXGX(I,J-1)-2.D0*SAM®*(H1(1,J,1)-DHK(I,J,1)*CT(L.J,K))
& +2.D0"DX(1)*DT*BQX(I.K)*TM(I,K)
70 CONTINUE

C POINT NO.1
i=1
I=1
SAM=DY(J)*DT*BY(J,K.1)*EPS(I,J)**2*SAI(X1(],J K),T1(1,J,K})
& *ROSV(TI1(I[,J,K))*(CXV(1,J,K)-XEQ(LK))

IF(NFIFLAG(LK).EQ.1)SAM=0.000

EE(1,J)=RODU(1,J)-2.00*VIRCONDX(I,J)+2.D0*SAM*DHK(L,J,1)
& -2.DO*VIRCONDY(I,J)+2.D0*DY(J)*DT*BQY(J,K,1)

FF(1,J)=RODU(I,J)*"CT(L,J,K)-2.D0"HXVXGX(I,J)
& -2.D0*HYVXGX(I,J)-2.D0*SAM*(H1(IL,J,1)-DHK(],J,1)*
& CT(I,J,K))+2.D0°DY(J)*DT*BQY(J,K,1)*TM(LK)
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C POINT NO.2
J=1
I=NX
SAM=DY(J)*DT*BY(J,K,2)"EPS(1,J)**2"SAI(X1([,J,K).T1(1.J,K))
& *ROSV(T1(I,J,K))*(CXV(],J,K)-XEQ(L,K))

IF(NFIFLAG(I,K).EQ.1)SAM=0.0D0

EE(I,J)=RODU(I,J)-2.00*VIRCONDX(I-1,J)+2.D0*SAM*DHK(I,J,1})
& .2.D0*VIRCONDY(I,J)+2.D0*DY(J}*DT*BQY(J K,2)

FF(1,J)=RODU(L,J)*CT(1,J K)+2.DO*HXVXGX(I-1,])
& -2.D0*HYVXGX(I,J)-2.D0°SAM™(H1(I,J,1)}-DHK(I,1,1)*
L CT(L,J,K))+2.D0"DY(I)*DT*"BQY(J.K,2)"TM(IXK)

C POINT NO.S
J=NY
I=1
SAM=DT*(DY(J)*BY(J.K,1)+DX(1)*BX(L,K))*EPS(I,J)*"2*
& SAI(X1(LJ,K),TYIJK))*ROSV(TI(I,JK))*(CXV(L,J,K)-XEQ(LK))

IF(NFIFLAG(1,K).EQ.1)SAM=0.0D0

EE(1,J)=RODU(I,J)-2.D0*VIRCONDX(1,J)+2.DO*SAM™DHK(I,J 1)
& -2.D0*VIRCONDY(I,J-1)+2.D0*DT*(DY(J)*BQY(J,K.1)+DX(I)*BQX(LK))

FF(I,J)=RODU(L,J)*CT(1,J,K)-2.DO*HXVXGX(L,J)
& +2.DOHYVXGX(IJ-1)-2.D0*SAM=(H1(LJ,1)-DHK(I1,1,1)*CT(L.J,K))
& +2.D0*DT*(DY(J)*BQY(J.K.1)+DX(I)*BQX(LK))*TM(I.K)

C POINT NO.6
J=NY
[=NX
SAM=DT*DY(J)*BY(J.K.2)4+DX(I)*"BX(L.K))*EPS([,J)""2"
& SAUXNLJK)TULIK)*ROSV(TUIJK))CXV(LJK)-XEQ(LK))

[F(NFIFLAG(1,K).EQ.1)SAM=0.0D0

EE(1,J)=RODU(I,J)-2.D00*VIRCONDX([-1,J)+2.D0*SAM*DHK(],J,1)
& -2.D0*VIRCONDY(I,J-1)+2.D0*DT*(DY(J)*BQY(J.K,2)+DX(I)*BQX(LK))

FF(1,J)=RODU(1,J)*CT(1,J,K)+2.DO"BXVXGX(I-1,])
& +2.D0"BYVXGX(L,J-1)-2.D0*SAM™(H1(I,J,1)-DHK(I,J,1)*CT(1,4,K))
& +2.D0*DT*(DY(J)*BQY(J.K,2)+DX(I)*BQX(LK))*TM(LK)

RETURN
END

SUBROUTINE sor(a,b,c,d,e.f,u,IMAX,jmax.rjac,K,
C IMAX=NX+1, IMAX=NY+1
INTEGER jmax,MAXITS imax
DQUBLE PRECISION rjac,a(80,80),b(80,80),c(80,80),
« 4(80,80),¢(80,80),{(80,80),u(0:80,0:80,7),EPS,DX,DY

AX)

PARAMETER (MAXITS=10000,EP£=1.0d-13)
INTEGER ipass,j,jsw,isw,n, [ K,NMAX
DOUBLE PRECISION anorm,anormf,omega,resid,P1

PI=4.D0*DATAN(1.D0)
DX=0.105D0/(IMAX-2)
DY=0.525D0/(JMAX-2)

RJAC=(DCOS(PI/(IMAX-1))+(DX/DY)**2*DCOS(PI/(JMAX-1}}))
& /(1.D04+(DX/DY)**2)

anormf{=0.d0

DO 5 I=0,IMAX
U(1,0,K)=0.D0
U(1,JMAX,K)=0.D0
5 CONTINUE

DO 6 J=0,JMAX
U(0,J,K)=0.D0
U(IMAX,J,K)=0.D0
6 CONTINUE
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do 12 I=1,Imax-1
do 11 J=1,jmax-1
anorm{=anorm{+abs({(1,J))

11 continue
12 continue

omega=1.d0
< GO TO 20

do 16 n=1,MAXITS
anorm=0.d0

lsw=1

do 15 ipass=1,2
Isw=lsw

do 14 I=1,Imax-1
do 13 J=jmax-JSW,1,-2
resid=a(l,J)*u(I+1,J,K)+b(1,3)*u(l-1,J,K)+c(1,J)*
* u(I,J+1,K)+d(1,3)"u(L,3-1,K)+e(1,J)*u(l,J,K)-{(1,])

anormz=anorm-abs(resid)
u(l,J,K)=u(l,J,K)-omega®resid/e(1,J)

13 continue
Jaw=3-JIsw
14 continue
lsw=3-law

if(n.eq.1.and.ipass.eq.1) then
omega=1.d0/(1.d0-.5d0"rjac""2)

else
omega=1.d0/(1.d0-.25d0"rjac**2%omega)

endif
15 continue
NMAX=N

if(anorm.1t.EPS*10000.D0"anormf{)GO TO 20
16 continue

20 omega=2.d0/(1.DG4+SQRT(1.d0-rjac**2))

do 30 N=NMAX MAXITS
anorm=0.d0
do 24 I=Imax-1,1,-1
do 23 J=1,jmax-1,1
resid=a(l,J)"u(I+1,J. K)+b(I,J)*u(I-1,J, K)+c(I,J)*
* y(LJ4+ 1, K)+d(LJ)®u(],J-1,K)+e(1,T)"u(1,J,.K)-((1.J)

anorm=anorm+abs(resid)
u(L,J,K)=u(l,J,K)-omega®resid/e(I,J)

23 continue

24 continue

IF(N.LE.4)GO TO 30

NMAX=N

if(anorm.1s.EPS*"anormf)return

30 continue
WRITE(1,*)MAXITS exceeded in sor’
WRITE(*,*)MAXITS exceeded in sor’
pause 'MAXITS exceeded in sor’

return

c pause '"MAXITS exceeded in sor’
END

C

SUBROUTINE CALHH(H1,HH,DEK,T1R,T ,NX,NY,K)

DOUBLE PRECISION HH(80,80,3),H1(80,80,3),DHK(80,80,3)
& ,T1R(0:80,0:80,7),T(0:80,0:80,7)

INTEGER NX,NY,LJ,K,np
DO 50 [=1,NX-1
DO 50 J=1,NY-1
DO 40 NP=1,3

HH(I,J,NP)=H1(1,J.NP)+DHK(I,J,NP)*(T1R(LJ,K)-T(L,J,K))
40 CONTINUE
50 CONTINUE
RETURN

END
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(of
SUBROUTINE CALSVTXXY(VT,VX,DX,DY,DT NX,NY,S5VT,5VX,
& SVTX,SVTY,SVXX,5VXY)

INTEGER NX,NY,[,J

DOUBLE PRECISION VT(80,80,3),VX(80,80,3),5VX(80,80)
& ,SVT(80,80),5VTY(80,80),5VXY(80,80),DX(80),DY(80),
& SVXX(80,80),SVTX(80,80),DT

DO 10 [=1,NX

DO 10 J=1,NY
SVT(LI)=VT(I,J,1)4+ VT(1,4,2)+ VT(1,,3)
SVX(L3)=VX(LJ,1)+VX(I,1,2)+VX(1,,3)
10 CONTINUE

DO 40 [=1,NX-1

DO 10 J=1,NY
SVXX(1,J)=2.0D0*DY(J)*DT*(DX(1)/SVX(L,J)+DX(I+1)/SVX(I+1,J))*=-1
SVTX(1,J)=2.0D0*DY(J)*DT*(DX(1)/SVT(L,J)4+DX(I+1)/SVT(I+1,J))**-1
40 CONTINUE

DO 50 [=1,NX

DO 50 J=1,NY-1
SVXY(1,J)=2.0D0*DX(I)*DT*(DY(J)/SVX(LJ)+DY(J+1)/SVX(I,J+1))*=1
SVTY(1,J)=2.0D0*DX(I)*DT*(DY(J)/SVT(LI)+DY(J+1)/SVT(L,J+1))**1
50 CONTINUE

RETURN

END

(of

SUBROUTINE CALVIRCOND2(HH,VT,VX,AMBDA,VIRCOND,VIRCONDX,
& VIRCONDY,HEVX,HHVT HHVXX,HHVXY,DX,DY NX,NY,DT)

DOUBLE PRECISION HH(80,80,3),VT(80,80,3),VX(80,80,3),
& AMBDA(80,80),VIRCOND(80,80),VIRCONDX(80,80), VIRCONDY(80,80)
& HHVX(80,80), HHVT(80,80), HHVXX(80,80),HHVXY(80,80),DX(80)
& ,DY(80),DT

INTEGER NX,NY,1,J
DO 10 [=1,NX
DO 10 J=1,NY
HHVX(1,J)=HH(LJ,1)*VX(1,J,1)+HH(1,J,2)*VX(1,J,2)
& +HH(1,1,3)*VX(1,4,3)

HHEVT(LJ)=HH(L,J,1)*VT(1,J,1)+HH(1,J,2)*VT(I.1,2)
& +HH(1,4,3)*VT(1,J,3)

VIRCOND(1,J)=HEVT([,J)-AMBDA(I,J)
10 CONTINUE

DO 50 [=1,NX-1
DO 50 J=1,NY

VIRCONDX(1,J)=2.0D0*DY(J)*DT*
& (DX(I)/VIRCOND(I,J)+DX(I+1)/VIRCOND(I+1,]))**-1

HHVXX(1,J)=2.0D0*DY(J)*DT*
& (DX(I)/HEVX(1,J)+DX(I41)/HEVX(I+1,1))"=-1

50 CONTINUE

DO 60 [=1,NX
DO 60 J=1,NY-1

VIRCONDY(I,J)=2.0D0*DX(1)*DT"*
& (DY(J)/VIRCOND(L,J)4+DY(J+1)/VIRCOND(L,J+1))**-1

HEVXY(I,J)=2.0D0*DX(1)*DT*
& (DY(J)/HHVX(LJ)4DY(J+1)/HEVX(L,J4+1))**-1

60 CONTINUE

RETURN
END

C
SUBROUTINE CALRODU{RODUP,RODU,RO,DUK,NX,NY,DX,DY)

INTEGER NX,NY,I,J,NP
DOUBLE PRECISION RODUP(80,80,4),RODU(80,80),RO(80,80,4),
& DUK(80,80,4),DX(80),DY(80)
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DO 80 I=1,NX
DO 50 J=1,NY
RODU(1,J)=0.0D0

10 DO 40 NP=1,4
RODUP(I,J,NP)=RO(I,J,NP)*DUK(I,J,NP)*DX(1)*DY(J)
RODU(I,J)=RODU(L,J)+ RODUP(L,J,NP)

40 CONTINUE

s0 CONTINUE

60 CONTINUE

RETURN

END



Appendix C

Computer program for

one-dimensional diffusion

The following program uses the implicit Crank-Nicholson method for discretization

and the TDMA method for solving the one-dimensional diffusion equation.

C *"* COPYRIGHT®™"® AHMAD HASHEMI ESFAHANIAN, 1999

real me(100),mch(100),a(100),b(100),c(100),d(100),dp(100),dd(100),e(100)
& ,8(100),k(100),avgm(6000),mcin,mcc

4l=10.5/2.0

C T=TIME IN SECONDS

t1=0.0

mcin=.3

mecc=.033

C K=NO. OF POINTS

tim =600000.0

k=21

C DX=DISTANCE BETWEEN TWO ADJACENT POINTS

dx=al/(k-1)

dt=30.0

r=dt/(dx**2)

OPEN(UNIT=1,FILE="mclbl.out’)

OPEN(UNIT=2,FILE="mavlbl.out’)

r2=r/2.0

aa=.264E-6

bb=16.8

331=1.0376652¢-6

bb1=8.3520836e-6

2a2=5.17086667¢-5

bb2=-8.2266686667e-5

C S=AVERAGE SURFACE COEFFICIENT
$=2.611634286e-5

C CCC=AVERAGE DIFFUSION COEFFICIENT
ccc=6.74560392¢-5

n=1

ncont=0

C CON=EXPANSION FACTOR FOR TIME STEP
con=1.0
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WRITE(1,*)'Results of Implicit Crank-Nicolson Method for RUN 7 )
& of Min Li‘s case’,’ dt=",dt,’ dx=',dx,’ K='k,' Mc(initial)= ',mcin
& ,' Mc(air)= ",mcc,' Dif coef=',ccc,' S=',s

WRITE(2,*)'Dt=",dt,'K="k,'dx=",dx,'"Mc(initial)=',mcin,'Mc(air)="
& ,mcc,’ Dif coef=",ccc,’ S="3

C MC(J)=MOISTURE CONTENT AT EACH POINT

do 9 j=1,k,1

me(})=mcin

<20 mco(j)=mcin

9 continue

10 dt=dt

t=t4dt

n=n+l

con=con"1.0001

do 20 j=1,k,1

C IN CASE THAT THE DIFFUSION COEFFICIENT AT EACH PQINT IS DIFFERENT
C DP(J)=THE DIFFUSION COEFFICIENT AT EACH POINT
¢ dp(j)=aa®exp(bb*me(j))

¢ dp(j}=(aal+bbl1®mc(j))/(mc(j)-mcin)

c dp(j)=3a2+4bb2*mc(j)

c dp(j)=2.57T4e-5

c dp(j)=1.518e-5

dp(j)=cce

20 continue

do 25 j=1,k,1

if(j.EQ.k)go to 25

C EVALUATING THE HARMONIC AVERAGE OF THE DIFFUSION COEFFICIENT
dd(j)=2./(1./dp(j)+1./dp(j+1))

¢ dd(j)=0.5%(dp(j)+dp(j+1))

25 continue

do 30 j=2,k-1,1

mech(j)=me(j)*(1-dd(j-1)*r2-dd(j)"r2)+dd(j-1)"r2"me(j- 1 }4+dd(j)*r2"me(j+1)
30 continue

mch(1)=mc(1)*(1.dd(1}*r)+mc(2)*dd(1)*r

¢ 3=9.2e.3

¢ s=7.27e-4

meh(k)=mec(k)*(1-4"ds fdx-dd(k-1)}"r)+dd(k-1)"r*mc(j-1)+mecc®s®ds/dx

c mch(k)=mcc

C IN CASE DIFFUSION COEFFICIENT IS CHANGING DUE TO CHANGES IN MOISTURE CONTENT
do 40 j=1,k,1

¢ dp(j}=aa®exp(bb”"mch(j))

c dp(j)=aal/(meh(}j)-mecin)+bbi*mch(j)/(mch(j)-mcin)

c dp())=aa2+bb2®"mch(j)

40 continue

do 45 j=1,k,1

(j.ne.k)dd(j)=2./(1./dp(j )+ [dp(j+1))

45 continue

C EVALUATING THE TDMA ALGORITHM COEFFICIENTS, A,B,C,DE,F,G,H AT EACH POINT
d(1)=mch(1)

c(1)=-dd(1)*r
b(1)=1.04dd(1)*r
£(1)=d(1)/b(1)
h(1)=c(1)/b(1)

c4d

do 60 j=2,k-1,1
a(j)=-dd(j-1)*r2
b(j)=1.04dd(j-1)"r2+dd(j)"r2
<(j)=-dd(j)"r2

d(j)=meh(j)
e(j)=b(j)-a(j)*h(j-1)
h(j)=c(j)/e(j)
8(i)=(d(j)-a(j)"8(i-1)) /(i)

60 continue

a(k)=-dd(k-1)"r
b(k)=1.04s"dt/dx+dd(k-1)"r
d(k)=s"dt/dx"mcc$+mch(k)
e(k)=b(k)-a(k)*h(k-1)
g(k)=(d(k)-a(k)"g(k-1))/e(k)
me(k)=g(k)

C EVALUATING THE NEW VALUES FOR MOISTURE CONTENTS
do 90 j=k-1,1,-1

me(j)=-h(i)"me(i+1)+8(i)

90 continue

avm=(mc(1)+me(k))/2.

kk=k-1
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do 160 i=2,kk

avm=avm+mc(i)

180 continue

avm=avm/(k-1)

C AVM=AVERAGE MOISTURE CONTENT OF THE BOARD
ncs=con*20.0

ns=n/ncs

Is=ns"ncs

ps=n-ls

C WRITING THE DATA EVERY 20 TIME STEP
if(ps.NE.O)go to 360

ncofit=ncont+$1

C AVGM(NCONT)=AVERAGE MOISTURE CONTENT OF THE BOARD AT THE TIME 3STEP
avgm(ncont)=avm

tmin=t/60.0

WRITE(1,%)'sime="s

WRITE(1,*)’MC(j) after second half time step’

350 WRITE(1,355)(me(J),j=1,k)

¢ WRITE(2,356)582060-t avgm(ncont)
WRITE(2,356)t,avgm(ncont)

355 FORMAT(21(F13.9))

356 FORMAT(18.1,18.4)

360 continue

C CHECKING THE END OF THE PROGRAM
if(aba(avm-mec).LE.0.00001.and.avm.It.mcc)go to 370
if(t.18.tim)go to 10

370 continue

CLOSE(1)

CLOSE(2)

stop

end





