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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 

efhciency and high quality products.

\  literature survey in the area is presented. The im portance of the correct link 

between the transport processes in wood, and heat/ mass transfer 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.

.\ sample stack of planks haa been used to evaluate the performance of various tu r­

bulence models and upwinding schemes of the CFX software developed for predicting 

the transport param eters 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 optim um  gap size for maximum heat/m ass 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 w ith published results. 

The improved perform ance using a newly proposed relationship for the diffusivity of 

bound water has been dem onstrated. 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 tem peratures are discussed.



I ll

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 tem perature 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 experim ental 

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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N  omenclature

A  coefficient in calculating capillary pressure

Al coefficient in Eqn. 8.1

B  coefficient in calculating capillary pressure

Bi coefficient in Eqn. 8.1

Bo coefficient in Eqn. 8.1

Bx-  B r  coefficients in calculating the flu.x of bound water

Cu,Cfc coefficients for describing u"*" in turbulent flows

Cp specific heat capacity

Qi, C(2  coefficients used for e— equation in turbulent flows

D apparent moisture diffusion coefficient of wood

D ab un-delayed water vapour diffusion coefficient

Da diffusion coefficient of drying moist air

Dav average diffusion coefficient of moisture in wood

Db bound water diffusion coefficient

Dgff  effective water vapour diffusion coefficient

Dh hydraulic diam eter of the duct

Dp coefficient of the  drying model related to bound water

El effective perm eability to liquid flow in wood



N O M EN C LATU RE

Fx  coefficient in calculating the flux of free water

G turbulent kinetik energy generation

g side gap size

h convective heat transfer coefficient from surface

ha enthalpy of air

hb enthalpy of bound water

hf  enthalpy of free water

hv enthalpy of water vapour

hm convective mass transfer coefficient from surface

J  vector of to tal moisture flux

Ja vector of air mass flux in wood

Jb vector of bound water mass flux

Jf  vector of free water mass flux

vector of water vapour mass flux 

Ki perm eability of unsaturated wood to liquid water flow

K 1 3  perm eability of saturated wood to liquid water flow

k kinetik energy of the fluctuation motion in turbulent flows

rh mass transfer rate

m„ molar mass of water

N u  Nusselt number

rijt number of stacks per kiln

Pa capillary pressure

Pe  Peclet num ber

Pi liquid water pressure

Pr  P raüdtl number

saturation water vapour pressure in wood
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Py partial water vapour pressure in wood

Q heat transfer

q beat transfer per unit volume of lumber

R  ideal gas constant

Rh, relative humidity of the drying air

6 molar entropy

S  saturation

Sav average surface mass transfer coefficient

Sc  Schmidt number

Serr Summation of errors in SOR method

Smin minimum saturation for free water flow

Sh  Sherwood number

S r  coefficient of the drying model related to bound water

t time

T  tem perature

T  local tim e average tem perature of air

u'^ dimensionless velocity in turbulent flows

Ua internal energy of dry air inside the wood

Ub internal energy of bound water

Ud internal energy of the dry wood

uf  internal energy of free water

Uy internal energy of water vapour

V molar volume

V  volume

Vi, Vj velocity components

V x , Vt  coeflflcients in calculating the flux of water vapour
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Xi, Xj Cartesian coordinate

X  local moisture content in wood

Xeq equilibrium moisture content of the drying air

Xp sp  moisture content at the fibre saturation point

Xmax moisture content if the entire void structure is filled with water

Xmin m inimum moisture content for liquid flow

vapour mole fraction in humid air 

y"*" dimensionless distance from wall in turbulent flows

Y  air humidity, dry basis
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Greek sym bols

CH attenuation factor of wood structure in eqns. 5 and 7

Sx distance between two adjacent ponits in x direction

Sy distance between two adjacent ponits in y direction

N t  tim e step

N x  X direction step size

N y  y direction step size

£ viscous dissipation in turbulent flows

É void fraction

Tji viscosity of liquid water

Aa therm al conductivity of air

A therm al conductivity of moist wood

IJ. viscosity of air

y.b chemical potential for bound water

fit turbulent eddy viscosity

residue at each point in the SOR method

p, Pa density of air

Pb density of bound water

pu p j  density of liquid (free) water

Pd density of dry wood

Pv density of water vapour

Putt to tal moisture density in wood

Tut wall shear stress

0  dissipation term  in turbulent flows

ip{X,T)  coeflflcient for partial vapor pressure in wood
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u  absolute humidity of the drying air

(I over relaxation factor in the SOR method

Superscripts

tim e rate

turbulent tim e average values 

turbulent fluctuation terms 

tim e step number
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Subscripts

a air

b bound water

cell wood cell

d dry wood

db dry-bulb (tem perature)

e f f effective

E S P fiber saturation point

f free water

L w liquid water

n normal to the surface

S values at the surface

oo free stream  values

('W ) location numbers of control volume cell

V water vapour

wb wet-bulb (tem perature)

X component in the x-direction

y component in the y-direction
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Acronynm s

A D I  alternating direction implicit

E S P  fiber saturation point

S O R  successive over relaxation

T D M A  three diagonal m atrix



Chapter 1

Introduction

Drying is aji 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 m ajor producer of wood. It is certain tha t the lumber industry 

and wood products will continue to play a key role in C anada’s economy over the 

next century. The to tal 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 Canadajl]. Due to its im portance, the Canadian 

wood industry spends about twenty five million dollars annually on research and 

development related to  wood[l].

Material properties of wood are influenced by the am ount of its moisture content. 

Most mechanical properties, such as strength, are be tte r 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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am ount of m oisture in wood expressed as a percentage of the weight of the dry wood 

substance. Wood is a hygroscopic material, tha t is it gives off or takes in moisture 

until it is in balance with the air surrounding it. When wood has a ttained  such a 

balance, it is said to have reached its equilibrium moisture content(EM C). Therefore, 

wood should be dried ideally to a moisture content close to the EMC that it will 

a tta in  in service. The values of moisture content in EMC condition vary between 12 

to 18 percent for the m anufacture 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 tha t 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 

perm its a producer to gear production to demand and avoids rental of drying yards 

and, furtherm ore, 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 m anufacturing costs and degrade
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losses so th a t wood products will continue to be competitive with other products such 

as plastics and metals.

In order to highlight the im portance of improving the energy efficiency of wood 

drying, it should be noted th a t, 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 consumption per unit of output which decreases both pollution 

and the release of greenhouse gases such as COg.

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 tem perature 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 lum ber of particular species and thickness, the tem pera­

ture and hum idity conditions of the drying air are set by the kiln  schedule. Changes 

of the kiln conditions are usually made at predetermined tim e intervals, or when 

preselected levels of moisture content have been reached. The schedule used should 

dry the lum ber in as short a tim e 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 th a t there axe many schedule combinations due to changes in the velocity, tem ­

perature and relative hum idity of the drying air. Also there are different lum ber sizes 

which can be loaded in different configurations. W ith this wide range of param eters 

resezirchers have attem pted  to improve the schedules to reach optim um  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 tem perature 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 tem perature and by increasing the wet bulb depression (the difference between 

the dry- and wet-bulb tem peratures). For some species, there is a practical limit to 

the intensity of tem perature which may cause discolouration, kiln burn or reduced 

mechanical strength. Besides the dry- and wet-bulb tem peratures, there are other 

param eters 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 

arrangem ent 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 th a t can be placed in a kiln. Thus, 

these are trade-off effects tha t open the way for optim ization.

W hen the relative hum idity 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 hum idity for air. 

particularly in the early stages of drying. But this will increase the drying tim e, 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 

param eters of the drying schedule, reduce the total tim e and cost required for drying 

a certain amount of lum ber?”

Some undesirable conditions such as case hardening can set up high internal 

stresses tha t 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 tem perature and m oisture 

distributions in the boards. It will be shown in the following chapters th a t compre­

hensive analysis of the la tte r type has yet to be undertaken. .A.lthough there are some 

experim ental data for tem perature and moisture content at some locations of the 

boards, an extensive experim ental set of data for these quantities, at different loca­

tions, is not available for different combinations of stack geometry and kiln schedules. 

Experim ental data  collection for such a variety of variables is of course very costly 

and tim e 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 o f Thesis

In this thesis, C hapter 2 presents a literature review on the relevant theoretical, 

numerical and experim ental studies of wood drying. In C hapter 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 determ ine the optim um  

gap size. Based on the results, the optimum gap size is suggested for different air 

velocities. In C hapter 6 , the numerical model proposed for the wood in C hapter 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. C hapter 7 presents the two dimensional numerical sim ulation 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 C hapter 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 tha t for an accurate optimum design and control of the wood drying 

process, a better understanding of moisture movement and accurate prediction of im­

portant param eters inside the wood, such as tem perature and m oisture content, are 

essential. Studies in this field require m athem atical models that describe the process 

and experim ental findings for the needed physical properties. Also heat/m ass trans­

fer coefficients between wood surfaces and the drying air are required in boundary 

conditions for numerical and theoretical studies.

2.1 G eneral m odels

Research in wood drying started  with modelling the mass transfer as a simple dif­

fusion process based on Pick’s law[4]. Later this type of model was expressed for 

moisture concentration, m oisture content and water vapour pressure[5]. Then a num­

ber of steady sta te  and unsteady state models for finding the diffusion coefficient were 

described. It was indicated by Choong[6 ] tha t 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.

Experim ental results also showed that the bound water and vapour diffusion coeffi­

cients in wood vary with moisture content, tem perature 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 (ESP), 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 tem perature, as a function of 

space and time, were developed. The experim ental results of Plumb et a/[10] showed 

tha t 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[ll].
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2.2 N um erical studies

2 .2 .1  A p p ro a ch es

The literature survey shows th a t 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  In v estig a tio n s

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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phcLse as one of the main param eters. The model predictions show tha t various 

portions of the drying curve are sensitive to convective transfer and to individual 

diffusion coefficients.

Stanish et a/.[19j 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 experim ental 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 m oti­

vated study of western hemlock kiln drying. The purpose was to evaluate the  relative 

effect of various wood and kiln param eters on the final outcome of the kiln schedule in 

an effort to understand the variability tha t results in kiln drying. The changes in the 

param eters such as dry and wet bulb tem peratures of drying air, air velocity, initial 

m oisture 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 param eters. However, due 

to above mentioned shortfalls, the results were neither sufificient nor accurate enough 

to draw definitive conclusions.

Josserand et a/. [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[14], have tried to 

determ ine the dependence of the diffusion coeflficient, in an isothermal problem, on
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moisture content. Such coefficients have been used in three dimensional problems for 

an orthotropic material[17].

The non-isothermal model for diffusion process was improved by S iau[Il]. The 

same problem was numerically solved by .A.vramidis et a/.[2 1 ] by taking water chemi­

cal potential as the driving force for diffusion. They derived the tem perature gradient 

coefficient in the mass balance equation based on the principles of non-equilibrium 

thermodynamics. The numerical predictions of average moisture content and tem per­

ature, using finite difference method, were in good agreement with the experim ental 

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 tem perature and moisture content were assumed as surface boundary conditions 

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

A two dimensional tim e dependent Rnite-element model of isothermal wood dry­

ing, based on water potential concept, was presented by Cloutier et ai. [22]. This 

study also used a constant surface mass transfer coefficient.

In 1993, Colignan et a / .[23] provided a method of estim ating the macroscopic dry­

ing kinetics curve and described the internal moisture content profiles of a maritim e- 

pine wood. Moisture gradients and the time evolution of the param eters were analysed 

as a function of the air drying parameters (dry-bulb, wet-bulb and the velocity) and 

the product param eters (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 m oisture content of the wood 

surface is below the fiber saturation point (FSP) or above it. The authors a ttem pted  

to find the best fit for diffusion coefficients and surface convective coefficients giving
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the best fit for the experim ental da ta  at each stage. This method is inappropriate for 

expressing tim e 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 tha t 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 a t 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 tem perature effects on the moisture 

content.

Liu et û/.[25] developed a m athem atical 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 tim e dependent case and 

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

Hernandez and Puiggaii[26] simulated the drying of a wood sample using the 

model proposed by Stanish et a / .[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 tem perature 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 tem perature-tim e 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 determ ine 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 tem perature and also average moisture 

content in the drying of a single pinus radiata board were predicted as a function 

of time by Pang et a / .[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 coeflBcients 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/m ass transfer of upstream  boards will
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affect the tem perature and relative humidity of air downstream. This problem was 

not addressed since the [29] study considered only one board. In other words, the 

surface m ass/heat transfer coefficients defined were based on entrance values of con­

centration /tem peratu re  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, m ass/heat transfer occurred from one board 

and the other boards did not take part in the process. Fourthly, the mass transfer 

of naphtaline, which waa used in tests would provide the boundary condition of sur­

face concent ra tion /tem per at ure across the test section. But in the real process this 

changes with tim e and space. Finally, the m ass/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 m athem atical 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  tem perature was studied while the 

surface coefficients were assumed to be independent of tim e 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 th a t 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 a/. [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 tha t 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 determ ined 

the changes in air condition (hum idity and tem perature) 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 tem perature in wood. They conducted experi­

ments using a 7 -ray attenuation system and a near-infrared reflectance analyzer. The 

internal and surface moisture content were measured by the mentioned instrum ents. 

Their main concern was the difference between the transfer process in radial and tan ­

gential directions, and tha t the process in any other direction could be determ ined 

based on these two ones. In the model, they ignored the contribution of the gradient 

of tem perature 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 tem perature 

and moisture content dependent relationship for moist wood specific heat was em­

ployed (similar to the works of Pang et a / .[28] and Avramidis et a / .[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 m ajority 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 im portant 

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 tha t the following programs perform 

better than others: VVOODRY-S originated from Sutherland et. a / .[38]; S.A.LIN.A, 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 a / .[19]. 

It 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 treatm ent of bound water diffusion as a function of moisture 

content and tem perature is the most im portant modification of this model compared 

to its original version. Solution is by the finite difference m ethod, 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 determ ined by experiments over 

a range of moisture contents, tem perature and density for heartwood and sapwood. 

Heat transfer is governed by conduction. For the boundary condition at the surface.
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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 tem perature 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 tem perature 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 m ethod was applied and solution was lim ited to three term s of the 

infinite series.
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Tarasiewicz et a / .[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 tem perature 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 m om entum  equation in the m ain-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 tem perature and hum idity are taken into 

account. While the study provides a fast look into the average moisture content 

and tem perature 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, ajid the effect of two-dimensionalities in air flow, such as separation 

and entrance or exit, are not considered.

2.3 Experim ental 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 tem perature inside 

the board were usually reported. The aim of such studies was to determ ine the 

diffusion coefficient to model the diffusion component of the drying process. Surface to 

air convective mass transfer can also be obtained from these experim ental da ta  using 

m athem atical 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  In v e stig a tio n s

Time dependent moisture content and tem perature distribution inside red pine and 

white birch lumber were reported by Bai and Gaxrahan[46]. Results of the drying 

tests indicated:

a) interior tem perature 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 tem perature of the lumber. The authors mentioned tha t monitoring of the 

lumber drying process through measurements of the interior wood tem perature may 

be feasible.

Plumb et a l.[47] studied the transport of heat and mass during drying of southern 

pine and investigated the accuracy of the meaisurements 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 tem perature dependent at high moisture contents. Below the 

FSP, the effect of tem perature 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 tha t result in checking and associated 

degradation.

Simpson[49] determ ined the diffusion coefficient of northern red oak as a function 

of moisture content based on his experiments. He compared the experimentally de­

term ined 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 ajid 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 tha t a 

m athem atically 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 ex tract 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 ± 1 0  percent.

Li et a / .[52,59] studied the effects of air gaps and air velocities on the drying 

characteristics of W estern  Hemlock  105 x 105 mm boards using a conventional kiln 

dryer. It was observed th a t 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 to tal number of caae 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 tem perature, 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 tim e 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 param eters, namely, moisture content and 

tem perature, inside the wood in space and tim e are essential for the understanding of 

the drying process. Once these param eters are determined accurately, o ther related 

wood param eters, such as the shrinkage, strain, stress, defects, and degradation, can 

be evaluated. There have been numerous experim ental 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 optim ization and control of the kiln drying process from view 

point of energy consumption, time, degradation, and cost. Such an analysis should 

relate the air param eters (air conditions and stack configurations) to the param eters 

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 lum ber with higher aspect ratios (ratio of width to thickness), 

when the heat/m ass 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/m ass transfer from the vertical faces of the boards. In the 

measured experim ental data for horizontal faces, the local N u/Sh numbers have been 

defined based on the inlet tem perature/concentration instead of the mean values 

which should be used in the internal flows. In such tests, the heat/m ass 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 

ratios ( to differences in flow characteristics.

•A, m ajority of the modelling studies in the literature have not addressed a number 

of im portant 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 tem perature/ concentration instead of the mean param eters. 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 tem peratures a t tha t 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 a t all locations of the stack. Another point to be mentioned
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is tha t 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 

tem perature 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 ail numerical models discussed in the present 

literature, are based on finite difference or finite element methods. These methods 

need special treatm ent 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 volume 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/m ass 

transfer in the drying air, using the best available turbulence m ethod and scheme, 

leading to local N u/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 tem perature 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 W estern  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[54]. From the 

perspective of m ature 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 lum ber are quite hard to 

dry and also because of considerable degradation during kiln drying, about 95 percent 

of the B.C. exported baby squares axe in green condition[54]. Current prices for 

baby squares are about US$ 432-445/m^, and the value of kiln-dried baby squares is 

estim ated 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 tim e requirement makes it inefficient[56]. Kiln drying is called conventional 

when kiln tem perature is less them 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 m ajor 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 tim e and cost. The percentage of 

under-dried hemlock lumber, using the conventional kiln schedule, is about 5 to 10 

percent, depending on the wood quality[52]. The improvement in drying of different 

sizes of hemlock boards is still under study[59]. Experim ents conducted thus far. 

due to the lim itations of the number of tests and their costs, are not sufficient to 

reach an optim um  choice for the drying process. Numerical modelling can provide a 

better perspective for optimization and quality control of this process. It can suggest 

a few alternatives for optim um  choices to be verified by experim ents. 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 m m ), to mention just two. The 

prediction of improving the quality of final products and reducing the total tim e of 

drying by introducing side gaps between boards were parts of the motivations behind 

the experim ental work of Li[52]. Naturally, such an experim ental 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 arrangem ent.
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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 aa 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 to tal pressure gradient, moisture 

transfer driven by tem perature 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



C H A P T E R  4. GOVERNING EQUATIONS 37

phase.

4.1 H eat and mass transfer equations in the solid

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

below.

a) The conservation of mass requires tha t 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 o f  water inside wood  ̂^
mass o f  dry wood

and:

_  mass o f  dry wood 
volume o f  dry wood

we write:

where J  is the to tal mass flux vector entering the control volume and pd is the dry 

wood density. Since J  is a vector, we have:

J  =  Jj.i +  Jyj +  J ,k  , (4.4)

where, and k are unit vectors and Jy and J ,  are components of the vector J

in x ,y , and z directions, respectively.

The total mass flux cam be written as:

J = J„ + + J/ , (4.5)
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where J„ , J j ,  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:

'o^ipa^a +  Pb^b +  Pf ^ f  4" PvUy +  Pd^d) +  V.(Jq^o +  ibhb +  +  Jv^v) =  (4.6)

V.(AVT) .

where T  is the tem perature, and pb, p /, p„, pd', Ua, u /, ud, and ha, hb. 

h f,  hu 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 

param eters are functions of tem perature. 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 m oisture in any phase, are related to the 

m oisture content and the total moisture density, as:

Pwt = Pf + Pv + pb = PdX , (4.7)

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 to tal internal pressure gradient is negligible and pressure is assumed to 

be equal to the ambient pressure, no separate maas balance for air in the wood is 

required. This implies tha t air in the wood is immobile with negligible heat capacity. 

Therefore, two term s representing the contributions of air, namely §^PaUa and V.Jaha. 

are neglected.

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

the fluxes appearing in Eqn. (4.5) will be developed.
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4 .1 .1  M o v em en t o f  w a ter  vapour

Flow of water vapour in the porous body of wood occurs according to two different 

mechanisms. First, the m ixture 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:

Jy    C T T ly lD g ^  X y  , (“I.S)

where:

c =  mole density of humid air {molefnP), 

rriy =  water molecular weight [kgjmol), and 

Xy =  vapour mole fraction in humid air.

Here, Def f  is the effective diffusivity of water vapour. In wood, however, the 

diffusion of water vapour is slowed down by the solid m atrix structure of the wood, 

and therefore, Def f  must be defined to include this effect[19]:

Dejf =  , (4.9)

where Dab is the unham pered diffusivity of water vapour in air. accounts for 

the volume occupied by the solid and the tortuosity of the void space and q is an 

attenuation factor specified for the structure of the wood. While e. the porosity of 

wood, is a function of T  and X ,  a  is one of the unknowns of the model. Dab is given 

by the empirical correlation[19]:

D .S  =  . ,4.10,
Pa +Pv
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where T  is the tem perature in K  and pa 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

1.2146 , (4.11)
R

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

correlation proposed by Simpson and Rosen[57] as

P„ =  P ,„ ( W ( X T )  , (4.12)

and Pay is the saturation water pressure, calculated from the empirical relationship 

which is curve fitted to the steam table values by Simpson and Rosen[57]. In order 

to obtain a  better accuracy for the present work, we modified his relationship as:

Pav{T) =  132.9020 X . (4.13)

where:

f { T )  = 16.3737 -  -  imOSlogioT  -  5.7546 x lO '^T  +  4.0070 x 10-*T2(4.14)

U{X, T)  is given by the following empirical correlation as proposed by Turner et a /.[32]:

y;{X ,T) = exp[ai X , (4.15)

where:

oi =  17.8840 -  0.1423T +  23.6300 x lO '^T^ . (4.16)

0 2  =  1.0327 -  67.4000 x 10"®T . (4.17)

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

=  +  +  . (4.18)
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The final expression for the flux of water vapor is:

J .  =  +  P „ | ^ , v r  +  p . . ^ v x ] . ( 4 . i 9 ,

This can be rewritten as:

J„ =  -V y V X  -  VVVr . (4.20)

where Vx and Vt  are positive and defined as

K .  =  . ( 4 . 2 1 ,

F T  =  ‘ - 2 1 4 6  X ^  ( 4 . 2 2 )

6 and  p h a se  d e n s it ie s

Porousity e is one of the most im portant characteristics of wood in relation to moisture 

transport. Its value when wood is completely dry, sometimes called the dry wood void 

fraction, td, can be obtained from:

e, =  - ^  =  1 -  , (4.23)
Vt Pc:ii

where Vt  and Vad are the total volume of wood and air volume inside the dry wood 

structure, respecively. pceii is the density of the cell which is almost constant and its 

value is 1 5 0 0 ^  (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

e =  ^  =  1  _  Pi ^  I _  ^  , (4.24)
Vt  Pceii Pw 1500 puj

where p^j is the density of water at the corresponding tem perature.
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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 Xpsp-, 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;

X f s p  = 0.28 -  0.001(7 -  293.15) . (4.25)

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

X f s p  ■

Pb = pdXFSP ■ (4.26)

On the other hand, based on the definition of 0:

Pv = tp ,yip{X,T)  , (4.27)

where pav is the saturated water vapor density at wood tem perature. The rest is the

free water density:

Pf =  p iX  -  py -  p b ~  PdX -  Pb . (4.28)

For X  <  X f s p - />/ =  0  and:

Pb =  PdX -  Pu ~  PdX . (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  M o v em en t o f  b o u n d  w a ter

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])

Jb-i = - D b ^  , (4.30)
O X i
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where is the chemical potential of bound water, is the bound water transfer 

coefficient, and is the flux of bound water in the i direction. Stanish et a/.[19] 

included a factor of (1 — e^) where Cj is the fractional void space of the  dry solid. This 

factor was considered for the amount of conductive cell wall m aterial in the volume. 

Salin[39] did not find any clear dependence on wood density and excluded this factor. 

He did not find Db to be a constant, as Stanish et a /.[19] had supposed. The following 

correlation was suggested by Salin[39] for the dependence of Db on moisture content 

and tem perature:

Db = D , e x p { ' ^ - ^ )  . (4.31)
Pd I

where £)^ is a constant. During the present work, it was concluded tha t the term 

exp C ^^  — 1̂^ )  should be modified to obtain physically meaningful and stable as well 

as more accurate distributions for moisture content and tem perature. It should be 

noted that:

'Bi. =
Pd =  X fsp  for (% > X f s p )  and

Thus, the term  is always positive which causes the previously mentioned 

shortfalls. Also the dependence of Db on tem perature for different species should be 

considered. Based on the above discussions and after trying different combinations, 

we propose the following relationship for

Db =  D^exp[40{ —  — X f s p ) — :^)] . (4.32)
Pd i

where D̂  ̂ 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 m ultiplication factor has the following characteristics:

- is always less than 1 ,
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- above F S P ,  is not a function of X  and acts almost like exp{—^ )  function with 

respect to T,  and

- below F S P ,  acts like exp{X)  which haa 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, Xav < X fsp  and bound water diffusion is the dom inant 

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, pb, 

is the same as that for the vapour, pv, and it follows that:

àpb dpy d T  dpy
— — rn-w-̂ — —  H — • (4..J.j)OXi axi OXi OXi

The molar entropy, s [J jm o l lK ) ,  and molar specific volume. u{m^fmol), are state  

functions of tem perature and pressure. Stanish et a /.[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 tem perature and 

pressure gradients as follows:

J .  =  +  3 5 . 1 / n ( ^ )  -  8 . 3 1 4 M , ^ ) J V r  +  .,4.34)

The partial vapour pressure, P„, can be estim ated from the therm odynam ic rela­

tionship of moisture content-tem perature, as given by previous equations. The final

equation can be expressed in terms of gradients of X  and T  as:

Jf, =  - B x V X  +  f î r V r  , (4.35)

where B t  and B x  are positive and defined as:

.  g n n i  *  J U I .(  H.1«
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B x  =  8 . 3 1 4 ^ y H  . (-1.37)
TTly ^  d X

4 .1 .3  M o v em en t o f  free  w a ter

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 obteiined from Darcy's law[2] as:

J  f  = —E iV P t = E iVPc  , (4.38)

where Pc is the capillary pressure and Ei is the effective permeability to free water 

flow. The la tter is related to the measured permeability, /\/, by:

F:/ =  —  . (4.39)
m

where pi and rji are, respectively, the density and viscosity of the liquid water. Spolek 

and Plum b[9] assumed that the capillary pressure is a simple function of saturation 

as follows:

Pc =  .4.5 '®  , (4.40)

where 4=10,000 and 5=0.61  . The saturation of wood is calculated by:

liquid volume X  -  , , , , .
h =  saturation  = ---- —----   =  —---------—------ . (4.41)

VOZd VOitlTTlG. ^mcLT -^FSP

The moisture content at the fiber saturation point is X p sp  while Xmax is the  moisture 

content of wood when the entire void structure is filled with liquid. It can be obtained 

as:

=  Cj—  . (4.42)
pd
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The minimum saturation for liquid flow is Smin- When the saturation is below this

point, liquid flow is impossible. Combining the above equations, the flux of free water

may be expressed as:

T —A .B .E i { X m a x  — N F S p ) ^ ^ v  i t
=  (A- -

The liquid permeability of wood. A'/, decreases with reduction of the wood saturation. 

It may be related to the permeability at saturation, A%, by using the correlation of 

Stanish et a/.[19]:

A', =  A-„{1 -  . (-1.44)

Therefore, the final expression for the flux of free water is:

J /  =  - F x V X  , (4.45)

where Fx  is positive and defined by:

r, A.H.IilsPl(Xmax Xf SP)  r, T̂T X  Xmin i-i , .

-  % » . ) ' " "

It should be mentioned that based on experiments:

Ji <  J/  for (% >  X f s p )  and

J/  =  0  for { X  < X f s p )  or (5  <  Smin)- 

In this study the flux of bound water was not neglected due to smaller differences 

between the initial moisture content and X f s p -

4 .1 .4  G en era l form  o f  th e  eq u a tio n s for in tern a l n o d es

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

J =  - { V x  +  B x  +  F x ) V X  -  {Vt  -  5 t ) V T  . (4.47)
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Using the above expression in Eqn. 4.3, the conservation of mass yields:

8 X
p^—  = V[{Vx + B x  + F x W X  + (Vt -  B t )VT]  =  V{ Dx X X  +  Dt V T )  ,(4.48)

where Dx  and D j  are positive coefficients.

For the balance of energy, in Eqn. 4.7, since the changes in m oisture contents 

are extrem ely slow with tim e, we can neglect the term  for all the w ater phases

{pi =  constant). Therefore, the balance of energy becomes:

=  V[(A +  h^VT -  hBBT)VT\  +  +  h B x  +  h j F x ) X X \  (.4.49)

or:

d T(pC, ) . , i— = V ( \ . i , V T + \ x V X )  , (4.Ô0)

where (/)Cp)g//, A ,// and A% are positive coefficients. The above set of equations are 

non-linear and coupled.

4 .1 .5  B o u n d a ry  co n d itio n s

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:

J s ^ = h ^ e , p , [ X , - X , , [ M ) \  , (4.51)

where p̂ i 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. Xeq{M). 

the equilibrium  moisture content of the drying air can be obtained as[57]:
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where <f) is the relative humidity of the dying air. A:i,A.’2 , and W  are modified for 

tem peratures in degrees Kelvin as:

ki = -45.6988 +  0.3216T -  5.0123 x , (4.53)

ÂT2 =  -0.1722 +  4.7317 * 10"^T -  5.5534 x lO"*^!’'̂  , (4.54)

W  =  1416.502 -  9.4302T +  0.01853T^ . (4.55)

The author believes tha t e, should be used when is calculated in order to consider 

the surface resistance to mass transfer in addition to air resistance represented by 

hm- Salin[58] after reviewing the experimental da ta  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 Plum b et. a/[10]. Also Gong[36] reported the correction factor values between 0.7 

and 0.3, depending on surface moisture content and tem perature. The term where 

e, is the porousity of the surface, provides such order of magnitude.

Heat balance at surface requires that:

Q j/A  =  h{Ts — T\f )  + Js„hy-a , (4.56)

where the 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, h and 6 ^ . are 

obtained by solving the heat/m ass 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 tem perature and mean equilibrium moisture content 

of the drying air.

At the center of the board, the sym m etry condition about the x axis requires that:

^  =  0 , (4.57)
dy

where cf> will be either tem perature T,  or moisture content X ,  or their derivatives.
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4 .1 .6  P h y s ic a l p ro p ertie s

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, 0 (.V, T); moisture content

at Fiber Saturation Point. Xps p .  etc. For the rest of the param eters 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 tem perature.

Relationships has been proposed in the present work for the steam  table data  in the 

range of tem perature 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:

Cpb = C p f — OA{Cpv — Cpf)[l  — <l>b + ~4>l] . (4.58)

hb = h f  — 0.4(A„ — hf)[l  — 06 4- —0&] , (4.59)

U6 =  u / - 0 .4 ( u „  -  u / ) [ l - 0 6  +  , (4.60)
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where /  and v  subscripts are referred to free water (or saturated  water) and water 

vapor (saturated water vapor),

(pb = , (4.61)
PbFSP

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

PbFSP =  PdNfsp ■ (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 [I9j as

C pj =  1112.0 +  4 .8 5 ( 7 -  273.15) . (4.63)

ud =  123010 -  212.05T +  2.4257^ , (4.64)

A =  ^ [ 0 .2  +  0 .5 ^ ]  +  0.024 . (4.65)
Pw pd

4.2 Governing equations in the fluid phase

In this section the drying air flow is modelled. The Re num ber in the duct flows is 

one of the param eters which specifies the flow regime and is defined as Re = . It

involves: fluid properties, p and p, density and viscosity; average main flow velocity. 

Uav', and duct characteristic, 2 s =  hydraulic d i a m e t e r 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 param eters into mean and fluctuating 

parts, e.g.:

V, = Vi + V ,  (4.66)

P  = P + P' , (4.67)

T  = T  + T '  . (4.68)

Y  = 7 + Y '  , (4.69)

where, P, T, V;, and Y  are instantaneous values of pressure, tem perature, 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 tim e average of a dependent variable, e.g. T, for a statistically steady

flow is defined as:

-  1
T  = —  /  Tdt  , (4.70)

At J
(o

where A t should be selected in a way that it will be long enough compared with the 

tim e 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:

^  =  0 , (4.71)
Ox i

Momentum balance'. 

Energy balance:

d(pC^aT) , d(pCpaVjT) d  .. d T
a t  +  dx i  =
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where 0  is the dissipation term  which will be neglected due to low velocities. The 

first two equations axe called Reynolds averaged Navier-Stokes equations.

Mass conservation for  water vapour yields:

d ¥  ^ d V  d d Y .  d

It can be seen tha t the mass transport and energy equations in the absence of 

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

^Ihmidt ^bout One, their dimensionless solutions will be the

same. The Lewis number for diffusion of water vapour into air, in the tem peratures 

of the kiln (50 — 8G°C), is about 1.06-1.09. Therefore, there is no need to solve both 

Eqs.4.73 and 4.74 for tem perature 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  T u rb u len ce  m o d e llin g

In order to solve the above sets of equations, the term s ) ^^^d --^[pC poW  T')

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 — t he so called 

"^Reynolds stresses”. Bousinesq[63] suggested th a t, in analogy to the viscous stresses 

in lam inar flows, the turbulent stresses are proportional to the mean velocity gradients 

or:

dVi dVj
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where fit is the turbulence eddy viscosity. One approach for determ ining fit is the 

"Two Equation Approach" in which pt is defined based on two new param eters. One 

of these two param eters is the kinetic energy of the fluctuating motion, k. defined by:

1
(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-KolmogoroiT relation determines the turbulent eddy viscosity as[64]:
^ 2

pt =  , (4.77)

where is an empirical constant and î  is the “ Viscous dissipation" defined by:

In heat/ mass trzinsfer equation, a direct analogy between turbulent momentum trans­

port and the turbulent heat/m ass transport is often assumed. Therefore, the la tte r 

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

~Vi (f> =  r  ! (*l-79)
C/Xj

where F is the turbulent diffusivity of heat/ maas transfer. F depends on the state  

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

and momentum treinsport suggests that:

F =  - ^  , (4.80)
pCTt

where at is called the turbulent P rand tl( Schm id t  number. Therefore, 

é  = T  , at = Prt , F =  A ,

4> = Y  , at = Sct  , T = D  .
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S ta n d a rd  k — s  tu rb u le n c e  m o d e l

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:

= + + , (4.81)
ax j p o x j  (Jk oxj

t -equation:

where G, the turbulent kinetic energy generation, is:

and E  = 0, Cfj, = 0.09, — 1.44, Cjs =  1.92, crk = 1.0, and =  1.3.

Here, it is aissumed tha t except the near wall region, pt »

Wall function

The form of standard k — e model is valid for high Re number flows. Near the walls, 

the kinetic energy, k, tends to zero while the dissipation, e, have a finite value at the 

wall. This causes a singularity in the last two terms of e-equation. .A.lso near the 

walls, the stresses due to viscosity, p, cannot be neglected compared to the turbulent 

stresses. An alternative is to estim ate 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 representing the wall shear stress, the dimensionless velocity, u"'", is 

defined as:

. (4.84)
I# /Tw_

P

In the same way, the dimensionless distance from wall, is defined as:

J,* =  ^  . (4.3.5)
PL

Here it can be seen tha t 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]:

=  y+ . (4.86)

There is another region called “Oufer layer ” , for y"*" > 30. in which flow is fully 

turbulent. The velocity profile in this region is defined based on logarithmic profile 

such as:

u'^ = — ln{y'^) + Ck , (4.8T)
Cti

where =  0.41 is the '"von Karman constant  and Ck 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 t —equations from fully turbulent region to the wall 

results in this equation for the wall shear stress:

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

expression is obtained for e near the wall region:
(,3/4 p / 2

£ =  — ln{cky'^) . (4.89)
CuV
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Low Re k — £ m odel of Launder and Sharma

Launder and Sharma[67] used the original idea of Standard k —£ turbulence model.This 

model, like the o ther low Re number models, does not implement the law of the wall 

for velocity profile near the wail. Instead it uses other types of velocity profile, e.g. 

linear or quadratic, with more nodes close to the wall for a be tte r accuracy of velocity 

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

In the standard k — s model, the value of e at wall as a boundary condition for 

c —equation comes from the integration of £— equation between the wall and the 

outer layer using the  wail function. In the Launder and Sharm a model, this value is 

considered from the distribution of k near wall such as:

=  (4.90)
P dy

Launder and Sharm a proposed new non-constant expressions for and c^ 2  based on 

a newly defined turbulent Re number. This Re number is defined as:

R t = —  . (4.91)
ye

The expression for and Cj2  are exponential decaying functions of R j  so tha t at high 

Re numbers they become the same as the constants used in standard version. The 

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

=  0.09exp[ -  ^  ] . (4.92)
" r  50 1

c, 2  =  1.92[1 -  0 .3 e x p (-i4 )]  . (4.93)

The other difference w ith the standard model is using a  non-zero E  term  in the

c-equation as:
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One can interprété tha t in the standard version it is assumed where either /x or //f is 

considerable the other one is negligible and the E  term  in the 6-equation is neglected 

due to m ultiplication of them.

General form of the governing equations

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

where 4 > represents either of (Vj, P , T, k, t) and 8 4 , is the source term . The source 

term  may be dependent on <t> and other variables. Therefore, it is linearized as:

8 4 , Sp(i>p + Su  , (4.96)

where subscript P refers to the point in which the equation is w ritten. Su  and Sp  

are calculated from the last values during iteration. Patankar[53] has presented the 

guidelines for linearization of the source term.

4 .2 .2  D isc r e t iz a tio n  p ro cess

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 com putational 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.

W hen the general form of the equation is integrated over the control volume, 

the diffusion and advection flux term s at the surfaces of com putational cells appear.
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For difFusion term s, the diffusion coefficients at the surfaces can be obtained from 

harmonic average between two adjacent points as suggested by Patankar[53].

The integration of the  advection term  at the control surfaces between points

( / , ; )  and (i +  1 ,;)  results in terms like =  ^(,+ i j)-

The way such terms are dealt with is related to Up winding schemes^. Here some of 

the upwinding schemes related to the present work are discussed.

Central Differencing Scheme (CDS)

In this scheme, is an arithm atic average of L values at two neighboring points

of (i, j )  and (i +  1,J) 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 th a t the advection term  is much larger than the diffusion one or Pe »  1. 

Here, Pe =■ the "‘ce// Peclet number’ is the ratio of advection to diffusion flux 

at each control volume. Therefore, the advection term  value at the interm ediate face 

is the value at the grid point on the upward side of the face or:

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 > 0 is:

3 3 1
=  g ~  g ^ ( ‘+2.j) • ( - i -9 ” )

Bounded Quadratic Upwind Differencing Scheme (CCCT)

While Q U I C K  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. C C C T  is a modification of the Q U I C K  scheme which is bounded and can 

elim inate these overshoots. For the similar Ccise of QUICK it hcis the form of:

L{i+i,j) = (g -  o‘)L(i+i,j) + (  ̂+ -  (g + û)̂ (i+2,j) . (-I-98)

where a  depends on the curvature of the variable (f>. 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 (K ho’s geom etry)

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 geom etry[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 1/D 

in commercial kilns, where I is the length of each board in the th ird  direction, the flow 

can be considered as two-dimensional. The configuration of flow and com putational 

domain is shown in Figure 5.1. This case was also investigated numerically by Lan- 

grish et a/[30-31], but comparisons of their results with experimental da ta  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 [L

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  S o lu tio n  m eth o d

This study was conducted with the standard k — e and low Reynolds number tu r­

bulence models. The following differencing schemes were used: hybrid. QUICK, and 

CCCT (bounded QUICK). In the first step, a finite volume formulation oî k  — £ 

turbulence model and hybrid discretization scheme along with the logarithmic wall 

treatm ent 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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' f t f tn t r ,

Figure 5.2: Typical velocity vectors near the leading edge at Reo^ — 8200

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  E ffect o f  th e  in le t  and  o u tle t  lo c a tio n s

To determ ine the eflFect of the locations of inlet and outlet boundaries, and U, some 

com putations were carried out for an interm ediate Reynolds number of Re  =  =

13660 {uiniet =  2 .5m /s) for a relatively fine grid. Here, // and p are the viscosity and 

the density of the drying air, Uav is the average air velocity between the boards, and 

3 = D is the sticker thickness which is half the hydraulic diam eter of the duct. For 

>  lOD, 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 R cdh — 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 U > 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 =  I ID  and U = 16D were 

used.

5 .1 .3  M esh  arran gem en t

A proper refinement of grids immediately upstream and around the leading and tra il­

ing edge comers 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, 

Ex and Ey, were chosen based on some of the values suggested by Djilali et a/[70]. 

For the y-direction, since all grids are within the im portant area, Ey < 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 Ex 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 approxim ate sizes of the separation bubbles, 

the grid in the x direction was locally refined around the approxim ate stream  wise 

locations of the boundaries of separation bubbles. This refinement provides a more 

accurate prediction of the length of the separation bubbles. The reattachm ent 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 sym m etry line passing through the middle of the boards.
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5 .1 .4  P re lim in a ry  co m p u ta tio n s

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 Reynolds num ber of 

8200 [Uintet =  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 

4, i.e., less than 11.2, the border of laminar sublayer and buffer layer). .A second 

com putation using RNG k — £ turbulence model with hybrid discretization scheme 

predicted values of within the same range.

E ffect o f  grid  refin em en t

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 asym ptotic value. 

y + . 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 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 160x55 showed a difference of about 2.5 percent in ^  and less than 0.5 

percent in The array of 168x60 with =  0.3 percent resulted in ^j^=1.2.

Coarser grids in the y-direction were then used until the condition of > 1 1 .2 . for 

the first point near the wall, was reached. When this happened, the corresponding 

grid of 16 vertical points resulted in =  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 =  4.3 and noticing such 

low values of for the grid independency of ^  in the case of using high Reynolds 

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

which satisfies the condition of >  11.2, a high Reynolds num ber turbulence model



C H A P TE R  5. NUM ERICAL SIM U LATIO N  OF A IR  FLO W  IN ST A C K 67

Ni * N j Nt Vts 
of first
point

^ymin
D

percent

140^16 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 . 2 2 2 5.3 1.57
155*44 4686 0.2662 2.223 3.3 0.87
160*55 5994 0.2558 2 . 2 1 2 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 k — £ 

turbulence model must be used.

5 .1 .5  R e su lts  and  d iscu ss io n s

For low Reynolds number k — s turbulence models, non-logarithmic wall treatm ent 

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 j/'*’ 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 — s 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 

( ^ ^ )  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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for Re=8200, x/D=0.1
2.5

1.5
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0.3 0.35 0.40.20.05 0.150.1

Figure 5.6: Dimensionless u velocity at the top of the boards after the leading edge 
for the Kho’s geometry at Re=8‘200

for Re=820O, x/D=0.2
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— .low Re k—epsilon with CCCT scheme

_.standard k—epsilon with hybrid scheme

-0.5 0.35 0.45 0.50.2 0.25
y/D
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Figure 5.7: Dimensionless u velocity at the top of the boards (D =boards height and 
width = 1 0 0 mm)
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for Re=8200, x/D=0.4

2.5

0.5 ._,standard k—epsilon with hybrid scheme

— .low Re k—epsilon with CCCT schem e

0.15 0.4 0.50.1 0.2 0.25
y/D

0.3 0.35 0.450.05

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 oi k — z model and the hybrid scheme will result in 

shorter stream  wise length of separation bubbles. This phenomena is related to the 

hybrid scheme.

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 o{ k — z model and the hybrid scheme than those from the other 

combination. This phenomena is related to the hybrid scheme. It was concluded th a t 

because of having some grids in the lam inar sublayer for Re=8200, the high Reynolds 

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

standard k —z model and the hybrid scheme resulted in 155 percent larger asym ptotic
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for Re=820O and x/D=7 after leading edge
2.5

1.5

1

0.5
. _,standard k—epsilon with hybrid scheme

— ,low Re k—epsilon with CCCT scheme

0.1 0.45 0.50.05 0.15 0.2 0.40.25
y/D

0.3 0.35

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/m ass transfer, one can see that the high Reynolds number 

models will over predict the convective heat/m ass transfer coefficients. This is one of 

the reasons behind some unsuccessful attem pts in earlier numerical studies.

Using the low Re t  — c 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 N u^  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 a / .[29]. 

The experim ental trends are well born out by the computed values which are within 

10 to 15 percent of measured values. Langrish et a / .[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 — e model without the contribution of the
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for Re=8200 and x/D=21 (1D after trailing edge)

. _,standard k-epsiion with hytarid scheme 
— .low Re k—epsilon with CCCT scheme
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Figure 5.10: Dimensionless u velocity ID ( = 100mm) after the trailing edge

for Re=82O0( based on average u and D)
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Figure 5.11: Dimensionless u velocity along the centre line after the trailing edge
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for Re=8200( based on average u and D)
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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 N um erical com putations of surface coefficients 

over a com m ercial stack plank geom etry (L i’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 m m  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 A: — c
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For Re=8200
160

—. Results of low Re k—e model140

4-,Experimental results of kho et al.1 2 0
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Figure 5.13: Local Nu number after the leading edge for the Kho's geometry at 
Re=8200

Results of low Re k—e model for Re=13660
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Figure 5.14: Local Nu num ber after the leading edge for the Kho’s geometry at
R e= 13600
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Results of low Re k—e model for Re=191OO
300

250

200
+, Experimental results of Kfio et al. 
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Figure 5.15: Local Nu num ber after the leading edge for the Kho's geom etry at 
Re=19100

model and CCCT scheme at Ucentre =  2.54 {ucentre is the velocity at the centre line 

of the sticker thickness). The tem perature 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 diam eter 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  P r e lim in a ry  c o m p u ta tio n s

Computations were first performed for the case with no side gaps to determ ine the 

locations of inlet and outlet boundaries. For L >  45s and Id > 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.l 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 tu r­

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  E ffect o f  irreg u la r itie s  d u e  to  sh rin k age an d  sa w in g

The results of local Nu number versus dimension-less horizontal distance for this case 

are compared in Figure 5.17 w ith the results of the case without side gaps. A sharp 

increase in N u ^  is observed after each gap. After tha t, an asym ptotic behaviour is 

seen apart from the slight increase in the last 2-3 points of each board. The maximum
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For R es4400  using low Re k—e  model and CCCT schem e
1 2 0

—. vertical gap=0 & boards with the sam e height

.. vertical gap=1.5 mm & boards with the sam e height
IOC

80

60z

40

20

401C 25 30 3515

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 num ber on the first board occurs at j  =  0.96 for the case with side 

gaps of 1.5 mm and at j  =  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. . \ t  the 

end of the first board, fiow 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 s tart 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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For Ress4400 us^ng fow Re k—e  modef a n d  CCCT schem e
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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. .A.t the beginning of the third board the main flow is away from 

the board surface and gradually reattaches to its surface resulting in the asym ptotic 

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 ajid wet board thickness).

5 .2 .3  E ffect o f  d ifferen t gap  s izes

Further com putations 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 num ber 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 (-^ =  0) Nu is considerable (about 18) due to stagnation flow in 

this area amd 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 tha t at the center of the board Nu is cdmost 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 5.20: Local Mu number on front Figure 5.22: Local Mu number on front 
wall of the first board for the Li’s geome- wall of the third board for the Li's geom- 
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Figure 5.21: Local Mu num ber on front
wall of the second board for the Li’s geom­
etry  with different side gaps at Re=4400

Figure 5.23: Local Nu number on front
wall of the fourth board for the Li’s geom­
etry with different side gaps at Re=4400
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Figure 5.24: Local Nu number on front 
wall of the fifth board for the Li’s geome­
try with different side gaps at Re=4400
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Figure 5.26: Local Nu number on front 
wall of the seventh board for the Li's 
geometry with different side gaps at 
Re=4400

Figure 5.25: Local Nu number on front
wall of the sixth board for the Li’s geom­
etry  with different side gaps at Re=4400
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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 5.29: Local Nu number on rear 
wall of the third board for the Li's geom­
etry 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
etry  with different side gaps at Re=4400
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Figure 5.30: Local Nu number on rear
wall of the fourth board for the Li’s geom­
etry with different side gaps at Re=4400
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Figure 5.31: Local Nu number on rear 
wall of the fifth board for the Li’s geome­
try with different side gaps at Re=4400
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Figure 5.33: Local Nu number on rear 
wall of the seventh board for the Li's 
geometry with different side gaps at 
Re=4400

Figure 5.32: Local Nu number on rear
wall of the sixth board for the Li’s geom­
etry  with different side gaps at Re=4400



C H A P T E R  5. N U M ERIC AL SIM ULATION OF A IR  F L O W  IN STA C K  84

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) tha t 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 g < 41.5mm, Nu is very small at board center and increases to a local 

m aximum 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 increa.se 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 5.2. 

Total heat transfer from air to the boards slowly increases with increasing the gap 

sizes up to g=36.5 m m  (the case of ^ =  36.5mm shows 10.7 percent increase relative 

to g = 1.5mm case). This is due to heat transfer increase from the verticcd 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 g =  36.5 to =  41.5mm 

resulting in a jum p in ^  to 10080 W /m . Any further increase in the 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 ^  due to changes in Nu on 

vertical walls. On the other hand, one can therefore suggest tha t the gap size after 

which no significant increase in the total heat transfer, Nusselt number and ^  was 

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

namely for Re=4400, Çopt =  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 tha t the size of vortex inside the gap increases
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boards height 

condition

gap size 

g (mm)

total heat 

transfer,Q(H^)

X 100
1̂.5

(%)
Ag

( I )
the same 0 312.4 -
the sam e' 1.5 322.5 3.23 relative to g=0 -

only 2 nd 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 5.8 840
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
the same 51.5 428.4 32.8 2 1 0 0

Table 5.2: Comparison of the results of total heat transfer to 7 boards for different 
cases at /2eDh=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. It 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 Vi be the total volume of lumber to be dried, qi be the heat/m ass to be trans- 

fered per unit volume of lumber. Assuming the average rate of heat/m ass transfer 

per each stack array as Q and n,t the number of stacks per kiln, the total tim e of kiln
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working, will be:

t =
Qn,t

where:

1  = - ^  , (5.1)

, (5.2)
'stacK

and Vkiin-efj and V t̂ack are effective volume of kiln and stack volume, respectively. 

Therefore:

t =  . (5.3)
Q ̂ kiln—eff

For a specific kiln used for drying a certain amount of lum ber, the dependency of t 

will become:

t oc ^  . (5.4)
Q

If the parameters of the stack set up, except the gap size, rem ain unchanged, then:

W  , (.5.5)
Q

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

stacks be 1 0 0  mm, l,tack can be calculated by:

{Ltack)g=i. 5  =  (7 X 103.5) +  ( 6  X 1.5) +  100 =  833.5 m m  . (5.6)

Now the difference in t using different gap sizes caja be com pared with the g = 1.5 mm 

case. Table 5.3 compares the calculated differences in tim e t with respect to gr =  1.5 

mm, using the above m ethod. The Table shows tha t increasing the gap size up to 

g = 36.5 mm  increases the to ta l drying time up to 13.1%. But using the optim um  gap 

size of 41.5 mm only causes 1% increases in the total drying tim e of a given amount 

of lumber. The cost of enhancement in the total drying tim e is due to reloading the
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gap size 
g (mm)

stack length 
Utack (mm)

% increase in t relative 
to g=1.5 mm case

11.5 893.5 3.85
21.5 953.5 8 . 1

31.5 1013.5 1 1 . 6 6

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 tim e of drying for different cases at 
^eOh=4400

kiln, more energy consumption, manpower and utilities. The above calculations show 

that if the optim um  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 tha t total drying tim e in addition to percentage of 

increase in total heat transfer x 1 0 0 ) and ^  can be used to decide about the

optim um  gap size and its effect on the total cost of drying.

5 .2 .4  EflFect o f  R e  n um ber

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 

to ta l 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 num ber 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 num ber starts (at g =  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 R e= 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 eire shown for Re=8800 in Figures 

5.45 to 5.48 and for R e= 13200 in Figures 5,49 to 5,52. .A.t 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. It 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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Figure 5.38: Local Nu number on front
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etry with different side gaps at Re=8800

Figure 5.40: Local Nu number on front
wail of the last board for the Li’s geometry
with different side gaps at Re=8800
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Figure 5.45: Local Nu number on rear Figure 5.47: Local Nu number on rear 
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gap size 

g (mm)

total heat 

transfer,Q(H^)

X 100
Qi.i

%
Ag
K
m

X 100

%
1.5 6 8 6 .0 - -

21.5 741.4 8.1 2770 4-5.8
26.5 830.3 21 .0 17780 -2.5
31.5 865.0 26.1 6940 -3.6
36.5 894.4 30.4 5880 -4.0

Table 5.4: Comparison of the results of total heat transfer to  7 boards for different 
cases at i?eo^=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=8800. 

we saw that Nu number distributions do not change significantly for g > 26.5 mm. 

Here also the majcimum ^  happens at this gap size. Total drying tim e at this 

condition is estim ated to be 2.5% less than the without ex tra  gap case (g= 1.5mm). 

This is an im portant finding tha t at higher Re numbers the ex tra  gap size can reduce 

the total drying time. Based on the above discussions g =  26.5mm can be considered 

as the optim um  gap size for Re=8800. Another im portant finding is tha t for Re=8800 

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

its optim um  gap size of 41.5 mm.

At Re=13200, the sudden increase in Nu distributios, to tal heat transfer and ^  

is first observed at g =  16.5mm accompanied by a sudden drop in total drying time. 

But the gains are more considerable at g = 21.5mm malting it the optim um  gap 

choice. Such a  gap reduces the total drying time 1 . 8  percent compared to g =  1.5mm 

and triples the to tal heat transfer compared to the optim um  choice at Re=4400.
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gap size 

g (mm)

total heat 

transfer,Q(fF')

X 100
1̂.5

%
Ag
W
m

X 100U.5
%

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

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

5 .2 .5  EflFect o f  in le t  and  w all te m p e r a tu r e / m o is tu r e  co n ten t

It was emphasized in Chapters 2 and 3 tha t using the mean tem perature/m oisture 

content instead of the inlet variables leads to incorrect disributions of surface coeffi­

cients. To show such a claim better, the distribution of mean tem perature for g=21.5 

mm at R e= 8 8 GG is plotted against the dimensionless length across the stack in Figure 

5.53. The tem perature difference between the air and board surface is 31.8'’/v at the 

inlet and 16.7°A' 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 

th ird  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 tem perature have any effect on the surface coefficients.

The eflFect of the inlet and wall tem perature/m oisture content was studied by a 

series of similar computations with different combinations a t Re=4400. First, the 

wall tem perature and air inlet tem perature were interchanged in order to observe 

the effect of heat/m ass transfer direction and subsequent changes in the stream-wise
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Mean tem perature distribution across stack for Re=6600 and  g=21.5mm
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Figure 5.53: Mean tem perature distribution across stack for Re=8800 and g=21.5mm

distribution of mean tem perature on local and total heat transfer and optim um  gap 

size. The results of the local Nu number are presented in Figure 5.54. Neither of 

these param eters showed any change.

Then for the numerical procedure, the tem perature 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 optim um  gap size (g=41.5 mm) and the case just before the 

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

It can be seen tha t the wall tem perature/m oisture content does not have any 

significant effect on the local Nu and the optimum gap size. This is due to hav­

ing air P randtl numbers of about 0.7 and its slight changes with tem perature in 

the kiln tem perature range. Based on experimentally suggested equations for inter­

nal gas flows[71], usually Nu changes with P r"  (n=-0.34 to -0.19). Therefore, one 

can conclude th a t the local N u/Sh number distribution for step wise wall tem pera­

tures/m oisture 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 tem peratures 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 tim e and space.

5 .2 .6  S im ila r itie s  a t d ifferen t R e n u m b ers

Further study of the local Nu number distributions for the cases before and after the 

jum p phenomena shows tha t they have similar patterns after the second board while 

they are almost the same in the first boaxd. Figures 5.56 and 5.57 show that for dif­

ferent Re numbers the local Nu distributions before and after the jum p can be related 

by a multlipication factor (ratio of asymptotic values of local Nu numbers). Figure 

5.58 shows th a t the same relation can be established between the Nu distributions of 

two Re numbers ju st before the jum p at each Re. Figure 5.59 also dem onstrates such 

a relation between the distributions of optimum gap size cases a t 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 num ber just before optim um  
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 optim um  gap 
size (g=41.5 at Re=4400 and g=26.5 mm at R e= 8 8 GQ)
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Chapter 6 

One dimensional numerical 

simulation of drying process

6.1 Introduction

W ith the model developed in chapter 4 and the surface coefficients obtained in chap­

ter 5, we are able to predict the tem perature 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 D x ,  D j ,  Kff-, {pCp)eff and other 

properties of different phases generally do not change very rapidly with time. There­

fore, the coefficients are evaluated using values from previous tim e 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 tim e steps, Af, are used. Later, A t can be increased up to a cer­
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tain level which guarajitees 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 tim e step. In the energy equation, the 

linearization is carried out with respect to the tem perature.

As m entioned 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 

approxim ation. 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 im portant 

param eter of study. In such a case, the effect of changes in different param eters of the 

model on the trend of results can be investigated faster due to less com puatational 

resources and CPU tim e required.

6.2 One dim ensional m odelling

The m oisture 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 tim e derivative term  in a time step. The 

fully implicit m ethod is implemented for space derivative terms of the param eter 

to be solved {T  in energy balance and X  in mass balance). The space derivatives 

of the other param eter {T in mass balance and X  in energy balance) is considered 

explicitly. Non-uniform grids eure used with clustering near the surface when gradients 

of variables are larger.

The com putational 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

Internal node &  its control volume

J Axis o f  symmetry node &  its control volume

Board axis o f sym m etry"^

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 maas/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 a t 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 a t 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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( i , j-*-l )

X "c

iv - y (  i , j  )

( i , j  )

\f

( i , j - 1  )

Figure 6.2: Configuration of internal node control volume and the surrounding nodes

mav occur within the material. Therefore:

A y jJ -  Ayj+i _  Ay_,+i Ay^

^(«J)
( 6 . 1 :

where $  is one of the coefficients of D x,  Dr,  Xejj, and [pCp)e/f-

6.2 .1  In tern a l n o d es

The discretized form of the mass balance for an internal node is:

v n + l  y n  y n + 1  V '"+ l

A t
y n - f l    y n  +  l  rp m  r p m  p<M p *

(6 -2 )

where:

Syj =  0.5(Aî/j +  Aj/j+i) , (6.3)
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(6.4)

Here is the latest value obtained for T̂ 'I'j) from the last outer iteration.

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

yields:

'p n + l  rp n  ' r n + l  'T 'n + l

'T ’ T l + l  'T ’ T l + l  V '*  V '*

^  s i ,

1 — 1  

^Vj-
. (6.5)

with a similar definition for ,, and Xt:

+  ■ 1 6 -6 ) 

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

+  «J-V S Ji,, -  <lxj ■ (6.T)

• (6 .8 )

where:

, (6.9)
% - l

6 x., =  wA!/j +  A I ( 5 f y H l i l  +  : ^ p H l )  , (6 . 1 0 )
oyj

c x j  =  , (6 .1 1 )
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dx.j =

a j j  =  , (6.13)

6r j  =  ■ ( « " I

CT.J = . (6.1.5)
oyj

d r ,  = ( fC ,) .„ „ „ A l% rg _ „  +  ' -^

. (6.16)

6 .2 .2  Surface n o d e

The discretized form of the mass balance for a surface node is:

A t  r  "  " • 'll'- i-î) Sy j . ,

-  & . « ( , . ■ (6.17)

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

rpn-^1 'T’n (T̂ n-fl   ^ n + 1

— Ax(,-,j_i)  ̂ '^ \y -   ̂ " ~  ~  -^eq-air)

-A(7T+^ -  . (6.18)
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where Tdb-air is the dry bulb tem perature of drying air; hm and h are convective mass 

and heat transfer coefficients; and the enthalpy of water vapor can be related

to tem perature of the surface at different tim e steps as:

. , ) ( % '  -  r , v , ) . (6.19)

Here, the Cp_„(,j) is a function of T̂ - jy  The rearrangement of equations like the

format for internal nodes yields Cxj  =  0 , ctj = 0  and:

=  . ( 6 . 2 0 )
oyj-i

bx,j =  P d - ^  + -,j) . (6 .2 1 )Z oyj-i

ar,j =  - A / 'Y ' ' " '  . (6.23)
àyj-i

br j  =  i p C p ) ^ j j { i . j ) ^  +

+ hjnNte^ij)Pv{i,j){X^^^ — Xeq-aiT)Cp-u{i.j) +  h A t  , (6.24)

I  /  ^  \  ^ y j  r p n  \ - f \  ” ^ ( * 4 )dTj  =  {pCpUfJ{iJ)— T^yj) -  A a x ( , j _ i )  J

+/imAfe(ij)p„(,j)(X[*j|(Cp_„(,-,j)r(” j) -  /iti(ii,j)) +  fiAtTdb-air • (6.25)
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6 .2 .3  N o d e  on  a x is  o f  sy m m e tr y

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

axis of symmetry yields:

y n + l y n  a y n + l v*n-{-l T’» 7 *̂

p/  (6.26)

Also the balance of energy for such a control volume results in:

'-pn+l rpn 'T’n+l   y n + l
-'(w) A. X Mm) Mm + 1 )

^ ^ --------
Y’»__ _ Y’“

X ' (*’j) " (‘'J + l) !c .-ir*x
^   • (6 .2 , 1

After rearranging the above equations in the format of Eqns. 6.7 and 6 .8 . it is observed 

that ax,j =  0 , ar.j =  0  and

ex., =  , (6.28)
oyj

ix ., = .  (6.29)
2 dyj

d x ,  =  . (6.30)

CTj =  , (6.31)
%

<TJ =  (A - C ,) . / / ( i . , ,^  +  . (6.32)

■iT,y =  ( ( > C ,) .„ „ - ,f l^ 7 ^ ,„  -  . (6.33)
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6 .2 .4  I D  so lu tio n  p ro ced u re

Figure 6.3 shows the flow chart of the program w ritten for the one dimensional prob­

lem. The set of discretized mass transport and heat transfer equations are solved 

separately. The TDMA( Three Diagonal Matrix Algorithm) is used for each set. The 

solution of both sets is continued in an outer loop until required convergence is a t­

tained. First the old values of all param eters are used for the first outer iteration. .\ t  

the end of each outer iteration the values of T ” s and .Y*’s are updated based on the 

last obtained values for T"+^'s and 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) sum m ation 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 lim it, the tim e step,A t, is halved after solving the field and the calculations 

are repeated for the whole domain using the new A t. This usually happens when the 

moisture content of a point is greater than X p s p  in the last time step and suddenly 

drops below X f s p  during the time interval.

6 .2 .5  B en ch m a rk  case

The combined experim ental and numerical work of Stanish et. a / .[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 paxailel plates. There are a few reasons for selecting [19] 

as a benchmark case in the present work. First, a fully developed flow has a well 

known relationship for its surface coefficients (see Rohsenow and H artnett [71]). The
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—  A re b o th ^ ^  
T  and X  fie ld s  
__converged% ^

N o

Y e s
N o t >  t fini

Y e s
nd

Input in itia l v a lu es

Start a n ew  outer iteration

U pdating  the X  *’s  and T  "̂ s

S o lv e  the tem perature (T ) fie ld

C alcu la te  in terfacial co e ffic ien ts

S o lv e  the m oisture con ten t (X ) fie ld

S et tim e step  and drying air cond itions

C alcu la te  the co e ff ic ie n ts  o f  T D M A  algorithm  for d ifferen t nod es

Figure 6.3: Flow chart of the Fortran program for one dimensional modelling
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second reason for choosing this caae is tha t almost all the well performed models 

mentioned in the review article of Kamke and Vanek[37] are based on the model of 

Stanish et. a / .[19]. Although the model suggested in [19] has some similarities in 

approach to the present model, there are a few m ajor 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 tem perature 

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  — e) in calculating the flux of bound water, and their expression 

of the surface boundary condition in terms of air/w ater 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. ai., the velocity, dry- and 

wet-bulb tem peratures of the dring air were 7 m /s, 75°C(348°/f^) and 55'’C (328'  ̂A'), 

respectively. Based on the mentioned air velocity, they assumed the heat transfer 

coeflScient (k)  to be h'SWIm" j ° K  using the formulation of Rohsenow and Hartnett[71] 

for flow between parallel plates. The dry wood density of the specimen was 420 

KgjivA.  The other coefficients used in their model are:

Kg =  5.0 X 10~^®m^, the permeabilty of dry wood for gas.

Ki, =  5.0 X 10“ ^®m ,̂

Q =  0.05,

£>6 = 3 .0  X Is,
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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 

tim e 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 tim e especially the final 

stages. F itting the simulation results to the data yielded the following set of model 

parameters:

S t  = 8000(“C),

Kis = 1.5 X 10~^®m^,

a  =  0.014,

= 0 .4Â 'ÿ/m ^/s,

Smin = 0.02555.

Figure 6.4 shows the comparison between tim e dependent distribution of average 

moisture content of the present work and experim ental and numerical data of Stanish 

et. a / .[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 tha t 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 ( E S P  ~  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 (5  <  Smin) and 

bound water diffusion starts to increase.

The variation of tem perature a t the board center line is plotted in Figure 6 . 6  from 

which it can be seen tha t the tem perature difference between locations inside the
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Results of one dimensional analysis of average moisture content
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.... Experimental d a ta  of Stanish 
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Figure 6.4: Time dependent average moisture content of a single board (Stanish test 
1 ). h = ô m / r r P / ° K

0.45

0.4

■g 0.35

0.3
O

0.25

—0.2g 0.15 

0.1

0.05

0.02
center of the board

0.01
Y(m) Dlatence from

Figure 6.5: Time dependent local moisture content of a single board (Stanish test 1). 
h =  5 S W I m y ° K



C H A P T E R S . ONE DIMENSIONAL NU M ERICAL SIMULATION... 115

Results of one dimensional analysis of board cen ter tem perature
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g  310

300

290

280
30

Time (hours)
50 6020 4010

Figure 6 .6 : Time dependent tem perature at the board center line (Stanish test I) 
h =  ô8 W / m y ° K

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

6 .2 .6  F u rth er m o d e l ver ifica tio n

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. Experim ental and numerical data from drying of a different pine specimen 

performed by Stanish et. al. axe 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 = S lW / m }  j °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 th a t the overall performance 

of the present model is also better than those of the literature.
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R esults 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 =  % lW lm ^l°K

6 .2 .7  S e n s it iv ity  s tu d y  o f  th e  m o d e l u n k n ow n  p a ra m eters

Expressions of the m athem atical model discretized here are very complex in respect 

to the parameters to be determ ined 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 param eter was varied at different values while the other param eters were 

kept unchanged. Differences in the average moisture content and center tem perature 

due to the variation of the param eter were observed.

Effect of K ij and Smin

Kia and Smin appear in the  calculation of the flux of free water. Ku  is the per­

m eability of solid when the  voids are completely filled by liquid (fully saturated).
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Smin is the minimum saturation required for free water migration. Below Smin, the 

permeability,if/a, and therefore J f  is set to zero. Stanish [19] defined the effective 

perm eability of free water, Ki, as:

Ki = I<h{l -  c o s[^ .y — 1 ^ ] }  . (6.34)
^ L ^min

From this formulation, it is understood that J j  oc Ku.  But the dependency of J j  on 

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

C =  Smin , (6.35)

7  =  . (6.36)
-   ̂ *̂ Tnin

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

as:

/ ( ( )  =  l - c o s ( 'y ) .  (6.3T)

The implementation of the Maclaurin expansion of /((f ) yields:

I ( Q  = /(Co) +  (C -  Co)/'(Co) , (6.38)

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

the chain rule we write:

d f  d'y
/'(C ) =

Using Eqs. 6.35-6.37 and 6.39 in Eq. 6.38, we obtain:

rr C — C . _

-])

-] . (6.40)

and 6.39 in Eq. 6.38, we obtain:

, S Smin-I , S Smin—Q-t
1 -  cos[ - . ---------   ] =  1 -  cos[- . ------  ]

 ̂ i- — Jmin . C l  — Jmin-0
, 7T . _ _ . S  1 25mm—0 S  Smin-0-

"b%('^mm — hm m -o)—T: ^  ë  .

c ( i  — Jm m -0 ) C l  — Jmin-0
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Since 7  is small, we assume sin{'y) ~  7 . Using Eq. 6.40 in Eq.6.34, A”; is obtained as:

K, = A-,o[l +  ~  ^ -  , (6,41 )
4 ( t Jmin—o)

Using the values of Smin-o = 0.02555, Xmar — 1.5 and X f s p  — 0.28, then for a 

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

(1.5 times the initial value), then:

A '/=  A ,o [l-0 .004] , (6.42)

which means 0.4% reduction in the permeability. If we assume that the moisture 

content and saturation at tha t point are X  = 0.3715 and S  =  0.07, A'; will be reduced 

by 0.15%. Therefore, changes in Smin do not cause significant changes in the effective 

permeability. Figure 6 . 8  shows the the effect of changes in Smin on the moisture 

content. These changes shown in Figure 6 . 8  seem much more than we expected it to 

be related to A';. The reason for this is the following: if Smm =  0.038325 it means 

that for X  < 0.3268 we impose J f  = 0  while when Sm,n-o =  0.02555, for .V < 0.3111 

this is imposed in the modelling. Therefore, the real effect of Smin is in setting the 

Xmin for which J j  has a non-zero value and its effect on K't is negligible. Figures 6 . 8  

and 6.9 show the effect of ±50% change in Smin on average moisture content. X^v- 

and board center tem perature. This effect, as can be seen in Figure 6 . 8  , consists of a 

major shift in the tim e dependent Xav curve. The change in the slope of X^v is quite 

considerable between 2 and 30 hours after the start of drying while at the final and 

initia] stages, its difference is less. This is due to having local moisture contents above 

limits required for (5  >  ) condition at the beginning and below the values for

(5  <  Smin-new) couditiou after 30 hours. The effect on board center tem perature is 

almost nil.

Figure 6.10 and 6.11 plot the effect of Ku.  The changes in Kis cause the same 

trend of shifting X^v as was seen for Smin in the opposite direction. The increase in
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R esults of one dimensional analysis of average m oisture content
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Figure 6 .8 : Sensitivity of time dependent average moisture content to S„

Results of one dimensional analysis of board cen ter tem perature
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Figure 6.9: Sensitivity of time dependent board center tem perature to S„
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Results of o ne  dimensional analysis of average moisture content
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Figure 6.10: Sensitivity of tim e dependent average moisture content to Ku

Kia shifts the Xat, curve upward but reduces its curvature in the midway. The slow 

changes in the slope decay as tim e passes by and free water phase vanishes in the 

most of the board thickness. Here, like the Smin case, the center tem perature is not 

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

Effect of Dft and S t

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

Db =  D^exp[4Q{^ -  X psp )  ~  ^ ) ]  • (6.43)
pd I

As mentioned earlier, such a relationship performs better both above and below F S P  

and mathematicédly closer to  behavior of wood structure. We expect tha t any change 

in Dfi will change Df, linearly, but the effect of S r  is more complicated. As can be 

observed in Figure 6.12, has a considerable effect on tim e dependent X a v  50%
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R esults of one dimensional analysis of board cen ter tem perature
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Figure 6.11: Sensitivity of tim e dependent board center tem perature to

R esults of one dim ensional analysis of average moisture content
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Figure 6.12: Sensitivity of tim e dependent average moisture content to
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Results of one  dimensional analysis of board c o n te r te m p era tu re
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Figure 6.13: Sensitivity of tim e dependent board center tem perature to

decrease in decreases the change in X^v with tim e (drying rate), and shifts its 

curve upward more than twice as much as +50% change moves it downward. Also 

the decrease in causes considerable decrease in the curvature of the .Vau plot.

Figures 6.12 and 6.13 show tha t ±50% changes in have almost no effect in the 

initial stages of drying when bound water is not the dom inant phase. From Figure 

6.13, it can be noted that a  —50% change in causes up to 2°C rise in board center 

tem perature 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 S t  on Xav and 

board center tem perature. Figures 6.16 and 6.17 present similar curves for ±10% 

changes in S t - Any increase in S t  will decrease due to  the nature of e x p { ^ ^ )  

term . As can be seen from Figures 6.14 and 6.16, such an effect will lower the drying
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Results of one dimensional analysis of average m oisture content
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Figure 6.14: Effect of ±50% change in S t  on time dependent average moisture content

rate as well as the curvature of Xav versus time. In the extreme case of +50% 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 tem perature during initial 

stages, and a final higher tem perature closer to the air tem perature. This means a 

smaller initial effective conductivity at lower tem peratures and a larger conductivity 

at higher final tem peratures. 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 tha t of the —10%.
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Results of one dimensional analysis of board center tem perature
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Figure 6.15; Effect of ±50% change in St on tim e dependent board center tem pera­
ture
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Figure 6.16: Effect of ±10% change in St  on tim e dependent average moisture content
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Results of one dimensional analysis of board cen ter tem perature
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Figure 6.17: Effect of ±10% change in St on tim e dependent board center tem pera­
ture

Effect of a

a  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 a  is negligible up to 3 hours 

of drying due to small amount of water vapor exist and move inside the board. W ith 

tem perature rising everywhere as time increases, more moisture evaporates. This 

means that with 50% higher values for q, more water vaporizes and moves resulting 

in much faster rate of drying as can be seen in Figure 6.18. Also the tem perature at 

board center rises by l °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 tim e dependent Xav at final stages of drying has a m ajor role in 

minimizing the model param eters.
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Results of one dimensional analysis of average m oisture content
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Figure 6.18: Sensitivity of time dependent average moisture content to a

Results of one dimensional analysis of board cen ter tem perature
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Figure 6.19: Sensitivity of tim e dependent board center tem perature to a
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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[52]), 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 [pd 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 

tem perature, respectively. Similar to our one dimensional model, the coefficients are 

evaluated using the values of the last tim e step. The com putational 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: A D I  (A lternating Direction Implicit) and Fully
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Main air flow direction 
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" I i.................................................; •  9 I

Board axis o f  symmei

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 m ethod. In this technique, 

the total time step is divided into two equal half tim e steps. In each half tim e step, 

the forward difference approach is applied for tim e derivative term s. In the first half 

tim e step, the space derivative terms are considered explicitly in one direction (e.g. 

I —direction), and implicitly in the other (e.g. y—direction). Solving such a set of 

discretized equations results in the moisture content values a t tim e n 4- 1. 's.

The similar procedure is used for the second half tim e step, except tha t in this case 

the explicit procedure is applied in the y—direction to the A'^'^a’s and the implicit 

procedure is used in the x —direction to 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 tim e step is very straight for­

ward and ecisy, the ADI method is much faster than iterative methods used in two 

dimensional analysis.

The fully implicit m ethod requires only one tim e step. The tim e 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 tem perature field when other methods, such as .ADI. are 

implemented. For the present work the Chebichev acceleration technique of the S O R  

(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 w ritten 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 om itted.
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Figure 7.3: Flow chart of the Fortran program for two dimensional modelling
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7.1 D iscretization  for internal nodes

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

step, using the ADI m ethod, is:

y r n + j  _  Yn 
P d A y j A x i - ^ L i L ^ — ^  =

2

n̂m 'T'* ‘T’*   'T̂m

y n  V7i y n  y n

-  O x , - .  /(5x,- •M.-j.j} 6 r,_ i '

. (T.l)

where:

=  0.5(Ax,• + Axi+i)  , (7.2)

=  (7.3)

This equation for the second half time step can be w ritten as:

y n + l y ""*"2  

2

y ”+J y"+2 y^t+2 y  " + 2

A x , [ o „ , , /  -  O x , . , - /
'Ĵ n fTi-m T̂ »

+ A x , [ g . , „ , . ,  -  O r , , , - . ,

y n + l y n + l y n + l y n + l

- ox,_i/  "-"'I
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The discretization of the  energy balance for cin internal control volume using the fully 

implicit m ethod yields:

Jin+l   rj'n

rpn+l    -pn+lT’n+l
^(w+1) ~

T>n+1

%

'^(Vj+1) -

%

-
T’n+l y n + l  _  j ' n + l

(".Ô)

where During the computations, it was observed tha t this type of

slection of X '  causes faster convergence and changing it to did not show any

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

Rerarranging the discretized mass equation in each half tim e step in a similar 

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

=  d x ,  . (T.6)

. (7.7)

where

a x j  = . (7.8)
2 àyj-i

=  +  +  , (7.9)
2 oyj oyj-i

cx.j =  _ (7.10)
2 oyj
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and

dx,j =

-  D r , . . , , ■ (7.11)

=  . (T.12)

=  +  +  . (7.13,

■

+ A % % ^ [ D r ,„ i ,„ 2 ± W ^  _  . (7.1.5)

In order to solve the heat transfer equation by SOR method, this equation is rewritten 

in the following format:

+  ^(‘J)^(*i,j+1) 4 w )^ (,J- l)  +  ^(‘.J)^(i,j) ~  /('-;) ■ (7-16)

where:

<■(.,,1 =  , (7.17)
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(T.18)

c(,j) =  , (7.19)

=  , ^ 9 0 )

)

. (7.21)
àyj oyj-\

/(>j) ~  i p ^ p ) ‘f f [ i , j )^^‘'^yj'^{i,j)

. (7.22)

7.2 Treatm ent o f boundary nodes

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

tor 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 tim e step for a control volume surrounding 

this point yields:

,A x
+   7 - ----------+  ^T^ij+l)2 ^(‘’■'+2 ) Syj ^y.  J

■— [A v(.+1,)-------- ^ --------- +  ̂ T ( ,+ lj) -------- ^  ] • ( '- '3 )
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The discretized form of mass balance for the second half time step is;

A y j  A x j  _  A y j  / yn+i _  y  \
Pd n g Ai “  9 (ij) -^eg-air)

2 ^
V f *  'Tm

( » J + 1 )  ( W )  I n  ( ' . J + 1 )  ( ‘ J ) l
— jj; - +  ^  I

. y n + 1    y n + 1  t->. y .

^ 1 / j r n  ( ‘ - J )  , n ! . ( - 2 4 )

The balance of energy for the same control volume, using the fully implicit m ethod, 

can be w ritten as:

(j C ] -  ^(L) _
KP^pUfS(i,3)-2— 2--------- 'Kt “

- h m —^K'ltJ)^(i , j)Pv(i.j){Nli^j) -  -Ye,-air) “  ~  Tdb-air)

, ■‘ (ij) , \ -'-(ij+i) -
+  — [Ae//(iJ+l)------- ^ ^ ---------]

.  'TTn+l -T̂ fi+l Y* Y"
■ '-^»] . ,7.25)

Here, like the one dimensional case we use the following relationship for the

enthalpy of water vapor:

A.%1 =  + Cp-.a.MT;;*! -  r ,L |)  ■ (726)

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

node yields ax,j =  0, ax,i =  0 and:

, (7.27)
oyj

c x j  =  , (7.28)
Oyj
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d x j  =  PiA x.A yjX jJj) +
dyj

Y n  y  71 n~>m rpn
"'•(>■+1.1) ~ , n  -((,+ij) -

8xi
(T.29)

and:

bx,i = Ayj[pdAxi  +  At[  +  /ime(w)/)r(,j))] , (”-30)

c ,., = ,  (7.31)

dx,i =  pdAxiAyjX'^^j^

r p m  r p „  y > ^ +  2 y " + 7

+AyjAt[DT^ij^L^j) — —  +  Ame(ij)^t,(,j)Ag,_a,r| . (7.32)

W riting the balance of energy in the format used for SOR solver results in 6(,,j) =  0. 

=  0, and:

a,„j, =  , (7-33)

C(,.j) =  -A lA x,-l^^Û Ü ±Ü  , ,7.34)
^Vj

(̂>.1) ~  h d A t A y j

- \ - A t A y j C p - y ^ ^ i j ' j h m t ( ^ i J ) P v { i , j ) i ^ [ i J )  ~  '^eg—oir)

. (7.3.5)
oX{ ^Vj

/(>.i) “  iP^p)eff[i,j)^^i~~^T^i,j) +  hAtAyjTdb-air

~ A f Al/jfe7ne(,-.j)/Ju({.j)(Xj,j) — Xeq-atr )(^u(, j)  ~  Cp-uT(, J) )

+ A i ( A x . A y , , , + i , & t ü Z j & l  +  A % 3 x , 4 i . y , : S ± M _ ^ )  , (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 tem perature decreases streamwise 

inside the stack. Also the migration of moisture from boards increases the absolute 

humidity, w, of air along the m ain flow direction. These two mechanisms cause an 

increase in air relative humidity, Rh, and decrease of Xeq-air- This might lead to 

saturation of drying air with water (air relative humidity becomes %100). In 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 Figuré 7.4 . X Q  and Arhy are heat and mass transfered between 

planks and drying air up to station z , respectively. .Also rht, rh^ and rha.r represent 

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

Therefore:

dit =  rh„ +  ihair ■ (7.37)

uj is defined as:

TTly rht ~~ dlair
w =   ----= ------:--------  . ((.38)

rridtf hifliT

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

Xrhy — dihy =  J  Xeq-air\-dl . ( (.39)

A Q  = dQ = h[T^iJ) -  Tdb-air]-dl + 

^v{i,j)hm^{i,j)Pv{i,j)[Xf^ij'^— Xeq-aiT]’dl , ((.40)

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

can be calculated using com putational techniques. The air dry-bulb tem perature at
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I ticker axis o f  symmetry Control volume

mdQ and dm dO and dmm v-in
air-in air-in

Board axis o f  symmetry

Figure 7.4: Schematic view of control volume used for considering the effect of 
heat/m ass transfer between air and boards

station or, based on the definition of meaja tem perature, can be written as:

Tdb =  Tdb-in +  T - ---- • (7.-11)
p_at>

The relative humidity of moist air, Rh, at any location is related to Patm, the atm o­

spheric pressure, as[73]:

^ P i t m
Rh = (7.42)

f,,(T,,)(0.62198 -Kw) ’

where P,v(Tit) ^ke saturated  vapor pressure of water vapor at dry-bulb tem perature. 

Knowing Rh and Tdbi the X^q-aw can be calculated using the relationships mentioned 

in Chapter 4. When we obtain Æ/& >  1 (saturation), its value is considered I and the 

corrected w, Am„, AQ, Tdb and X^q-air are obtained by back substitution and trial 

and error.
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7.4 Solution procedure for th e two dim ensional 

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 tim e 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 .A.DI version uses the TDMA algorithm for solving the moisture content field in 

each half tim e 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 tem perature field as well as for fully implicit version 

of the mass transfer.

7 .4 .1  C h e b y sh e v  a cce lera tio n  v ersio n  o f  S O R  m eth o d

For the SOR m ethod, we define the residue of the equation aa:

-  f { i j )  ■ ("•■^3)

The formulation for the new parameter, e.g. in this iterative method is:

=  rç 'j) -  0 ^  . (7.44)
®(‘j)

The convergence criterion for term inating the iteratin  is related to maximum of the 

norm of the  residual. The optimal choice for D is given by (see [72]):

2
Doptimal ~  j • ( (.4o)

 ̂ “h Y  ̂ P Jacobi
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pjacobii the spectral radius of the Jacobi iteration, for a rectangular uniform J  y. L 

grid, is:

J  +  ( . . .
PJacobi —  ̂ ^ ■ ( f.40)

Usually the asymptotic rate of convergence in SOR is not attained  until the 

iterations. The error often grows by a factor of 20 before convergence is achieved. 

The n  defined above is the optim um  asym ptotic relaxation param eter, but it is not 

necessarily a good initial choice. In SOR with Chebyshev acceleration, odd-even 

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

formulation:

=  I

1 -

^  üoj,timal . (7.47)

By this type of formulation, the norm of error for always decreases with each 

iteration. The other modification is the changing the start location of sweeping from 

one comer to the opposite comer of the domain after a certain num ber 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. W ithout this 

modification, there is a tendency for the small errors to grow and cause instability.
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Time 
duration [hr]

Dry-bulb
temperature[°C]

Wet-bulb 
tem perature [°C]

X ,
%

Relative
humidity%

12
48

(X ., >  13%) 
2.333 
21.85

54
54 +  -  12) 

82
82 -  -  ( J

65.1

49
49 -h -  12)

54
^4 +  -^{ t  -  tc) 

61

12.1
3.3 <  <  12.1

3.3
3.3 <  Xe, <  13.7

13.7

75
26 < R h <  75 

26
26k <  82 

82

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

7.5 Process o f obtaining the m odel 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 (tem perature, relative humidity and velocity). Several 

sets of experim ental da ta  of Li[52] have been considered for adjaustm ents of the 

model param eters. Two of these are runs number 7 and 10 of [52], which have the 

specifications of Re=44G0, g=1.5 mm and Re=88G0, g=21.5 mm. Table 7.1 shows 

the time schedule of wet- and dry-bulb tem perature, relative hum idity 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^q for the final product is sent through 

the stack. The m ain purpose of this process is to increase the moisture content of the 

board surface alreadv 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 num ber of each board 

was obtained using the results of Chapter 5. The effect of heat/maiss 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 to ta l 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 m oisture content 

and experimented data was achieved.

Later, the information obtained through the one dimensional analysis for the 

unknown param eters 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 x  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 tem perature field at each board, solved by the 

SOR method, was set as:

5err < 10~‘  ̂ - ("•IS)

where:

SeTT is the sum m ation of all the errors at different points which was defined already 

in Section 7.4.

The computaions were carried out for several sets of param eters 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:



CH A PTE R  7. T W O  DIM ENSIONAL SIM ULATIO N OF K ILN  D RYIN G 143

Time dependent average moisture content of the stack for Re=4400 & gap=i .Smm
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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

5t =  6500(°C),

Kta = 1.1 X 10“ ^®m ,̂

a = 0.0075,

D^ =  O.OOAlKgfm^/s ,

Smin = 0.028.

Results for the average moisture content in these two cases are com pared with the 

experim ental da ta  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 m ajor contribution of the present work.

The average tem perature 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 th a t the difference between
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Time dependent average moisture content of the stack for Re=6800 & gap=2i .Smm
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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

tem perature at the center of different boards is small in most of the drying time. 

Therefore, the average value is a good param eter to study the performance of the 

model in predicting the tem pearture across the stack. As it is observed in this Fig­

ure, the results are in good agreement with experiments.

7.6 Validation of the m odel

Validation of the model is carried out by comparing the numerical results with the 

experim ental data of Li for Re=4400, g=21.5mm and Re=8800. g=1.5 mm. The 

numericcd simulation results for the tim e 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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Average temperature at the center of boards
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Figure 7.7: Average tem perature 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=2i .5mm
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Figure 7.8: Tim e dependent stack average moisture content of the Li’s geometry for
g=21.5 m m  at Re=4400
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Time dependent average moisture content of the stack for Re=6800 & gap=i 5mm
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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 m oisture 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=44G0. 

g = ‘21.5mm. The com puted 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 experim ental 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 tem perature field.
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Average moisture content a t different horizontal loactions for of the 4th board Re=4400 & gap=21.5mm
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Figure 7.10: D istribution of local moisture content in horizontal direction of the forth 
board of the Li’s geometry for g=21.5 mm at Re=4400

Average moisture content a t different vertical loactions for of the 4th board Re=4400 & gap=2l 5mm
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Figure 7.11: D istribution 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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Time dependent average moisture content of the stack for Re=4400 at different gap sizes
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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 o f the optim um  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 com putations, the same initial 

conditions of boards(/>a and initial moisture contents) for the case of g=21.5 mm were 

used. P lotted in Figures 7.12 and 7.13 are the comparisons of these computations 

for tim e dependent stack average moisture content with those of the case of g=21.5 

mm. The conditioning tim e period is the same in all cases (21.85 hours). It can be 

understood tha t using the optim um  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 com putations were repeated using the initial conditions of the case of 

g=1.5 m m  at each Re num ber. Figures 7.14 and 7.15 compares the drying curves
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Time dependent average moisture content of the stack for Re=6800 at different gaps
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Figure 7.13: T im e 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 Çopt =  

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 optim um  

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=8800 was
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so
Tima dependent average moisture content of the stack for Re=4400 at different gap sizes
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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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Figure 7.15: Time dependent stack average moisture content of the Li's geometry for
different gap sizes at Re=8800
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r " 0

C) d)

Figure 7.16: Distribution of moisture content across the fourth board of the Li’s geom­
etry at different times for Re=4400 and g=1.5mm; a=60hr (%mac=0-374, Amin =0.05), 
b=end of 3rd stage (Xmar=0.17, Xmin=0.039), c—end of 4th stage (-Amar=0.169,

XTa,n=0.072), d = end  of conditioning (X,„ar=0.163, Xmm=0.12)
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a) b)

k

C) d)

Figure 7.17: D istribution of moisture content across the fourth board of the Li’s 
geometry at different times for Re=4400 and g=41.5mm; a=60hr (Xmox=0.349. 
'Y„ii„=0.036), b= end  of 3rd s t a g e ( =0.183 ,A’m.n=0.035), c=end of 4th 
stage(AT,„oi=0.182, ATmm=0-052), d=end of conditioning(X„,aj;=0.174, %m,n=0.108)
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Time dependent average moisture content of the stack for Re=*13200 & gap»l .5 & 21.5mm
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Figure 7.18: Tim e dependent stack average moisture content of the Li’s geometry for 
different gap sizes at R e=  13200

used for modelling of drying subjected to g = 1.5mm and Qopt =  21.5mm conditions 

at Re= 13200. The drying curves are compared with each other in Figure 7.18. It 

dem onstrates tha t the optim um  gap size decreases the total drying tim e 12.8 percent.

7.8 Effects o f the optim um  gap size on uniform ity  

o f products

In drying of a stack, the ideal desired condition for dried products is tha t 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 tha t 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, stdi and ad,, as well as its 

average value of moisture content gradient are zero. The la tter param eter can be 

defined as:

The above mentioned three non — u n ifo rm iiy  parameters are tim e dependent and 

can be normalized if we divide them by the average moisture content of the related 

board. P lotted in Figures 7.19 to 7.24 are the absolute and normalized distributions 

of the non-uniformity param eters 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 

tim e 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 th ird  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 Xav is less than 26 %. Also the last and first boards 

have the largest m aximum non-uniformities. During the transition period between the 

third stage and the final conditioning stage, air becomes cooler cind 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 m aximum and
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Figure 7.19: Standard deviation of moisture content for the Li's geometry for
g=1.5m m  at Re=4400

minimum).

The difference between the two groups is more clear in the normalized plots. Here, 

the mziximum 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 Xav 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 Çopt = 41.5mm. Also Figure 7.28 present a  similar plot when Çopt =  41.5mm 

and initial conditions are the same as those of the case of g=1.5m m . These plots 

show that the optim um  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 minim um  final Xav). In order to get a better overall view, the sum m ation of the
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Figure 7.20: Average deviation of moisture content for g=  1.5mm at Re=4400
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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=s4400 & gap=i .5mm
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Figure 7.22: Normalized Standard deviation of moisture content at Re=4400
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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 Res4400 & gaps 1.5mm
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Figure 7.24: Normalized average garadient of moisture content for g= I.5m m  at 
Re=4400
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Figure 7.25: Tim e dependent Standard deviation of moisture content for g=1.5m m
at Re=4400
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stajidard deviations of all boards can be plotted against the Xav 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 to ta l 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 optim um  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 optim um  gap size compared to the g=  1.5mm 

case. By looking at this trend one cannot judge tha t 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 to tal 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 requirem ent, 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=8800 at two 

gap sizes of g=  1.5mm and gopt =  26.5mm. Plotted in Figures 7.34 to 7.36 are the 

similar distributions for Re=13200 when gap sizes are 1.5 and Çopt =  21.5mm. From 

these figures and the ones for Re=8800 and Re=4400, it can be concluded that the 

optim um  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 optim um  

gap size instead of g=1.5 mm, the difference between the m axim um  and minimum 

final Xav 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 th a t reversing the air flow as a remedy is not tha t much effective



C H A P T ER  7. T W O  DIM ENSIONAL SIM ULATION OF K ILN  D RYING  160

Standard deviation of moisture content for Re=4400 & gap=2i .5mm
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Figure 7.26: Standard deviation of moisture content for the Li's geometry for
g=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)



C H APTER 7. T W O  DIMENSIONAL SIM ULATION OF K ILN  D RYIN G  161

Standard deviation of moisture content for Res4400 & gap=4l .5mm
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Figure 7.28: Standard deviation of moisture content for g=41.5mm at Re=4400( initial 
values the same as those of g=  1.5mm 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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Standard deviation of moisture content for ResSSOO & gap=i .Smm
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Figure 7.31: Standard deviation of moisture content for the Li’s geometry for
g=  1.5mm at Re=8800
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Figure 7.32: Standard deviation of moisture content for g=26.5mm at Re=8800
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Figure 7.33: Total standard deviation of moisture content at Re=8800

standard deviation of moisture content for Ae= 13200 & gap»l .5mm

Board NO.1 
Board No.2 

gray — , Board No.3 

Board No.4 

Board No.5 

. Board No.6 
gray ... Board No.7

40 50
Average moisture content [%]

80

Figure 7.34: S tandard deviation of moisture content for g=  1.5mm at Re=13200 (ini­
tial values the sam e as those of Run 13 of Li)
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Standard deviation of moisture content for Re=13200 & gap=2l .5mm
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Figure 7.35: Standard deviation of moisture content for g=21.5mm at
Re=13200(initial values the same as those of Run 13 of Li)
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Figure 7.36: Total standard deviation of moisture content at Re=13200(initial values
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Chapter 8

Simple diffusion case

It has been observed tha t heat transfer during wood drying occurs much faster than 

mass transfer and the wood reaches therm al 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 wood can be modelled 

as a diffusion process with a diffusion coefficient as a function of the moisture content 

and tem perature. Simpson and Liu[I4] determined the surface emission and mass 

diffusion coefficients of aspen from experimental da ta  of sorption and desorption over

a range of moisture content. The method was applied only for an individual wood

slab with constajit external boundary conditions and not a  stack of boards. They 

proposed the following relationship for mass diffusion coefficient:

D  =  A i.e x p { ^ ) .e x p { B 2 X )  . (8.1)

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

fiux, J ,  in equation 4.5:

3 = D { X , T ) V X .  (8.2)
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The assum ption of a constant diffusion coefiBcient, when the drying air tem perature 

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 D a v i^ ) - ,  

constant diffusion coefficient, and constant surface coefficient:

z ) „ = _______________  , (S.3,
Jb )«(o.5) +  2.05fo.s

c — O.TOlDgu ,o , \

where E = ^ 2 %  and %, is the initial moisture content and X f  is the final moisture 

content if desorption continues for a long time, e.g., equilibrium m oisture content of 

drying air. fo.s is the time required for half the desorption to occur in seconds (time 

to reach the )• (^ jq o .s) is the inverse of the slope of the dimensionless X curve

versus tim e computed at to.Si and a is the board thickness in centim eters.

Present work

.\n  a ttem pt to apply the above method to the experimental da ta  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 m ethod 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^b =  5i°C,Tdb =  82.2°C which resulted in X f  =  0.033). These conditions 

were held between 61.53 and 162.17 hours after drying had started  for a stack of 

planks w ithout side gaps. Having X, =  0.3 as the average initial m oisture content of 

boards a t the beginning of this period of drying, the fo.si Dav and Sav were obtained
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successfully as:

fo.5 =  221003 (^) (8.3)

( - 1 (8.6)

. (8.T)

A Fortran program was w ritten 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 tim e 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 agreement 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 5, the average heat transfer coefficient for this

run is A ~  1 5 - ^ .  The average mass transfer coefficient can be calculated by:

, DxuaUr-airh /o q\
U jn  — , (O'b)

Afxir

where D^uater-air =  2.9886 X 10"® ^ and Aa,v =  2.6820 x 10“^ ^ .  These values result 

in, hm — 0.0167^. The average effective surface coefficient applied to the determ ina­

tion of the m oisture content in the model proposed in C hapter 4 and discretized in 

Eq. 6.17, is:

=  . (8.9)
Pd
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30

— , Present computations based on simple diffusion method
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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 pd =  4 4 0 ^ .  The surface conditions 

are close to the drying air conditions, i.e. T, ~  355.15° A' and X 3  ~  0.033. This 

results in e, ~  0.7067, 0 , ~  0.2434 and pa  ̂ ~  0.3150%. Therefore:

S a v - e J J  — 1*4540 X 10 (— ) ( 8 . 10 )

This implies tha t the average effective surface coefficient {Sav-e/f)  com puted from 

solving the external heat/m aas transfer equations in Chapter 5 is approxim ately 5.6 

times larger than Sav 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 aa assumption could lead to higher diffusion coefficients and 

lower surface coefi&cients in order to reach the same accuracy of results. The second 

reason is because of the definition of the above Sav, 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 Sav 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 optim um  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 m ajor 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 im portance of this section for the external air flow was brought 

to light in C hapter 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 m oisture inside the board. Solution to this part forms the main 

subject of Chapters 6 to  8.

In C hapter 5 a numerical procedure for finding the local distribution of surface
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coefficients and the turbulent flow field was developed and validated for several air 

flow rates. This was the first successful attem pt 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 tem perature (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 tha t there is an optim um  gap size for each air velocity (Re number). 

It was also found tha t 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 tim e required for drying a 

certain am ount of lumber after taking into account the loss of kiln loading capacity 

due to unused space of the gaps. The effect of air tem perature and hum idity 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 im portant 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 C hapter 6. This required the introduction of a new unknown 

param eter, related to the effect of tem perature, for the specific wood species. .A. 

sensitivity analysis for the model unknown parameters was performed in Chapter 

6. It was dem onstrated th a t the effect of this new pareimeter on the predictions of
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moisture content and tem perature was much more significant than those of the other 

unknown param eters. Comparing with another numerical models, it was shown that 

this relationship for bound water diffusion coefficient incorporates the effects of local 

tem perature and moisture content into the diffusion process better. O ther 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 tem pera­

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 tem perature field with a good accuracy. The program calculates 

and saves the transfer param eters 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 th a t it considers 

and calculates the changes in the drying air tem perature and hum idity 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 plcinks 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 param eters (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 contains 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 param eter to 

predict the uniformity. Distributions of St d  showed that when the optim um  gap size 

is used, the difference between the meiximum 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 coeflficients 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 tha t this method is capable of predicting the drying process when there 

is no side gap, and the tem perature and humidity of the drying air are kept constant 

for a long period, and change stepwise. Several sets of experimental da ta  are needed 

to obtain the average coefficients for different drying air conditions (tem perature, 

hum idity 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 m ethod, such as 

prescribed in previous chapters of this thesis, is neccessary. However, such a simple 

m ethod can be useful if the coefficients axe extracted for many different combinations 

of air condition and wood from experiments and when an approxim ation for the 

distribution of avaxege moisture content of the stack with tim e is needed.
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9.1 Future work

The effect of the geometrical parameters of the stack array on the distribution of 

surface coefficients a t different Re numbers can be studied more thoroughly. The 

dimension-less numbers such as the gap-thickness ratio, g f t  ((is the board thickness): 

the gap-sticker ratio, g j s  (s is the sticker thickness); baord aspect ratio, Wj t  { W  is 

the board w idth), cam be examined.

Extensive experim ents can be arranged to measure the tim e 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 da ta  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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Appendix A

Dry wood densities

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 I 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 7
450 470 431 421 460 438 408

Table A .l: Wood dry density used for boards of a row in Run No.7 of Li R e0^=4400. 
g=1.5 mm
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Board No. 1 2 3 4 5 6 7
456 430 411 435 442 469 401

Table A.2: Wood dry density used for boards of a row in Run No.14 of Li i?e£)^=4400. 
g=21.5 mm

Board No. 1 2 3 4 5 6 7

Pd[S] 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 /?e£1^=8800, 
g=1.5 mm

Board No. 1 2 3 4 5 6 7
417 429 447 391 406 422 399

Table A.4: Wood dry density used for boards of a row in Run No.13 of Li Ae0^=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 

5. 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 tim e step, haa been made in order to solve 

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

C "  C O P Y R I G H T * *  A H M A D  H A S H E M I  B S F A H A N I A N ,  199 9
C • *  T H I S  P R O G R A M  M A Y  N O T  B E  U S E D ,  C O P I E D ,  A L T E R E D  O R  R E P R O D U C E D  IN A N Y  
C C O M P U T E R  L A N G U A G E  O R  O T H E R  W A Y S  W I T H O U T  T H E  E X P R E S S  W R I T T E N  C O N S E N T  
C  O F  T H E  A U T H O R

C T H I S  P R O G R A M  IS F O R  S O L V I N G  T H E  D R Y I N G  O F  S T A C K  L U M B E R  x' 
C 2 3 4 S 6 7 8 9 0 1 2 3 4 S 6 7 8 t 0 1 2 3 4 S 6 T 8 9 0 1 3 3 4 5 6 7 8 9 0 1 3 3 4 5 a 7 g 9 0 1 3 3 4 5 6 T 8 9 0 1 2 3 4 5 6 7 8 9 0 1
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D O U B L E  P R E C I S I O N  P S V , P V , S A I . D T S A I , D X S A I , R 0 W , R N U L , X F S P , R 0 3 V  
D O U B L E  P R E C I S I O N  i m u c r > v , a m i x e r x v , s u m t v , i u m x v , s n u n , ; i k l , a l f a  
D O U B L E  P R E C I S I O N  d m u . r o a . v t i n , t w i n , t d i n , w » i , w w l , w w 2 , w i n  
D O U B L E  P R E C I S I O N  w a d ,e m u , f i i n , p a t m . p v in ,x i n , c v i n , r o a i n , r o v i n  
D O U B L E  P R E C I S I O N  l i m e ,d t , e p * d ,x m a x .r j a c , S A M O ,S H A H , F I I N N E W  
D O U B L E  P R E C I S I O N  s u m t , a u m X , a m a x e r t , a m a x e r X , x a v , P 3 V T D , M R , W I N N E W  
D O U B L E  P R E C I S I O N  R O T I N , T M I N , T M V I N , A M A I R I N  
D O U B L E  P R E C I S I O N  T 1 ( 0 : 8 0 ,0 : 8 0 ,7 ) ,X : ( 0 : 8 0 ,0 : 8 0 ,7 ) ,T ( 0 : 8 0 , 0 : 8 0 , 7 )
D O U B L E  P R E C I S I O N  X H ( 0 : 8 0 , 0 : 8 0 , 7 )
D O U B L E  P R E C I S I O N  C X ( 0 : 8 0 , 0 : 8 0 , 7 ) , T V ( 0 : 8 0 ,0 : 8 0 , 7 )

D O U B L E  P R E C I S I O N  X X ( 8 0 ) , Y Y ( 8 0 ) , R X ( 8 0 ) , R Y ( 8 0 ) , D X ( 8 0 ) , D Y ( 8 0 )
, T M ( 8 0 , 7 ) , A V X ( 7 )

D O U B L E  P R E C I S I O N  V X ( 8 0 , 8 0 , 3 ) , V T ( 8 0 , 8 0 , 3 )

D O U B L E  P R E C I S I O N  H l ( 8 0 , 8 0 , 3 ) , D H ( 8 0 , 8 0 , 3 ) ,
Si U ( 8 0 , 8 0 ,4 ) ,D U ( 8 Q , 8 0 ,4 ) ,
Si R O ( 8 0 , 8 0 , 4 ) , E P S ( 8 0 , 8 0 ) , T 1 P ( 0 : 8 0 , 0 : 8 0 , 7 ) , X 1 P ( 0 : 8 0 , 0 : 8 0 , 7 )

D O U B L E  P R E C I S I O N  A M B D A ( 8 0 , 8 0 ) , B X ( 8 0 , 7 ) , R O M V ( 8 0 , 7 ) , X E Q ( 8 0 , 7 )
Si , F I I ( 8 0 , 7 ) , B Y ( 8 0 , 7 , 2 )

D O U B L E  P R E C I S I O N  A ( 8 0 ) , B ( 8 0 ) , C ( « 0 ) , D ( 8 0 ) , E ( 8 0 ) , G ( 8 0 ) , H ( 8 0 )
D O U B L E  P R E C I S I O N  B Q Y ( 8 0 , 7 , 2 ) , T I N ( 7 ) , A M V I N ( 7 ) , A M T I N ( 7 ) , B Q X ( 8 0 , 7 )
D O U B L E  P R E C I S I O N  X H O M ,T H O M ,X O M ,T O M ,X H M ,X M O ,T M O ,T 1 M ,X I M  
D O U B L E  P R E C I S I O N  R O D U P ( 8 0 , 8 0 , 4 ) , R O D U ( 8 0 , 8 0 )

D O U B L E  P R E C I S I O N  S V X Y ( 8 0 , 8 0 ) , 3 V T Y ( 8 0 , 8 0 ) , 3 V X X ( 8 0 , 8 0 ) ,
Si G Y T ( 8 0 , 8 0 ) , G Y X ( 8 0 , 8 0 ) , G X T ( 8 0 , 8 0 ) , G X X ( 8 0 , 8 0 ) , S V T X ( 8 0 , 8 0 )

D O U B L E  P R E C I S I O N  V I R C O N D X ( 8 0 , 8 0 ) , V I R C O N D Y ( 8 0 , 8 0 ) , E E ( 8 0 , 8 0 )
Si , F F ( 8 0 , 8 0 ) , A A ( 8 0 , 8 0 ) , B B ( 8 0 , 8 0 ) , C C ( 8 0 , 8 0 ) , D D ( 8 0 , 8 0 )  
t  , H Y V X G X ( 8 0 , 8 0 ) , H X V X G X ( 8 0 , 8 0 ) , V I R C O N D ( 8 0 , 8 0 ) , H H V X Y ( 8 0 , 8 0 ) ,
Si H H V X X ( 8 0 , 8 0 ) , H H V X ( 8 0 , 8 0 ) , H H V T ( 8 0 , 8 0 ) , S V T ( 8 0 , e O ) , 3 V X ( 8 0 , 8 0 )

c D O U B L E  P R E C I S I O N  A A X ( 8 0 , 8 0 ) , B B X ( 8 0 , 8 0 ) , C C X ( 8 0 , 8 Q ) , D D X ( 8 0 , 8 0 )  
c Si , F F X ( 8 0 , 8 0 ) , E E X ( 8 0 , 8 0 )

D O U B L E  P R E C I S I O N  T A D , T S T D
Si , A D ( 7 ) , S T D ( 7 ) , G R A D Y X ( 8 0 , 8 0 , 7 ) , A D M A X ( 7 ) , G R A D X X ( 8 0 , 8 0 , 7 )
Si , X G R A D ( 8 0 , 8 0 , 7 ) , G R A D Y X M A X ( 7 ) , A V G R A D Y X ( 7 ) , A X , A Y , C X M A X ( 7 )
St , G R A D X X M A X ( 7 ) , A V G R A D X X ( 7 ) , X G R A D A V ( 7 ) , X G R A D M A X ( 7 ) , C X M I N ( 7 )

IN T EG ER  N X ,N Y ,I,J,K ,N IT0U T .N TIM ,N X I,N X 2,N Y 1,N Y 2
Si , I M A X , J M A X , N M A X , N I T I N X , N F I F L A G ( 8 0 , 7 ) , I F I F L A G , I P R I N T , J P R I N T

I N T E G E R  J G R A D M A X ( 7 ) , J G Y ( 7 ) , I G Y ( 7 ) , J G X ( 7 ) , I G X ( 7 ) , I A D M A X ( 7 ) ,
JADMAX(7),rXMAX(7),JXMAX(7),IXMIN(7),JXMIN(7),IGRADMAX(7)

Si , N P 1 T I M , N P 2 T I M , N P 4 T I M , N P 5 T I M , N I T I M , N M 1 T I M , N M 2 T I M , N M 4 T I M , N M S T I M  
Si , N 2 T I M , N 4 T I M , N 5 T I M

C A S S I G N I N G  T H E  C O N V E R G E N C E  C R I T E R I O N
P A R A M E T E R  ( A M A X E R T V = l . D - 3 , A M A X E R X V = S . D . 7 , S U M T V  =  l . D - 2 ,

Si 3 U M X V = l . D - 0 )

P A R A M E T E R  ( S M I N = 0 . 0 2 8 D O , S K L  =  1 . 1 D - 1 8 ,A L F A = 0 . 0 0 7 5 D O ,
Si D M U = 0 . 0 0 4 1 D O ) '

O P E N (  U N I T = 8 , F I L E = ' d e v I r l 0 . o f  )
O P E N ( U N I T = l , F I L E = ’m c t e m p l r I O . o u t ' )
O P E N ( U N I T = 2 , F I L E = ' m c t e m p 2 r t 0 . o u t ' )
O P E N ( U N I T = s 3 , F I L E = ’m c t e m p 3 r l 0 . o u t ' )
O P E N ( U N I T = 4 , F I L E = ' m c t e m p 4 r l 0 . o u t ' )
O P E N ( U N I T = 5 , F I L E = ’m c t e m p 5 r l 0 . o u t ' )
O P E N ( U N I T = 9 , F I L E = ’m c t e m p 6 r l 0 . o m * )
O P E N ( U N I T = 7 , F I L E = ’m c t e m p 7 r l 0 . o u t ’)

W R I T E ( l , * )  'V a r ia b le « =  j , i , x , y ,T e m p e r a t u r e ( K ) , .M C , M C - G R A D I E N T '
W R I T E ( 2 , * )  'V a r ia b le a =  j , i , x , y , T e m p e r a t u r e ( K ) , M C , M C - G R A D I E N T '
W R I T E ( 3 , * )  'V a r ia b le a =  j , i , x , y , T e m p e r a t u r e ( K ) , M C , M C - G R A D I E N T ’
W R I T B ( 4 , - )  ’V a r i a b l e » =  j , i , x , y , T e m p e r » t u r e ( K ) , M C , M C - G R A D I E N T '
W R I T E ( 5 , * )  'V a r ia b le » =  j , i , x , y , T e m p e r a t u r e ( K ) , M C , M C - G R A D I E N T '
W R I T E ( 9 , ' )  'V a r ia b le « =  j , i , x , y , T e m p e r a i u r e ( K ) , M C , M C - G R A D I E N T ’
W R I T E ( 7 , * )  'V a r ia b le a =  j , i , x , y , T e m p e r a t u r e ( K ) , M C , M C - G R A D I E N T ’ 

W R I T E ( 8 , ‘ ) ’% S M I N = ’, S M I N , '  S K L = ’, S K L , ’ A L F A = ' , A L F A ,  % D M U = ' , D M U

W R I T E ( 8 , * ) ’« N T I M  t i m e  x a v  , T A D ,  T S T D ,  x a v ( l )
Si x a v ( 2 )  x a v ( 3 )  x a v ( 4 )  x a v ( 3 )  x a v ( 6 )  x a v ( 7 )  
j£ ( S T D ( K ) , K = 1 , 7 )
Si , ( A D ( K ) , K = l , 7 ) ,
Si ( A D M A X ( K ) , K = 1 , 7 ) ,
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Sc ( X G R A D A V ( K ) , K = 1 , 7 ) ,
Sc ( X G R A D M A X ( K ) , K = 1 , 7 )
Sc , ( A V G R A D X X ( K ) , K = 1 , 7 )
Sc , ( G R A D X X M A X ( K ) , K = 1 , 7 ) ,
Sc ( A V G R A D Y X ( K ) , K = l , 7 )
Sc , ( G R A D Y X M A X ( K ) , K = 1 , 7 ) ,
Sc ( C X M A X ( K ) , K = 1 , 7 )
Sc , ( C X M I N ( K ) , K = 1 , 7 ) ,
Sc ( C X ( I G R A D M A X ( K ) , J G R A D M A X ( K ) , K ) , K = l , 7 ) ,
Sc ( C X ( I G X ( K ) , J G X ( K ) , K ) , K = 1 , 7 )
Sc , ( C X ( I G Y ( K ) , J G Y ( K ) , K ) , K = 1 . 7 ) ,
Sc ( X X ( I G R A D M A X ( K ) ) , K = : , 7 ) ,
Sc , ( Y Y ( J G R A D M A X ( K ) ) , K = 1 , 7 ) ,  ( X X ( I G X ( K ) ) , K = 1 , 7 ) ,
Sc ( Y Y ( J G X ( K ) ) , K = 1 , 7 ) ,
Sc ( X X ( I G Y ( K ) ) , K = I , 7 ) ,  ( Y Y ( J G Y ( K ) ) , K = 1 , 7 ) ,
t  ( X X ( I X M A X ( K ) ) , K = 1 , 7 ) ,
Sc ( Y Y ( J X M A X ( K ) ) , K = 1 , 7 ) ,
Sc ( X X ( I X M I N ( K ) ) , K = 1 , 7 )  , ( Y Y ( J X M I N ( K ) ) , K = : , 7 ) , '

N Y 1  =  78 
NX 1  =  78 
N Y 2 = 7 8  
N X 2 = 7 8

C A S S I G N I N G  T H E  I N L E T  A I R  C O N D I T I O N S
V T I N = 0 . 0 2 0 7 4 2 1 D 0
TW IN=48.99D0+273.1SD0
T D I N = 3 2 7 . 4 D 0

C =  =  =  A S S I G N I N G  T H E  I N I T I A L  V A L U E S  F O R  R U N  10 O F  LI, R E = 8 8 0 0 ,  G =  1.5 .MM 
D O  45 K = l , 7

I F ( K . E Q . I ) T H E N  
DO  20  1 = 1 , N X l  

B Q X ( I ,K ) = O .D O  
B X (I ,K ) = O .D O  
T M ( I , K ) = T D I N  
D O  20 J = 1 , N Y 1

C X ( I , J . K ) = 0 . 4 3 6 3 5 4 8 2 4 3 D 0  
T ( I , J , K ) = 2 9 3 . 1 5 D 0  

20 C O N T I N U E  
E N D  IF

I F ( K . E Q . 2 ) T H E N  
D O  22 1 = 1 , N X l  

B Q X ( I ,K ) = O .D O  
B X (I ,K ) = O .D O  
T M ( I , K ) = T D I N  

D O  22  J = 1 , N Y 1
C X ( I , J , K ) = 0 . 5 0 7 7 4 8 7 3 3 8 D O  
T ( I , J , K ) = 2 9 3 . 1 5 D 0  

22  C O N T I N U E  
E N D  IF

I F ( K . E Q . 3 ) T H E N  
D O  24 1 = 1 , N X l  

B q X ( I , K ) = 0 . D 0  
B X (I ,K ) = O .D Q  
T M ( I , K ) = T D 1 N  
D O  24 J = 1 , N Y 1

C X ( I , J , K ) = 0 . 4 8 1 3 4 1 3 8 8 D 0  
T ( I , J , K ) = 2 9 3 . 1 S D 0  

24 C O N T I N U E  
E N D  IF

I F ( K . E Q . 4 ) T H E N  
D O  2 6  1 = 1 , N X l  

B Q X ( I , K ) = 0 , D 0  
B X (I ,K ) = O .D O  
T M ( I , K ) = T D I N  
D O  26  J = 1 , N Y 1  

C X ( I , J , K ) = 0 . 4 T 5 6 9 1 0 1 5 7 D 0  
T ( I , J , K ) = 2 9 3 . 1 5 D 0  

26 CONTINUE 
E N D  IF

I F ( K . E Q . 5 ) T H E N  
D O  28  1 = 1 , N X l  

B q X ( I , K ) = O . D O  
B X (I ,K ) = O .D O  
T M ( I , K ) = T D I N
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DO 28 J = l ,N Y l
CX(I,J,K )=0.426539893SD 0 
T (I,J ,K )= 293 .15D 0 

28 CONTINUE 
END IF

IF (K .E q .6 )T H E N  
DO 30 1 = 1 , NXl 

BQX(I,K)=O.DO 
BX(I,K)=O.DO 
T M (I,K )= T D IN  
DO 30 J = l ,N Y l 

CX (I,J,K )=0.4383420436D 0 
T (I,J,K )=293.1SD 0 
30 CONTINUE 
END IF

tF(K .E Q .7)T H E N  
DO 32 1 = 1 , NXl 

BqX(I,K)=O.DO 
BX(I,K)=O.DO 
T M (!,K )= T D IN  
DO 32 J=1,N Y 1

CX (I,J,K )=0.495548D 0 
T (I,J,K )=293 .15D 0 

32 CONTINUE 
END IF 

45 CONTINUE

DO 52 K = l,7

DO 50 1 = 1 ,N Yl 
B Q Y (J,K ,1)=0.D 0 
BQY(J,K.2)=O.DO 
B Y (J,K ,1)=0.D 0 
B Y (J,K ,2)=0.D 0 

DO 50 1=1.N Xl 
R 0 (I ,J ,4 )= R 0 S  

50 C ONTINUE

52 CONTINUE

58 FORM A T(80(F15.9))
57  FORM A T(I5,F14.4,80(F14.10))
58 FORM AT(I5,1X ,80(F10.3))

N TIM =0
TIME=O.ODO
D T=0.1D 0/1 ,1D 0

CALL GRIDY(YY,DY,RY,NY)

C .  STARTING A NEW TIM E ST EP —— —— —

too N TIM =N T IM  +  1

IF (T IM E .L E .2O .0D 0)D T = l.lD 0*D T
IF (T IM E .L T .2000.ODO. A N D .TIM E.G T.20.0D O)D T=l.O 5D 0*D T 
IF (T IM E .L T .8000.ODO. A N D.TIM E.GT.2OOO.DO)DT=l.lD0*DT 
IF(TIME.LE.9OOO.ODO.AND.DT.GE.3OO.ODO)DT=30O.OD0 
IP (TIM E.G T.1.0D O .A N D .D T.G E.0.1D O *TIM E)D T=0.1D O 'TIM E 
IF (T IM E .G T .9000.0)D T =1.05"D T
IF(TIM E.LT.43200.0DO.AND.TIM E +  DT.GT.43200.0DO)DT=43200.0DO.TIM E 
IF(TIME.LT.4320O.ODO.AND.DT GT.100.0DO)DT=100.0DO
IF (T IM E .L T .43200.ODO. AND.TIME.GT.31000.ODO. AND.DT.GT.6O.0DO)DT=8O.0DO

IF(TIM E.LT.461220.0D 0.A N D .TIM E+D T.G T.461220.OD 0) 
i  DT=481220.0DO-TIM E

IFCA BS(TIM E-D T).LE.461220.ODO. AND.TIM E+DT.GE.481220.0DO 
l£ .A N D .D T.L T.5.0D 0)D T =5.0D 0

IP(TIM E.LE.80000.0DO.AND.DT.GE.100.0DO)DT=100.0DO
IF(D T.G T.150.0D 0)D T=15O .0D 0

T IM E = D T + T IM E

C ■ •■ •■ •••••A SS IG N IN G  TH E INLET AIR CO ND ITIO N S • • •  • • •  •  
IF(TIM E.GE.43200.0D0.AND.TIM E.LE.2180OO.0D0)THEN
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T W I N = 4 8 . 9 9 D O + 2 7 3 . 1 5 D O + ( 5 3 . 9 7 D O - 4 8 . 9 9 D O ) / ( 2 1 8 0 0 0 .0 D O - 4 3 2 0 0 .0 D O ) *
& ( T t M E - 4 3 2 0 0 . 0 D 0 )

T D I N = 5 4 . 0 2 D 0 + 2 7 3 . 1 S D 0 + ( 8 1 . 9 6 D 0 - 5 4 , 0 2 D 0 ) / ( 2 1 6 0 0 0 . 0 D 0 - 4 3 2 0 0 . 0 D 0 ) *  
i£ (T I M E -4 3 2 0 0 .O D O )

E N D  IF

! F ( T I M E . G E . 2 1 6 0 0 0 . 0 D 0 . A N D . T I M E . l t . 4 8 1 2 2 0 . 0 0 0  ) T H E N
T W I N = S 3 . 9 7 D 0 - H 2 7 3 .1 5 D 0
T D I N = 8 1 . 9 6 D O + 2 7 3 . 1 5 D O
E N D  IF

I F ( T I M E . G T . 4 8 1 2 2 0 . ODO. AND.T I M E . L T . 4 8 9 6 2 0 . ODO ) T H E N  
T W I N = S 3 . 9 7 D 0 - | - 2 7 3 .1 5 D 0 - K 8 0 . 9 8 D O .5 3 . 9 7 D O ) / ( 5 S 2 5 4 O . 0 D O - 5 4 4 1 4 0 . 0 D O ) *  

le  ( T I M E - 4 8 1 2 2 0 .0 D O )

T D I N = 8 1 .9 6 D 0 - h 2 7 3 . 1 5 D 0 - f ( 8 5 . 1 3 D O .8 1 . 9 8 D O ) / ( 5 5 2 S 4 O . O D 0 - S 4 4 1 4 O . 0 D O ) *  
le  (T I M E - 4 6 1 2 2 0 .O D O )

E N D  IF

I F ( T I M E . G E . 4 8 9 6 2 0 . 0 D 0 ) T H E N  
T W I N = 8 0 . 9 8 D 0 - f 2 7 3 . 1 5 D 0  
T D I N = 8 5 . 1 3 D 0 4 - 2 7 3 . 1 5 D 0  
E N D  IF

W S S = 0 . 6 2 1 9 8 D O * P S V ( T W I N ) / ( 1 0 1 3 2 S . O D O - P S V ( T W I N ) )  
W W 1 = ( 3 1 S 1 . 3 7 0 1 5 D 0 - 2 . 3 8 1 D 0 * T W I N ) * W S S + T W I N - T D I N  
W W 2 = 3 1 5 1 . 3 7 0 1 i D 0 - f  1 . 8 0 5 D 0 * T D I N - 4 . 1 8 6 D 0 * T W I N  
W I N = W W 1 / W W 2
W S D = 0 . 8 2 1 9 8 D 0 * P S V ( T D I N ) / ( 1 0 1 3 2 S . 0 D 0 - P S V ( T D I N ) )
E M U = W I N / W S D
F I I N = E M U / ( 1 . 0 D 0 - ( 1 . 0 D O - E M U ) * P S V ( T D I N ) / l O 1 3 2 S . 0 D 0 )
P A T M  =  1 0 1 3 2 5 . 0 D 0

P S V T D = P S V ( T D I N )
M R = 1 8 . 0 1 S 2 8 D 0 / 2 8 . 9 6 4 5 D 0  

F I I N N E W = W I N ’ P A T M / P S V T D / ( M R + W I N )  
F I I N = ( F I I N N E W + F I I N ) / 2 . 0 D 0  

i  P V I N = F I I N " P S V T D

R O T I N = M R ‘ P A T M ’ ( 1 . 0 D 0 - f W I N ) " 2 8 . 9 6 8 4 0 0 / ( 8 3 1 4 . 4 1 D 0 * T D I N )  
le  / ( M R - t - W I N )

C V I N = W I N / ( 1  ODO-t-WIN)
R O V I N = R O T I N ’ C V I N
T M I N = R O T I N * V T I N
T M V I N = R O V I N * V T I N
A M A I R I N = T M I N - T M V I N
W I N N E W = T M V I N / A M A I R I N

F I I N N E W = W I N ‘ P A T M / P S V T D / ( M R - f W I N )

I F ( A B S ( W I N N E W - W I N ) / W I N N E W . G T . 0 . 0 2 D O . A N D .  
le  A B S ( F I I N N E W - F I I N ) / F I I N N E W . G T . 0 . 0 2 D 0 ) T H E N

W I N = W I N N E W  
F I I N = F I I N N E W  
G O  T O  5 

E N D  IF
8 C O N T I N U EC................... ......

I F ( I F I F L A G . N E . 1 ) T H E N  
D O  2 5  K = l , 7

A M V I N ( K ) = R O V I N * V T I N
A M T I N ( K ) = A M V I N ( k ) / C V I N
T I N ( K ) = T D I N

D O  2 5  1 = 1 ,8 0  
R O M V ( I , K ) = R O V I N  
T M ( I , K ) = T D I N  
F I I ( I , K ) = F I I N  
25  C O N T I N U E  

E N D  IF
C —  « «
C — • ■ • • • • • • • S T A R T  S O L V IN G  F O R  A N E W  B O A R D  • • • — • • • • • • • • •
K =0
120 K = K -H

C C A L L I N G  T H E  C O R R E C T  M E S H  G E N A R A T I O N  F O R  E A C H  B O A R D  A T  E A C H  T I M E  S T E P  
I F ( K . E Q . 1 ) T H E N

C A L L  G R I D X 1 ( X X , D X , R X , N X )
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E N D  IF

I F ( K . N B . l ) T H E N
C A L L  G R I D X 2 ( X X , D X , R X . N X )

E N D  IF
C — • • ■ • ■ • • A S S I G N I N G  T H E  V A L U E S  F O R  S U R F A C E  C O E F F I C I E N T S  
C A L L  B Q X Y C A L ( B X , B Y , B Q X , B Q Y , K , N X , N Y , X X . Y Y )

185 N I T O U T = 0

I M A X = N X + l
J M A X = N Y + l
C - • • • • » • -  S E T T I N G  T H E  A V E R A G E  R O S  F O R  E A C H  B O A R D  • • • • • — • • • •

I F ( K . E Q . l ) R O S = 3 S 8 . 0 1 5 3 8 4 D 0
I F ( K . E Q . 2 ) R O S = 3 5 8 . 8 9 7 3 1 9 I D O
lF(K ,Eg.3)R O S=348,2378746D O
[ F ( K . E Q . 4 ) R O S = 3 9 5 . 0 7 3 8 5 7 4 D 0
I F ( K . E Q . 5 ) R O S = 3 4 8 . 3 1 2 7 8 1 5 D O
I F ( K . E Q . « ) R O S = 4 1 3 . 0 6 0 2 B 3 D 0
I F ( K . E Q . 7 ) R O S = 3 5 5 . 8 1 2 0 8 0 2 D OC................................... ..................
C C O M P U T I N G  T H E  V A L U E S  F O R  I N I T I A L  T E M P E R A T U R E  O F  T H E  N E W  T I M E  S T E P  
C A L L  U H C A L ( U , H 1 , D U . D H , T . K , N X , N Y )

C A L L  R 0 E P C A L ( R 0 , E P S , E P S D , C X , T , K , N X , N Y , R 0 3 , A M B D A , X M A X , U , H 1  
L' , D U , D H )

C A L L  V T X C A L ( V X , V T , R O , T , C X , N X , N Y , K , S M I N . X M A X , A L F A , D M U , 3 K L , E P 3  
t  ,R O S )

C A S S I G N I N G  T H E  N 'S  C O E F  V A L U E S  F O R  ( N + l / 2 ) ' 3  F O R  S T A R T I N G  T H E  I T E R A T I O N S  
D O  2 0 0  1 = 1 , NX  
D O  2 0 0  3 =  1 ,NY  
T 1 P ( I , J , K ) = T ( I , J , K )
T 1 ( I , J , K ) = T ( I , J , K )
X 1 P ( I , J , K ) = C X ( I , J , K )
X 1 ( I , J , K ) = C X ( I , J , K )
200 C O N T I N U E

C^^ C A L C U L A T I N G  T M , F I I &  X E Q  ( T E M P E R A T U R E ,  R E L A T I V E  H U M I D I T Y  i  E Q U L I B R I U M  M O I S T U R E  C O N T E N T  O F  A IR )"  
C A L L  C A L X E q ( X E q , T M , F I I , N X )

C • • • • • • • • •  U P D A T I N G  T M , X E Q  &  FII  B A S E D  O N  H E A T  ic  M A S S  T R A N S F E R  '
C A L L  X T A I R U P D A T E N E W 2 ( C X , R 0 M V , T D I N , T W I N , V T I N , N X , N Y , B Y , B X  

Sc , D X , D Y , E P S , A M T I N , A M V I N , T , H l , B q Y , T I N , T M , B q X , F I I N , X E q  
6  , F I I , N F I F L A G , W I N , I F I F L A G )

C • • • • • • • • • • •  S T A R T  A  N E W  O U T E R  I T E R A T I O N
250 N I T O U T = N I T O U T  +  l

C T H E S E  T W O  S E N T E N C E S  A R E  C A L L E D  F O R  O N E  D I M E N S I O N A L  C A S E  
c C A L L  C X V C A L ( C X V , X 1 , C X , N X , N Y , K )
C C A L L  C A L X E q ( X E q , T M , F I I , N X )C.......................................... ........................
C . . . . . . .  S T A R T  E N E R G Y  E Q U A T I O N

I F ( N I T O U T . E Q . l ) T H E N

C T H I S  IS C A L L E D  F O R  O N E  D I M E N S I O N A L  C A S E  
c  I D  C A L L  T V C A L ( T V , T 1 , T , N X , N Y , K )
C A L L  C A L R O D U ( R O D U P , R O D U , R O , D U , N X , N Y , D X , D Y )

C A L L  C A L S V T X X Y ( V T , V X , D X , D Y , D T , N X , N Y , S V T , S V X ,  
i t  S V T X , S V T Y , S V X X , 3 V X Y )

C A L L  C A L V I R C 0 N D 2 ( H 1 , V T , V X , A M B D A , V I R C 0 N D , V I R C 0 N D X ,  
i t  V I R C O N D Y , H H V X , H H V T , H H V X X , H H V X Y , D X , D Y , N X , N Y , D T )

C A L L  C A L H V X G X ( H X V X G X , H Y V X G X , H H V X X , H H V X Y , C X , D X , D Y , N X , N Y , D T , K )  
c  I D  C A L L  C A L H V X G X ( H X V X G X , H Y V X G X , H H V X X , H H V X Y , C X V , D X , D Y , N X , N Y , D T , K )

C A L L  C A L A B C D ( V I R C O N D X , V I R C O N D Y , A A , B B , C C , D D , N X , N Y )

C A L L  C A L B F N E W ( V I R C O N D X , V I R C O N D Y , E E , F P , T , T , C X , C X , R O D U , E P S ,  
i t  B Y , B X , X E Q , T M , B Q Y , B Q X , D H , D X , D Y , N X , N Y , K , D T , H 1 , H X V X G X , H Y V X G X ,  
i t  N F I F L A G )
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C A L L  i a r ( M , b b , c c , d d , « , f r , t l , I M A X , j m u c , i j a c , K , N M A X )C.............................. ......................
C A L L  C A L X G R A D X T ( G X T , G X X , T 1 , X : , N X , N Y , K )
C A L L  C A L Y G R A D X T ( G Y T , G Y X , T l , X I , N X , N Y , K )
P R I N T  ■ , ’N m * x = ' , N m * xc........................................................
C -  . . . . . . .  s t a r t  m a s s  e q u a t i o n

C A L L  T V C A L ( T V , T , T . N X , N Y , K )

C START A NEW INNER ITERA TIO N  FOR X'S
NITIN X =0
260 N ITIN X =N ITIN X  +  1

c  —  SETTIN G  T H E  C O E FF IC IE N T S FO R  ADI METHOD
DO 3000 1=1,NX
A(1)=O.ODO
C(NY)=O.ODO
H(NY)=O.ODO
C ASSIGNING ZERO TO  ALL VALUES
B(1)=O.ODO
C(1)=O.ODO
D(l)=O.ODO
E(1)=0.0D 0
G(1)=O.ODO
H(l)=O.ODO

A(NY)=0.0D0
B(NY)=0,0D0
D(NY)=O.ODO
E(NY)=O.ODO
G(NY)=0,ODO
c  ----------------------- FO R  BOUNDARY PO IN TS NO. 2 i  8
IF(I.EQ ,N X )TH EN  1 = 1
C (J)= S V X Y (I,J)

D (J)= S V X X (I.l ,J )* (C X (!,J ,k )-C X (I-l,J ,k ))-S V T Y (I.J )-
i  (T V (I,J  +  I ,k ) .T V (I ,J ,k ) )+ S V T X (I .: ,J r (T V (I ,J ,k ) -T V (I .l ,J .k ) )

X 0M =CX (I,1,K )
T0M =T (I,1 .K )

3AM O=DY(J)’ B Y (J,K ,2 )’ D T ‘ SAI(XOM,TOM)*ROSV(TOM)’ E P 3 ( I ,J ) " 2  
t  ’ (XOM -XEQII.K))

IF(NFIFLAG(I,K).EQ.1)SAMO=O.ODO 
B( 1 )= . l.ODO*C( 1)+DX( I)*DY( 1 )"ROS 
D (l)= D (l)+ C X (I,l,k )* D X (irD Y {l)* R O S -S A M O

J=N Y
D (J)= S V X X (I. l ,J r(C X (I ,J ,k ) .C X (M .J ,k ))+SV TY (I ,J . i r

i  (T V (I ,J ,k ) .T V (I ,J .l ,k ) )+ S V T X (I - l ,J n T V (I ,J ,k ) -T V (I .l ,J ,k ) )

A (J)=S V X Y (I,J-1)
XHOM=CX(NX,NY,K)
THOM =T(NX,NY,K)

3A M O =D Y (J)*BY (J,K ,2)’ D T ‘ SAI(XHOM,THOM)- 
Sc ROSV(THOM)’ E P S (I ,J )’ *2*(XHOM .XEQ(I,K))

IF(NFIFLAG(I,K).EQ.l)SAM O=O.ODO

SHAH=DX(I)-B X (I,K )*D T"SA I(X H O M .TH O M )*RO SV (TH O M )*EPS(I,J)’
IF(NFIFLAG(I,K).EQ.l)SHAH=O.ODO

B (N Y )=.l.O D O *A (N Y )+D X (I)-D Y (N Y )"RO S+SH A H
D (J )= D (J )+ C X (I ,J ,k rD X (I) ’ D Y (J)*ROS+SHAH*XEq(I,K)-SAM O

END IF
C ----------------------- FO R  BOUNDARY PO IN TS NO. 7 i t  8
IF( I.LT.NX. A N D .I.G T. 1 )THEN

J = l
C (J)= 3 V X Y (I,J)

D (J)= 0 .5D 0*S V X X (I-I,J )* (C X (I,J ,k )-C X (I-l,J ,k ))-S V T Y (I,J)- 
it  (T V (I ,J+ l,k ) .T V (I ,J ,k ) )+ 0 .5 D 0 -S V T X (M ,J r (T V (I ,J ,k )  
i t  -T V (I.l.J .k ))-0 .5 D 0 * S V X X (I,J)* (C X (I+ l,J ,k )-C X (I.J .k )) 
i t  -0 .5D 0*SV TX (I,J)‘ (T V (H .l,J ,k ) .T V (I .J ,k ) )

X 0M =CX (I,1,K )
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T 0 M = T ( I , 1 , K )
B ( : ) = - l . 0 D 0 * C ( l ) + D X ( I ) * D Y C I ) * R O 3
D ( l ) = D ( l ) + C X ( I , l > k ) ‘ D X ( I ) - D Y ( l ) * R O S

J = N Y
D ( J ) = O . S D O * S V X X ( I - l , J ) - ( C X ( I , J , k ) . C X ( H , J , k ) ) + S V T Y ( I , J . i r  

Se ( T V ( I , J , k ) - T V ( I , J . l , k ) ) + 0 . 5 D 0 - S V T X ( I . l , J ) - ( T V ( I , J , k )
Se . T V ( I . l , J , k ) ) - 0 . i D O * S V X X ( I , J ) * ( C X ( I + l , J . k ) - C X ( I , J , k ) )
Se - O . i D 0 * S V T X ( I , J ) * ( T V ( ! + l , J , k ) - T V ( I , J , k ) )

A ( J ) = 3 V X Y ( I , J - l )
X H O M = C X ( I , N Y , K )
T H O M = T ( I , N Y , K )
3 H A H = D X ( I ) * B X ( I , K ) * D T “ S A I ( X H 0 M , T H 0 M ) * R O 3 V ( T H 0 M r E P S ( I , J ) “ 2

I F ( N F I F L A G ( I , K ) . E Q . 1 ) 3 H A H = O . O D O

B ( N Y ) = - 1 . 0 D 0 * A ( N Y ) + D Y ( N Y ) * D X ( I ) * R O 3 + S H A H
D ( J ) = D ( J ) + C X ( I , J , k ) * D X ( I ) - D Y ( J ) - R 0 3 + 3 H A H - X E C ) ( I , K )

E N D  IF
C ---------------------------  F O R  B O U N D A R Y  P 0 I N T 3  N O .  1 i  5
I F ( I . E Q . 1 ) T H E N  
J =  1
C ( J ) = 3 V X Y ( I , J )

D (J )= .l.0 D 0 ’ 3 V T Y ( I ,J n T V ( I ,J  +  l,k )-T V (I,J ,k ))
Se . 3 V X X ( I , J ) - ( C X ( I + l , J , k ) . C X ( I , J , k ) )
Se - 3 V T X ( I , J ) * ( T V ( I + l , J . k ) - T V ( I , J , k ) )

XOM =  C X ( I , I . K )
T O M = T ( I , I , K )

3A M 0= D Y (J)*B Y (J,K ,l)*D T *3A I(X 0M ,T 0M )*R O 3V (T 0M )'E P S (I,J)’ *2 
Se '(XOM -XEQCI.K))

I F ( N F I F L A G ( I . K ) . E Q . l ) 3 A M O = O . O D O

B ( 1 ) = . 1 . 0 D O ' C ( 1 ) + D X ( I ) ' D Y ( I ) * R 0 3
D ( l )  =  D ( l ) + C X ( I , : , k ) * D X ( n * D Y ( l ) - R O 3 - 3 A M 0

J =  NY
D ( J ) = 3 V T Y ( I , J . l ) - ( T V { I , J , k ) - T V ( I , J . l , k ) )

Se . 3 V X X ( I , J ) * ( C X ( . I + l , J , k ) - C X ( I , J , k ) )  
t  . 3 V T X ( I , J ) - ( T V ( I + l , J , k ) - T V ( I , J , k ) )

A ( J ) = 3 V X Y ( I , J - l )
X H O M = C X ( I , N Y , K )
T H O M = T ( I , N Y , K )

3 A M O = D Y ( J ) ’ B Y ( J , K , 1 ) ' D T ’ S A I( X H O M .T H O M ) *
Se R O S V { T H O M ) - E P S ( I , J ) - - 2 ’ ( X H O M . X E q ( I , K ) )

I F ( N F I F L A G ( I , K ) . E q . l ) 3 A M O = O . O D O

3 H A H = D X ( I ) * B X ( I , K ) * D T ’ 3 A I ( X H O M , T H O M ) ’ R O S V ( T H O M ) * E P 3 ( I . J ) ” 2

I F ( N F I F L A G ( I , K ) . E Q . 1 ) S H A H = 0 . 0 D 0
B ( N Y ) = - 1 . 0 D 0 * A ( N Y ) + D X ( I ) * D Y ( N Y ) - R O 3 + 3 H A H
D ( J ) = D ( J ) + C X ( I , J , k ) * D X ( I ) - D Y ( J ) ' R O S + 3 H A H * X E q ( I , K ) . 3 A M O

E N D  IF
C ------------------------------------------------
G ( l ) = D ( l ) /B ( l )
H ( 1 ) = C ( 1 ) / B ( 1 )

DO  2 900  J = 2 , N Y - 1
A ( J ) = 0 . 0
B ( J ) = 0 . 0
C ( J ) = 0 . 0
D ( J ) = 0 . 0
E ( J ) = 0 . 0
G ( J ) = 0 . 0
H ( J ) = 0 . 0
C ---------------------------- F O R  G E N E R A L  S U R F A C E  P O I N T  N O .  4
I F ( I . E Q . N X ) T H E N
A ( J ) = 0 . 5 D 0 * S V X Y ( I . J - 1 )

C ( J ) = 0 . 5 D 0 * S V X Y ( I , J )

D ( J ) = 3 V X X ( I . l , J ) * ( C X ( I , J , k ) . C X ( I . l , J , k ) ) - 0 . 5 D 0 * 3 V T Y ( I . J ) -
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k  ( T V ( I , J + l , k ) - T V ( I . J , k ) ) + S V T X ( M , J ) - ( T V ( I , J . k )  
i  - T V ( I - l , J , k ) ) + 0 . 5 D 0 * S V T Y ( I , J - l ) ’ ( T V ( I , J , k ) - T V ( I , J - l , k ) )

X O M = C X ( I , J , K )
T O M = T ( I , J , K )

S A M O = D Y ( J ) - B Y ( J . K , 2 ) - D T - S A I ( X O M , T O M r R O S V ( T O M r E P S ( I , J ) * ’ 2 
t  • ( X O M . X E q ( I . K ) )

I F ( N F I F L A G ( I , K ) . E Q . 1 ) S A M 0 = 0 . 0 D 0  
B ( J ) = - 1 . 0 D 0 - ( A ( J ) + C ( J ) ) + D X ( I ) - D Y ( J ) * R O S  
D ( J ) = D ( J ) + C X ( I , J , k ) * D X C I ) - D Y ( J ) * R O S - S A M O  
E N D  IF

C ---------------------------- F O R  G E N E R A L  I N T E R N A L  P O I N T  NO .  3

I F ( I . L T . N X . A N D . I . G T . 1 ) T H E N

A ( J ) = 0 . S D 0 * 3 V X Y ( I , J - 1 )
C (J)= 0 .iD 0 * S V X Y (I,J)

D ( J ) = 0 . i D 0 * S V X X ( I . I , J ) - ( C X ( I , J , k ) . C X ( I - l , J , k ) ) - 0 . S D 0 - S V T Y ( I , J )
S i • ( T V ( I , J  +  l , k ) - T V ( I , J , k ) ) + 0 . 5 D 0 * S V T X ( I - l , J r ( T V { I , J , k )
Si - T V ( I - l , J . k ) ) - 0 . i D O * S V X X ( I , J ) - ( C X ( I + l , J , k ) . C X ( I . J , k ) )
Si - O . S D O * S V T X ( I , J ) * ( T V ( I + l , J , k ) - T V ( I , J , k ) )
Si + 0 . 5 D 0 ’ S V T Y ( I . J - l ) * ( T V ( I , J , k ) - T V ( I , J . ! , k ) )

B (J)= -1 .0D 0 '(A (J)+ C (J))+ D X C I)*D Y (J)*R O S
D ( J ) = D ( J ) + C X ( I , J , k ) * D X ( I ) * D Y ( J r R O S

E N D  IF

C -------------------------------- F O R  G E N E R A L  S U R F A C E  P O I N T  N O ,  3
I F ( I . E q . l ) T H E N

A (J)=0.SD 0*SV X Y (I,J-1)
C (J)= 0 ,5D 0-S V X Y (I,J)

D ( J ) = O . S D O * S V T Y ( I , J - l ) * ( T V { I , J , k ) - T V ( I , J . l , k ) ) - O . S ‘ S V T Y ( I , J )
Si • ( T V ( I , J + l , k ) - T V ( I , J , k ) ) . S V X X ( I , J r ( C X { I + l , J , k )
Si . C X ( I , J , k ) ) . S V T X ( I , J ) * ( T V ( I + l , J , k ) . T V ( I , J , k ) )

x : m = x h ( i , j , k )
X O M = C X ( I , J , K )
T O M = T ( I , J , K )

S A M O = D Y ( J ) * B Y ( J , K , I ) ’ D T * S A I ( X O M ,T O M ) * R O S V ( T O M ) ’ E P S ( I , J ) * * 2  
Si ’ ( X O M - X E Q I L K ) )

I F ( N F I F L A G ( I , K ) .E Q . I ) S A M O = O . O D O  
B ( J ) = - 1 . 0 D 0 - ( A ( J ) + C ( J ) ) + D X ( I ) * D Y ( J ) * R O S  
D ( J ) = D ( J ) + C X ( I , J , k ) - D X ( I ) - D Y ( J ) - R O S . S A M O  
E N D  IF
C ------------------------------------------------------------

E ( J ) = B ( J ) - A ( J ) * H ( J - 1 )
H ( J ) = C ( J ) / E ( J )
G ( J ) = ( D ( J ) - A ( J ) - G ( J . I ) ) / E ( J )

3900 C O N T I N U E
E ( N Y ) = B ( N Y ) - A ( N Y ) * H ( N Y - 1 )
G ( N Y ) = ( D ( N Y ) - A ( N Y r G ( N Y . l ) ) / E ( N Y )
X H ( I , N Y , K ) = G ( N Y )
I F ( X H ( I , N Y , K ) . G T . X M A X ) X H ( I , N Y , K ) = X M A X
I F ( X H ( I , N Y , K ) . L T . 0 . 0 3 D O ) X H ( I , N Y , K ) = 0 . 0 3 D O

D O  2 9 2 0  J = N Y - 1 , 1 , - 1  
X H ( I , J , K ) = G ( J ) - H ( J ) * X H ( I , J  +  I , K )  
I F ( X H ( I , J , K ) . G T . X M A X ) X H ( I , J , K ) = X M A X  
I F ( X H ( I , J , K ) . L T . 0 . 0 3 D O ) X H ( I , J , K ) = 0 . 0 3 D O  
2 9 2 0  C O N T I N U E

3 0 0 0  C O N T I N U E

..............
C A L L  C A L X G R A D X T ( G X T . G X X , T 1 , X H , N X , N Y , K )  
C A L L  C A L Y G R A D X T ( G Y T , G Y X , T 1 , X H , N X , N Y , K )  ...............................................
( J . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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S T A R T  M A S S  E Q U A T I O N  IN 2 n d  H A L F  T I M E *

C * * S E T T I N G  T H E  C O E F F I C I E N T S
D O  1 0 0 0  J = N Y , l , . l
A (I )=O .O D O
C (N X )=O .O D O
H (N X)=O .O DO

C A S S I G N I N G  Z E R O  V A L U E S  F O R  S T A R T I N G  T H E  C O M P U T A T I O N S
B ( 1 ) = 0 . 0 D 0
D ( 1 ) = 0 . 0 D 0
C (1)=O.O DO
E ( 1 ) = 0 . 0 D 0
G ( 1 ) = 0 . 0 D 0
H ( 1 ) = 0 . 0 D 0

A (N X )=O .O D O
B ( N X ) = 0 . 0 D 0
D ( N X ) = 0 , 0 D 0
E(N X )=O .O D O
G (N X )=O .O D O

F O R  C O R N E R  P O I N T S  N O .  i  I t  S

I F ( J . E Q . N Y ) T H E N  

1= I
C ( I ) = 3 V X X ( I , J )
D (n = S V X Y (I,J .ir (X H (I ,J ,k ) .X H (I,J - l,k ) )-3 V T X (I,J )

i  • ( T V ( I + l , J , k ) - T V ( I , J , k ) ) + S V T Y ( I , J . i r ( T V ( I , J , k ) - T V ( I , J . l , k ) )

X 1M =X 1(1,J,K )
X 0M =X H (1,J,K )
X M 0= C X (I.J.K )
T M O =T (I,J,K )

3 H A H = D Y (J)* B Y (J ,K ,irD T * S A I(X M 0 ,T M 0 r 
St R O 3V (T M 0)*B PS(I,J)*-2

I F ( N F I F L A G ( I , K ) . E Q .  1 ) S H A H = 0 . 0 D 0

3A M O=DX(I)*BX(I,K)*OT*SAI(XM O,TM O)*ROSV(TM O)*EPS(I,J)"2*
ii  (XOM -XEQd.K))

I F ( N F I F L A G ( I , K ) .E Q . l ) S A M O = O . O D O
B (I)= .l.O D O -C (I)+ D X (I)-D Y (JrR O S + S H A H

D (I)= D (I)+X H (I,J.krD X (I)*D Y (J)*R O S+SH A H *X E Q (I,K )-SA M O

I = N X
XHOM =XH(NX,J.K)

X M O=CX(I,J,K)
T M O = T ( I . J , K )

A (N X )=SV X X (I-1,J)

D (l)= S V X Y (I,J .I)* (X H (I,J .k )-X H (I,J -l,k ))+ S V T X (I.l,J )
i t  ■ (T V (I ,J ,k ) -T V (I .I ,J ,k ))+ 3 V T Y (I ,J - ir (T V (I ,J ,k ) .T V (I ,J - l,k ))

3H A H =D Y (J)-B Y (J,K ,2)*D T-SA I(X M O ,TM O )*
it  ROSV(TMO)*EPS(I,J)**2 

i f ( N f i f l a g ( i , k ) . e q . i ) s h a h = o . o d o

3AM O=DX(I)*BX(I,K)*DT*SAI(XM O,TM O)*ROSV(TM O)*EPS(I,J)**2* 
i t  (XHOM -XEQ(I.K))

IF(NFIFLAG(I,K).EQ.1)SAMO=O.ODO

B ( N X ) = - 1 . 0 D O * A ( N X ) + D X ( N X ) * D Y ( J ) * R O S + S H A H

D (II=D (I)+X H (I,J.k)*D X (I)*D Y (J)*R O S+SH A H *X EQ (I,K )-SA M O  
END IF

F O R  C O R N E R  P O I N T S  N O .  3 i t  4

I F ( J . L T  N Y . A N D . J . G T : 1 ) T H E N  

1=1
C(I)=SVXX(I,J)
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D ( I ) = 0 . 5 D 0 * S V X Y ( I , J - l ) * ( X H ( I , J , k ) - X H ( I , J - l , k ) ) - S V T X ( I , J )
St - (T V (I+ l.J ,k ) -T V (I ,J ,k ))+ 0 .5 D 0 -S V T Y (I,J .l) -(T V (I .J ,k )  
i t  -T V (I ,J - l,k )) -0 ,iD O -S V X Y (I,Jr (X H (I,J+ l,k )-X H (I,J ,li))  
t  -O .S D O *S V T Y (I,J)-(T V (I,J+ l,k )-T V (I,J.k ))

X 1M =X 1(1,J,K )
X 0 M = X H ( 1 , J , K )
X M O = C X ( I . J , K )
T M O = T ( I , J . K )

3 H A H = D Y ( J ) * B Y ( J , K , 1 ) * D T * S A I ( X M O , T M O ) - R O S V ( T M O ) * E P S ( I , J ) " 2
I F ( N F I F L A G ( I , K ) . E < 3 . 1 ) 3 H A H = 0 . 0 D 0

B ( l ) = - l . 0 D 0 * C ( l ) + D X ( l ) * D Y ( J ) * R O 3 + S H A H
D ( I ) = D ( l ) + X H ( I , J , k r D X ( I ) * D Y ( J ) * R 0 3 + 3 H A H » X E C i ( I . K )

I=NX
X H M = X 1 ( N X ,J , K )
X H O M = X H ( N X . J , K )
X M O = C X ( I , J , K )
T M O = T ( I , J . K )
A ( I ) = 3 V X X ( I - 1 , J )

D ( I ) = 0 . S D 0 - 3 V X Y ( I , J . l ) ' ( X H ( I , J , k ) - X H ( I , J - l , k ) ) + 3 V T X ( I - l . J )  
i t  - ( T V ( I , J . k ) - T V ( I . l , J , k ) ) + 0 . 5 D 0 - S V T Y ( I , J - I ) * ( T V ( ! , J , k )  
i t  - T V ( I , J . l , k ) ) . 0 . 5 D 0 * 3 V X Y ( I , J ) ’ ( X H ( I , J + l . k ) - X H ( I , J , k ) )  
i t  ■ 0 . 5 D 0 * 3 V T Y C I , J ) - ( T V ( I , J + l , k ) - T V ( I , J , k ) )

S H A H  =  D Y ( J ) ‘ B Y C J , K , 2 ) * D T ’ S A I ( X . V I 0 , T M 0 ) * R O 3 V ( T M 0 ) * E P S ( I , J r * 2  
I F ( N F I F L A G ( I , K ) . E C ) . 1 ) 3 H A H = 0 . 0 D 0

B ( N X ) = . l . 0 D 0 - A ( N X ) + D X ( N X ) ’ D Y ( J ) * R O 3 + 3 H A H
D (I)= D (I )+ X H (I , J ,k rD X (I )* D Y { J ) -R 0 3 + S H A H " X E q ( I ,K )
E N D  IF
C -------------------------------- F O R  C O R N E R  P O I N T S  NO .  1 i t  2

I F { J . E Q . I ) T H E N  

1=  1
C ( I ) = 3 V X X ( I , J )

D ( I ) = - l . O D O * 3 V T X C I , J ) * ( T V ( I + l . J , k ) . T V { I . J , k ) ) - S V X Y ( I , J ) ’
i t  ( X H ( I , J  +  l , k ) - X H ( I , J , k ) ) - 3 V T Y ( I , J ) * ( T V ( I , J  +  l , k ) - T V ( I , J , k ) )

X 1 M = X I ( 1 , J , K )
X 0 M = X H ( 1 . J , K )

X M O = C X ( I , J , K )
T M O = T ( I , J . K )

S H A H = D Y ( J ) - B Y ( J , K , 1 ) * D T ’ S A I ( X M 0 , T M 0 ) -  
i t  R O 3 V ( T M 0 ) * E P S ( I , J ) * * 2

I F ( N F I F L A G ( I , K ) . E Q . I ) 3 H A H = 0 . 0 D 0

B ( I ) = - 1 . 0 D Q ’ C ( l ) + D X ( l ) * D Y ( J r R O 3 + 3 H A H  
D (l)= D ( l )+ X H (l . J ,k ) -D X ( i rD Y (J ) ’ ROS + SHAH’ XEq(I,K)

I = N X
A(i)=svxx(r-i,J)

0 ( I ) = S V T X ( M . J r ( T V ( I , J , k ) . T V ( M , J , k ) ) - 3 V X Y ( I , J ) -
i t  ( X H ( I , J  +  I , k ) - X H ( I , J , k ) ) - S V T Y ( r , J ) * ( T V ( I , J + l , k ) . T V ( I , J , k ) )

X H M = X J ( N X , J , K )
X H O M = X H ( N X , J , K )
X M O=CX(I,J,K)
T M O = T ( I , J , K )

3 H A H = D Y ( J ) - B Y ( J , K , 2 ) * D T ’ S A I ( X M 0 . T M 0 r  
i t  R O 3 V ( T M 0 ) ‘ E P S ( I , J r ’ 2

I F ( N F I F L A G ( t , K ) . B Q . I ) 3 H A H = 0 . 0 D 0

B ( N X ) = . 1 . 0 D 0 * A ( N X ) + D X ( N X ) ‘ D Y ( J ) * R O S + 3 H A H
D (I)= D (I )+ X H (I , J ,k ) - D X ( I ) - D Y ( J r R 0 3 + S H A H * X E Q (I ,K )

E N D  IF
C ------------------------------------
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G ( 1 ) = D ( : ) / B ( 1 )
H ( 1 ) = C ( 1 ) / B ( 1 )

D O  9 0 0  I = 2 , N X - I
A(I)=O.ODO
a([)=Q.OD O
C(I)=O.QDO
D(I)=O.ODO
E(I)=O.ODO
G(I)=O.ODO
H a)= O .O D O

F O R  G E N E R A L  S U R F A C E  P O I N T  N O ,  7
I F ( J . E Q . N Y ) T H E N

- : ( I ) = O .Î D O * S V X X ( ! ,J )
A ( I ) = O . 5 D 0 * S V X X ( I - l , J )

D ( I ) = 3 V X Y ( I , J . l ) - ( X H ( I , J , k ) . X H ( I , J . l , k ) ) . 0 . S D 0 - S V T X ( I , J )  
i  • ( T V ( r + I , J , k ) - T V ( I , J , k ) ) + S V T Y ( I , J . l ) * ( T V ( I , J , k )  
i  . T V ( I , J - l , k ) ) + 0 . 5 D 0 * S V T X ( M , J ) - ( T V ( I , J , k ) . T V ( I - l , J , k ) )

X 1M  =  X I ( I , J , K )
T 1 M = T 1 ( I , J , K )
X O M = X H ( I .J , K )
X M O = C X ( I ,J , K )
T M O = T ( I , J , K )

3 A M O = D X ( I ) * B X ( I , K ) * D T ’ S A I ( X M O , T M O ) * R O S V ( T M O ) * E P 3 ( I , J ) " 2 ‘  
Ji ( X O M - X E q ( I , K ) )

I F ( N F I F L A G ( I , K ) . E q . l ) S A M O = O . O D O

B ( I ) = . l . G 0 a * ( A ( I ) + C ( I ) )  +  D X ( i r D Y ( J ) " R O 3  
D ( I ) = D ( I ) + X H ( I , J , k ) * D X ( I ) * D Y ( J ) - R O S . 3 A M O  
EN D IF

F O R  G E N E R A L  I N T E R N A L  P O I N T  NO .  9

I F ( J . L T . N Y . A N D . J . G T . I ) T H E N

C ( I ) = 0 . 5 D 0 - S V X X ( I , J )
A ( I ) = O . S D O * S V X X ( M , J )
D ( I ) = O . 5 D 0 * S V X Y ( I , J - i r ( X H ( I , J , k ) - X H ( I , J - l , k ) ) - O . 5 D 0 * S V T X ( I , J )

Si ' ( T V ( I + l , J , k ) . T V ( I , J , k ) ) + 0 . 5 D 0 - S V T Y ( I , J . l ) " ( T V ( I . J , k |
Si . T V ( I , J - l . k ) ) - O . S D O - S V X Y ( I , J r ( X H ( I , J  +  l , k ) . X H ( I , J , k ) )
I t  - a . S D 0 * S V T Y ( I , J ) - ( T V ( I , J + l , k ) . T V ( I , J , k ) ) + O . 5 D O " S V T X ( I - i , J )  
Si • ( T V ( I , J , k ) . T V ( M , J , k ) )

B ( I ) = - I . O D O * ( A ( I ) + C ( I ) )  +  D X ( I ) * D Y ( J ) * R O S  
D ( I ) = D ( I ) + X H ( I , J . k ) - D X ( I ) * D Y ( J ) - R 0 3  
E N D  IF

I F ( J . E Q . 1 ) T H E N

F O R  G E N E R A L  S Y M M E T R Y  A X I S  P O I N T  NO .  8

C ( n = O . S D O ’ S V X X ( I , J )
A ( I ) = O .S D O * S V X X ( I - 1 ,J )

D ( I ) = 0 . i D O * S V T X ( I . l , J ) * ( T V ( I , J , k ) . T V ( I . l , J , k ) ) - 0 . 5 D O - S V T X ( I , J )  
Si " ( T V ( I + I , J . k ) . T V ( I . J . k ) ) - S V T Y ( I , j n T V ( I , J  +  l , k )
St - T V ( I , J , k ) ) - S V X Y ( I . J ) - ( X H ( I , J  +  l , k ) . X H ( I , J , k ) )

B ( 1 ) = - 1 . 0 D O * ( A ( I ) + C ( I ) ) + D X ( I ) - D Y ( J ) - R O S  
D ( I ) = D ( I ) + X H ( I , J , k ) * D X ( I ) * D Y ( J ) * R O S  
E N D  IF
C ------------------------------------------------------------------------- -
E ( I )= B ( I ) -A ( i rH ( I - l )
H ( I ) = C ( I ) / E ( I )
G ( I ) = ( D ( I ) - A ( I ) * G ( I . l ) ) / E ( I )
9 0 0  C O N T I N U E

E (N X )= B (N X )-A (N X rH (N X -I )
G ( N X ) = ( D { N X ) - A ( N X ) * G ( N X . 1 ) ) / E ( N X )
X 1 ( N X , J , K ) = G { N X )
I F ( X 1 ( N X , J , K ) . G T . X M A X ) X 1 ( N X , J , K ) = X M A X
I F ( X l { N X , J , K ) . L T . 0 . 0 3 D O ) X l ( N X , J , K ) = i 0 . 0 3 D O
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D O  9 2 0  I = N X - l , l , - :
X 1 ( I , J , K ) = G ( I ) - H ( I ) - X I ( I + Î , J , K )
I F ( X : ( I , J , K ) . G T . X M A X ) X 1 ( I , J , K ) = X M A X  
I F ( X : ( I , J , K ) . L T . 0 . 0 3 D O ) X 1 ( I , J , K ) = 0 . 0 3 0 0  

9 2 0  C O N T I N U E

1000 C O N T I N U E

C A L L  C A L X G R A D X T ( G X T , G X X , T 1 , X 1 , N X , N Y , K )
C A L L  C A L Y G R A D X T ( G Y T , G Y X , T 1 , X 1 , N X , N Y , K )

C............................................... ......... ........
C
5 0 2 0  C A L L  C A L S U M ( T 1 , X 1 , T 1 P , X 1 P , S U M T , 3 U M X , A M A X E R T , A M A X E R X , N X , N Y , K )

I F ( A M A X E R T . L B . A M A X E R T V . A N D . 3 U M T . L E . S U M T V .
i  A N D . A M A X E R X . L E . A M A X E R X V . A N D . 3 U M X , L E . S U M X V ) G 0  t o  510 0

I F ( N I T O U T .G T . S O O ) T H E N
W R I T E ( 1 , * ) ’N 0  c o n v e r g e n c e  F O R T l  A N D  X I ’, ' T I M E = ' , T I M E , '  K = ' , K  
W R I T E ( 2 , * ) ’N O  C O N V E R G E N C E  F O R  T l  A N D  X I ’,' T I M E = ' , T I M E , '  K = ’,K 

G O  T O  9 0 0 0  
E N D  IF
C G O I N G  T O  N E X T  I T E R A T I O N  S I N C E  T H E R E  13 NO  C O N V E R G E N C E  
G O  T O  2 5 0  
5 1 0 0  C O N T I N U E

I F I F L A G = 0

P R I N T  ‘ . 'N O .  O F  O U T E R  I T E R A T I 0 N 3 ' , N I T 0 U T , '  K =  ' ,K

C « « 3 T A R T I N G  A N E W  B O A R D
I F ( K . L T . 7 ) T H E N  

G O  T O  120 
E N D  IF

C " — — B E F O R E  G O I N G  T O  N E X T  T I M E  S T E P , U P D A T I N G  N E W  X & T ( N )  W I T H  O L D  
C —  X ic T ( N + 1 )  E V A L U A T I N G  T H E  S T A C K  A V E R A G E  M O I S T U R E  C O N T E N T

5 500  XAV=O .ODO  
DO 8 2 0 0  K =  l ,7  

A V X ( K ) = 0 . 0 D 0

D O  8 0 0 0  1 = 1 , N X  
N F I F L A G ( I , K ) = 0  
A X  =  1.0DO
I F ( I . E q . l . O R . I . E Q . N X ) A X = 0 . 5 D 0  
D O  8 0 0 0  3 = 1 ,N Y  

A Y = 1 . 0 D 0
IF (J .E q . l .O R .J .E Q .N Y )A Y = 0 .5 D 0
C X ( I , J , K ) = X 1 ( I , J , K )
T ( I , J , K ) = T 1 ( I , J , K )

X A V = X A V + C X ( I , J , K ) " D X ( I ) - D Y ( J ) - A X * A Y
A V X ( K ) = A V X ( K ) + C X ( I , J , K ) - D X ( I ) ’ D Y ( J ) » A X ’ A Y

8 0 0 0  C O N T I N U E

A V X ( K ) = A V X ( K ) / ( 0 . 0 5 2 5 D 0 ’ 0 . 1 0 5 D 0 )
8 2 0 0  C O N T I N U E  
X A V = X A V / ( 7 .D O * O .0 5 2 5 D 0 * 0 .1 0 5 D O )

C A L L  D E V I A T I O N ( C X , A V X , D X , D Y , N X , N Y , A D , 3 T D , T A D , T S T D ,
I t  g r a d y x , g r a d x x ,x g r a d ,a d m a x , g r a d y x m a x , g r a d x x m a x , a v g r a d y x ,a v g r a d x x  
i t  ,x g r a d a v ,x g r a d m a x , c x m i n , c x m a x , i g x ,j g x , i g y ,j g y , i a d m a x , j a d m a x , 
i t  I X M A X , J X M A X , I X M I N , J X M I N , I G R A D M A X , J G R A D M A X )

c — " P R E P A R A T I O N  F O R  P R I N T I N G  A F T E R  A C E R T A I N  N U M B E R  O F T I M E  S T E P S
N P 1 T I M = T I M E / 3 6 0 0 . 0 D 0
N P 2 T I M = T I M E / 7 2 0 0 . 0 D 0
N P 4 T I M = T I M E / 1 4 4 0 0 . 0 D 0
N P 5 T I M = T I M E / I 8 0 0 0 . 0 D 0
N 1 T I M = T I M E - 3 8 0 0 . 0 D O " N P 1 T I M
N 2 T I M = T I M E - 7 2 0 0 . 0 D O " N P 2 T I M
N 4 T I M = T I M E - 1 4 4 0 0 . 0 D 0 " N P 2 T I M
N 5 T I M = T I M E - 1 8 0 0 0 . 0 D O " N P 2 T I M
N M I T I M = ( T I M E - D T ) / 3 6 0 0 . 0 D O
N M 2 T I M = ( T I M E - D T ) / T 2 0 0 . 0 D O
N M 4 T I M = ( T I M E - D T ) / 1 4 4 0 0 . 0 D O
N M 5 T I M = ( T I M E - D T ) /  1 8000 .0DO
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IF  ( M O D ( N T I M . 1 5 ) . E Q . l . A N D . T I M E . L T . 3 0 . 0 ) T H E N  
I P R I N T = l  
G O  T O  88 0  
EL S E

I P R I N T = 2  
E N D  IF

i f ( m o d ( N t i m , i o ) . e q . i .a n d .t i m e . g e .3 o . o. a n d .t i m e . l e . 50 o .o d o )t h e n  
I P R I N T = I  

G O  T O  88 0  
EL S E

I P R I N T = 2  
E N D  IF

IF  ( M O D ( N T I M , 1 8 ) . E Q . l , A N D . T I M E . G T . 5 0 0 . 0 . A N D . T I M E . L E . 7 2 0 0 .ODO)
St T H E N  

I P R I N T = 1  
GO  T O  880  
ELSE

I P R I N T = 2  
E N D  IF

: IF ( m o d ( n t i m , i 5 ) . e q . i . a n d .t i m e . g t .8 0 0 0 . 0 . a n d .t i m e . l t . 1 8 200 .ODO)
I F ( N P I T I M - N M 1 T I M . E Q . 1 . A N D . T I M E . G E . 7 2 0 0 . 0 . A N D  T I M E . l t  14 400 .ODO) 

i !  T H E N  
I P R I N T = 1  
GO  T O  880  
E L S E

I P R I N T = 2  
E N D  IF

I F ( N P 2 T I M - N M 2 T I M . E Q . l .  A N D . T I M E . G E .  144 00.0 .  A N D . T I M E . l t . 5 7 6 0 0 . ODO) 
St T H E N  

I P R I N T = 1  
GO  T O  88 0  

EL SE
I P R I N T = 2  

E N D  IF

I F ( N P 4 T I M - N M 4 T I M . E Q . l .  A N D . T I M E . G E . 5 7 8 0 0 .0  
St . A N D . T I M E . L T . 2 1 8 0 0 0 . O D O )T H EN  
I P R I N T = 1  

G O  T O  88 0  
E L S E

I P R I N T = 2  
E N D  IF

I F ( N P 5 T I M - N M 5 T I M . E Q . 1 . A N D . T I M E . G E . 2 1 8 0 0 0  0  
St A N D . T I M E . L T . 5 4 4 1 4 0 . O DO )T H EN  
I P R I N T = 1  

G O  T O  880  
ELSE

I P H I N T = 2  
E N D  IF

I F { N P 4 T I M - N M 4 T I M . E Q . 1 . A N D . T I M E . G E . 5 4 4 1 4 0 . 0 )
St THEN 
IPR IN T =1 

GO TO 8 60  
ELSE

I P R I N T = 2  
E N D  IF

IF  ( T I M E . E Q . 5 4 4 1 4 0 . O D O )T H E N  
I P R I N T = 1  

G O  T O  88 0  
EL S E

I P R I N T = 2
E N D  IF

IF  (TIM E.Eq.631200.0D O )TH EN  
IPR IN T =1 

GO TO 660 
ELSE

I P R I N T = 2
E N D  IF

IF  ( T I M E . G E . 6 3 1 2 0 0 . 0 D O . A N D . X A V . G E . 0 . 1 5 0 D 0 ) T H E N  
I P R I N T = 1
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G O  T O  86 0  
E L S E

IP R IN T = 2
E N D  IF

Q . . . .  p r i n t i n g  t h e  t e m p e r a t u r e  a n d  m o i s t u r e  c o n t e n t  f i e l d s  • • •
8 6 0  I F ( I P R I N T . E Q . 1 ) T H E N  

K =  I
W R I T E ( l , - )  'Z o n e  T = " T I M E ’, T I M E .  ' ( S ) ” , i = ' ,  

t  N Y ,  ' , i  =  ' , N X
D O  1 8 8 6  1 = 1 , N X  
D O  1 8 8 6  J =  1 , N Y
W R I T E ( 1 , 6 6 0 0 )  I , J , X X ( I ) , Y Y ( J ) , T 1 ( I , J , K ) , X 1 ( I , J , K ) ,

Si X G R A D ( I , J , K )
1888 C O N T I N U E

K = 2
W R I T E ( 2 , * )  'Z o n e  T = " T I M E ' , T I M E ,  ' ( S ) ” , i = ' .

Si N Y ,  ', j=', NX
D O  2 8 8 8  1 = 1 , N X  
D O  2 6 8 6  2 = 1 , N Y
W R I T E ( 2 , 6 6 0 0 )  I , J , X X ( I ) , Y Y ( J ) , T 1 ( I , J , K ) , X 1 ( I , J , K ) ,

Si X G R A D ( I , J , K )
2686  C O N T I N U E

K = 3
W R I T E ( 3 , * )  Z o n e  T  =  " T I M E ' , T I M E ,  ' (3 ) " ,  i = ' ,

Si N Y ,  , 1  =  ', NX
D O  3 0 8 6  1 = 1 , N X  
D O  3 8 8 6  3 = 1 , N Y
W R I T E ( 3 , 6 6 0 0 )  I , J , X X ( I ) , Y Y ( J ) , T 1 ( I , J . K ) , X 1 ( I , J , K ) ,

Si X G R A D ( I , J , K )
36 8 8  C O N T I N U E

K = 4
W R I T E ( 4 , * )  'Z o n e  T  =  " T I M E ' , T I M E ,  ' (S )" ,  i = ' .

Si N Y ,  ' , )  =  ', N X
D O  4 8 8 6  1 = 1 , N X  
D O  4 8 8 6  3 = 1 , N Y
W R I T E ( 4 , 8 8 0 0 )  I , 3 , X X ( I ) , Y Y ( 3 ) , T 1 ( I , 3 , K ) , X 1 ( I , 3 , K ) ,

Si X G R A D ( I , 3 , K )
4 688  C O N T I N U E

K = 5
W R I T E ( 5 , " )  'Z o n e  T = ” T I M E ' , T I M E ,  ' (S )" ,  . = ' ,

St N Y ,  ', j = ', NX
D O  5 8 8 6  1 = 1 , N X  
D O  5 8 8 6  3 = 1 , N Y  

W R I T E ( 5 , 6 6 0 0 )  I , 3 , X X ( I ) , Y Y ( 3 ) , T 1 ( I , 3 , K ) , X 1 ( I , 3 , K ) ,  
i i  X G R A D ( I , 3 , K )

5888  C O N T I N U E

K = 8
W R I T E ( 9 , * )  'Z o n e  T = ” T I M E ' , T I M E ,  ' (3 ) " ,  i = ' ,

St N Y ,  ' , ]  =  ', NX
D O  8 8 8 6  1 = 1 , N X  
D O  8 6 6 6  3 = 1 , N Y
W R I T E ( 9 , 6 6 0 0 )  I , 3 , X X ( I ) , Y Y ( 3 ) , T 1 ( I , 3 , K ) , X 1 ( I , 3 , K ) ,

St X G R A D ( I , 3 , K )
8 6 8 8  C O N T I N U E

K = 7
W R I T E ( 7 , * )  'Z o n e  T = " T I M E ' , T I M E ,  ' ( 3 ) ” , i = ' .

Si N Y ,  , i = ' ,  NX
D O  7 6 6 6  1 = 1 , N X  
D O  7 8 8 6  3 = 1 , N Y
W R I T E ( 7 , 6 6 0 0 )  I , 3 , X X ( I ) , Y Y ( 3 ) , T 1 ( I , 3 , K ) , X 1 ( I , 3 , K ) ,  

ic X G R A D ( I , 3 , K )
7666  C O N T I N U E

E N D I F

8 8 0 0  F 0 R M A T ( 2 ( I 3 ) , ( F 7 . 4 , F 7 . 4 ) , F 8 . 1 , F 8 . 5 , F 9 . 3 )

C -  P R I N T I N G  F O R  D E V I A T I O N  P A R A M E T E R S  
IF  ( M O D ( N T I M , 1 5 ) . E Q . 1 . A N D . D T . L E . 5 0 . 0 D O )

Si  t h e n  

3 P R I N T = 1  
G O  T O  9 8 6 0  
E L S E

3P R IN T = 2
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END IF

IF ( M O D ( N T I M , 1 0 ) . E Q . l . A N D . D T . L E .  1 0 0 .O D O .A N D . D T .G T . 5 0 . 0 0 0 )  
i  T H E N  

J P R I N T = 1  
G O  T O  9860  
E L S E

J P R I N T = 2  
E N D  IF

IF ( M O D ( N T I M , 6 ) . E Q . l . A N D . D T . L E . 1 5 0 . 0 D 0 . A N D . D T . G T .  100 .ODO)
Sc T H E N  

J P R I N T = 1  
G O  T O  9 660  
E L S E

J P R I N T = 2  
END IF

IF ( M O D ( N T I M , 4 ) . E q . l .A N D . D T . L E . 3 0 0 .0 D 0 . A N D .D T .G T .  1 5 0 . 0 0 0 )
Sc T H E N  

J P R I N T = 1  
G O  T O  9 660  

EL SE
J P R I N T = 2  

E N D  IF

IF ( T I M E . B Q . 5 4 4 1 4 0 . ODO )T HEN  
J P R I N T s l  

G O  T O  96 60  
EL SE

J P R I N T = 2
E N D  IF

IF (T IM E .E q .5 5 2 5 4 0 . ODO)THEN 
JPR IN T =1 

G O  T O  96 60  
ELSE

J P R I N T = 2
END IF

IF (T IM E .E q .631200.ODO)THEN 
JPR IN T =1 

GO TO 9660 
ELSE

J P R I N T = 2
END IF

IF ( T I M E . G E . 6 3 1 2 0 0 . O D O .A N D . X A V . G E .0 . 1 S D O ) T H E N  
J P R I N T = 1  

GO  T O  9 660  
EL S E

J P R I N T = 2
END IF

6 6 5 7  F O R M A T ( I 6 , F 9 . 1 , 3 ( F 8 . 5 ) , 2 8 ( F 8 . 5 ) , 4 2 ( F 1 0 . 4 ) , 3 5 ( F 8 . 5 ) , 5 ( 7 F 7 . 4 , 7 F 7 . 4 ) , 8 4 (13))

9660 IF (JP R IN T .E q . l )T H E N

W R I T E ( 8 , 6 6 S 7 ) N T I M , T I M E , X A V , T A D , T S T D , ( A V X ( K ) , K = 1 , 7 ) , ( S T D ( K ) , K = 1 . 7 )
Sc , ( A D ( K ) , K = 1 , 7 ) , ( A D M A X ( K ) , K = 1 , 7 ) , ( X G R A D A V ( K ) , K = 1 , 7 ) ,  
i£ ( X G R A D M A X ( K ) . K = 1 , 7 ) , ( A V G R A D X X ( K ) , K = 1 , 7 ) , ( G R A D X X M A X ( K ) , K = 1 , 7 ) ,  
Sc ( A V G R A D Y X ( K ) , K  =  1 , 7 ) , ( G R A D Y X M A X ( K ) , K = 1 , 7 ) ,
Sc ( C X M A X ( K ) , K = 1 , 7 ) , ( C X M I N ( K ) , K = 1 , 7 ) ,
Sc ( C X ( I G R A D M A X ( K ) , J G R A D M A X ( K ) , K ) , K  =  1,7),
Sc ( C X ( I G X ( K ) , J G X ( K ) , K ) , K = 1 , 7 ) . ( C X ( I G Y ( K ) , J G Y ( K ) , K ) , K = 1 , 7 ) ,
Sc ( X X ( I G R A D M A X ( K ) ) , K = 1 , 7 ) , ( Y Y ( J G R A D M A X ( K ) ) , K = 1 , 7 ) ,
Sc ( X X ( I G X ( K ) ) , K = 1 , 7 ) , ( Y Y ( J G X ( K ) ) , K = 1 , 7 ) ,
Sc ( X X ( I G Y ( K ) ) , K = 1 , 7 ) , ( Y Y ( J G Y ( K ) ) , K = 1 , 7 ) ,
Sc ( X X ( I X M A X ( K ) ) , K = 1 , 7 ) , ( Y Y ( J X M A X ( K ) ) , K = 1 , 7 ) ,
Sc ( X X ( I X M I N ( K ) ) , K = 1 , 7 ) , ( Y Y ( J X M I N ( K ) ) . K = 1 , 7 )
Sc ( C M H ( 1 , K ) , K = 1 . 7 ) , ( C M H ( 2 , K ) , K = 1 , 7 ) ,
Sc ( C M H ( 3 , K ) , K = 1 . 7 ) , ( C M H ( 4 , K ) , K = 1 , 7 ) ,
Sc ( C M H ( 5 , K ) , K = 1 , 7 ) , ( C M V ( 1 , K ) , K = 1 , 7 ) ,
Sc ( C M V ( 2 , K ) , K = 1 , 7 ) , ( C M V ( 3 , K ) , K = 1 , 7 ) ,
Sc ( C M S I D E ( K ) , K = 1 , 7 ) , ( C M C E N T ( K ) , K = 1 , 7 )

c
c  Sc , ( I A D M A X ( K ) . K = 1 . 7 ) , ( J A D M A X ( K ) , K = 1 , 7 ) , ( I G R A D M A X ( K ) , K = 1 , 7 ) ,
c  Sc ( J G R A D M A X ( K ) , K = 1 , 7 ) , ( I G X ( K ) , K = 1 , 7 ) , ( J G X ( K ) . K = 1 , 7 ) , ( I G Y ( K ) , K = 1 , 7 ) ,
c  *  ( J G Y ( K ) . K = 1 . 7 ) , ( D C M A X ( K ) , K = 1 , 7 ) . ( J X M A X ( K ) . K = 1 . 7 ) , ( I X M I N ( K ) , K = 1 , 7 )
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c St , ( J X M I N ( K ) , K = l , 7 )

E N D  IF

P R I N T  • , ' T I M B = ’, T I M E
C  • • • • • • •  G O I N G  T O  T H E  N E X T  T I M E  S T E P
C
I F ( T I M E . L T . 5 4 8 2 8 0 .0 D O ) G O  t o  100 
P R I N T  * , ' N T I M E = ’, N T I M  
9 0 0 0  C O N T I N U E  
C L O S E ( l )
C L 0 S E ( 2 )
C L 0 S E ( 3 )
C L 0 3 E ( 4 )
C L O S E ( S )
C L Û S E ( 9 )
C L 0 S E ( 7 )
C L 0 S E ( 8 )
S T O P
E N D

0 = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =
c = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =
c C A L C U L A T I N G  T H E  A V E R A G E  M O I S T U R E  C O N T E N T S  O F  D I F F E R E N T  C U T S  
S U B R O U T I N E  C A L M C C U T ( C M H , C M V , C M S I D E , C M T O P , C M C E N T , C X , D X , D y , N X . N Y )

D O U B L E  P R E C I S I O N  C M H ( 5 , 7 ) , C M V ( 3 , 7 ) , C M S I D E { 7 ) , C M T O P ( 7 ) , C M C E N T ( 7 ) ,
St C X ( 0 : 8 0 . 0 : 8 0 , 7 ) , D X ( 8 0 ) , D Y ( 8 0 ) , A X , A Y , S 1 V , 3 2 V , S 3 V , 3 1 D Y D X , 3 2 D Y D X ,
St 3 3 D Y D X , S H , 3 H D Y D X , 3 C , 3 C D Y D X . 3 S , S S D Y D X

IN TEG ER N X ,N Y ,I,J,K ,N H ,N F,N S 
D O  100 K =  l , 7

S 1 V = 0 . 0 D 0
S 2 V = 0 . 0 D 0
33V=O.ODO
3 3 D Y D X = 0 . 0 D 0
S 2D Y D X = O .O D O
S 1D Y D X = O .O D O

DO  40 1 = 1 , N X  
A X  =  I.ODO
I F ( I . E Q . I . O R . I . E Q . N X ) A X = 0 . 5 D 0

3 3 V = S 3 V + A X - D X ( I ) ’ ( 0 . 5 D 0 - D Y ( i r C X ( I , I , K ) + D Y ( 2 ) * C X ( I , 2 , K )
St + D Y ( 3 ) * C X ( I , 3 , K ) + D Y ( 4 ) / 3 . 0 D 0 * C X ( I . 4 , K ) )

3 3 D Y D X = S 3 D Y D X + A X * D X ( I ) * ( O . i D O * D Y ( l ) + D Y ( 2 ) + D Y ( 3 ) + D Y ( 4 ) / 3 . 0 D O )

D O  10 J = S , 1 2  
3 2 V = S 2 V + A X - D Y ( J ) * D X ( I ) * C X ( I , J , K )
32 DYDX=S2D Y D X + A X * D Y (J rD X (I )
10 C O N T I N U E

S 2 V = S 2 V + A X * 2 . 0 D 0 / 3 . 0 D 0 * D Y ( 4 ) * D X ( I ) * C X ( I , 4 , K )
S 2 D Y D X = 3 2 D Y D X + A X * 2 . 0 D O / 3 . 0 D O ’ D Y ( 4 ) ’ D X ( I )

D O  2 0  J = 1 3 , N Y - 1  
3 1 V = S l V + A X - D Y ( J ) - D X ( i r C X ( I , J . K )

3 1 D Y D X = S 1 D Y D X + A X ’ D Y ( J ) - D X ( I )
20 CONTINUE

S J V = S l V + O . 5 D 0 * A X * D Y ( N Y r D X ( I ) ’ C X ( I , N Y , K )
S 1 D Y D X = S 1 D Y D X + 0 . 5 D 0 - A X - D Y ( N Y ) * D X ( I )

40  C O N T I N U E

C M V ( 1 . K ) = S 1 V / S 1 D Y D X
C M T 0 P ( K ) = C M V ( 1 , K )
C M V ( 2 , K ) = S 2 V / S 2 D Y D X
C M V ( 3 . K ) = S 3 V / S 3 D Y D X

D O  70 N H = 1 , S  
C M H (N H ,K )= O .O D O  

I F ( N H . B Q . 1 ) T H E N  
N S = 1  
N F = 1 6

E N D  IF

I F ( N H . E Q . 2 ) T H E N
N S = 1 8
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N F = 3 1
E N D  IF

£F(N H .Eg.3)TH E N
N S = 3 1
N F = 4 6

E N D  IP

I F ( N H . E Q . 4 ) T H E N
N 3 s s 4 6
N F = 6 1

E N D  IP

I F C N H . E Q .5 ) T H E N  
N S = 6 l  
N F = T 6  

E N D  I F

3 H = 0 . 0 D 0
3 H D Y D X = 0 . 0 D 0

D O  6 0  r = N S , N F  
A X s l . O D G

I F ( I . E Q . N S . O R . I . E Q . N F ) A X = 0 . 5 D 0

D O  5 0  J - \ N Y  
A Y s l . O D O
I F ( J . E Q . l . O R . J . E Q . N Y ) A Y = 0 . 5 D 0

3 H = 3 H  +  A X - A y D Y ( J ) - D X ( I ) - C X ( I . J . K )
3 H D Y D X = : S H D Y D X + A X - A Y - D Y ( J ) - D X ( I )

50  C O N T I N U E  
60 C O N T I N U E  

C M H ( N H . K ) = 3 H / S H D Y D X  
70 C O N T I N U E

3 C = 0  ODO 
3 C D Y D X = O .O D O

3 3 = 0 . ODO 
3 S D Y D X = O .O D O

D O  95  3 = 1 . 1 2  
A Y s l . O D O
I F ( J . E Q . 1 ) A Y = 0 . 5 D 0

D O  8 0  1 = 1 .1 6  
A X s l . O D O
I F ( I . E q . l . O R . I . E Q . 1 6 ) A X = 0 . 5 D 0

3 S = S S + A X - A Y * D Y C J ) * D X ( I ) - C X ( I . J . K )
3 S D Y D X = S S D Y D X  +  A X - A Y - D Y ( J ) - D X ( I )

80  C O N T I N U E

D O  8 5  1 = 6 1 , N X  
A X s l . O D O
I F ( I - E Q . 6 1 . O R . I . E Q . N X ) A X = 0 . 5 D 0

3 S = S S + A X -A Y * D Y (J ) -D X ( i rC X (I . J ,K )
S S D Y D X = S S D Y D X + A X * A V D Y ( J ) * D X ( I )

85  C O N T I N U E

D O  9 0  1 = 1 6 ,6 1  
A X  =  1 . 0 D 0
I F ( I . B Q . 1 6 . O R . I . E Q . 6 1 ) A X = 0 . 5 D 0

3 C = S C + A X - A Y - D Y ( J r D X ( i r C X ( I . J , K )
S C D Y D X = S C D Y D X + A X * A Y » D Y ( J ) - D X ( I )

9 0  C O N T I N U E

9 5  C O N T I N U E  
C M S I D E ( K ) = S S / S S D Y D X  
C M C E N T C K ) = S C / S C D Y D X  
100 C O N T I N U E

R E T U R N
E N D
C -------------------------------------------------------------------------------------
C " " " C A L C U L A T I N G  T H E  C O M P O N E N T S  O F  G R A D I E N T S  O P  M O I S T U R E  C O N T E N T  
S U B R O U T I N E  C A L G R A D X X ( G R A D X X , G R A D X X M A X . A V G R A D X X , I G X , J G X . C X , D X . D Y  

6  . N X , N Y )
D O U B L E  P R E C I S I O N  G R A D X X ( 8 G , 8 0 , 7 ) , C X ( 0 : 8 0 . 0 : 8 0 , 7 ) , D X ( 8 0 ) , D Y ( 8 0 )
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ie  , G M A X , G R A D X X M A X ( 7 ) , A V G R A D X X ( 7 ) , A X , A Y  
I N T E G E R  N X , N Y , I , J , K , J G X ( 7 ) , I G X ( 7 )
D O  50 K = l , 7

G R A D X X M A X ( K ) = O .O D O  
A V G R A D X X (K )= Q .O D O  

D O  50 J = N Y , 1 , - 1  
A Y = 1 . 0 D 0
I F ( J . E Q . l . O R , J , E < 3 . N Y ) A Y = 0 . 5 D 0  

D O  40 1 = 1 , N X - 1  
A X = 1 . 0 D 0
I F ( t . E Q . l ) A X = 0 . 5 D 0

G R A D X X ( I , J , K ) = 2 . 0 D 0 * ( C X ( I - ) . 1 , J , K ) . C X ( I , J , K ) ) / ( D X ( I ) - | - D X ( I + 1 ) )
G M A X = A B S ( G R A D X X ( I , J , K ) )
A V G R A D X X ( K ) = A V G R A D X X ( K H A X - A Y * D X ( I ) * D Y C J ) * G R A D X X ( I , J , K )  

I F ( G M A X . G T . G R A D X X M A X ( K ) ) T H E N  
G R A D X X M A X (  K ) = G M A X  
I G X ( K ) = I  
J G X ( K ) = J  

E N D  IF 
40  C O N T I N U E  

I = N X  
A X = 0 . 5 D 0
G R A D X X ( N X , J , K ) = G R A D X X ( N X - 1 . J , K )
G M A X = A B S ( G R A D X X ( I , J , K ) )

A V G R A D X X ( K ) = A V G R A D X X ( K H A X * A Y * D X ( I ) * D Y ( J r G R A D X X ( I , J , K )  
I F ( G M A X . G T . G R A D X X M A X ( K ) ) T H E N  

G R A D X X M A X ( K ) = G M A X  
I G X ( K ) = I  
J G X ( K ) = J  

E N D  IF  
50 C O N T I N U E  
R E T U R N  
E N D
C -------------------------------------------------------------------------------
S U B R O U T I N E  C A L G R A D Y X ( G R A D Y X , G R A D Y X M A X , A V G R A D Y X , I G Y , J G Y , C X , D X , D Y  

& , N X , N Y )
D O U B L E  P R E C I S I O N  G R A D Y X ( a 0 , 8 0 , 7 ) , C X ( Q : 8 0 . 0 : « 0 , 7 ) , D X ( 8 0 ) , D Y ( 8 0 )

St , G M A X , G R A D Y X M A X ( 7 ) , A V G R A D Y X ( 7 ) , A X , A Y  
I N T E G E R  N X , N Y , I , J , K , J G Y ( 7 ) , I G Y ( 7 )
DO  50 K = l , 7

G R A D Y X M A X ( K ) = O .O D O  
A V G R A D Y X (K )= O .O D O  

DO  50 1 = 1 , N X  
AX  =  1 .0 D 0
I F ( I . E q . l . O R . I . E q . N X ) A X = 0 . 5 D 0  

DO 40  J = N Y - 1 , 1 , - 1  
A Y = 1 . 0 D 0
I F ( J .E < 3 . 1 ) A Y = 0 .5 D 0

G R A D Y X ( I , J , K ) = 2 . 0 D 0 - ( C X ( I , J - H , K ) - C X ( I , J , K ) ) / ( D Y ( J ) - h D Y ( J - H ) )
A V G R A D Y X ( K ) = A V G R A D Y X ( K H A X * A Y ' D X ( I ) ‘ D Y ( J ) * G R A D Y X ( I , J , K )

G M A X = A B S ( G R A D Y X ( I , J , K ) )
I F ( G M A X . G T . G R A D Y X M A X ( K ) ) T H E N  

G R A D Y X M A X ( K ) = G M A X  
I G Y ( K ) = t  
J G Y ( K ) = J  

E N D  IF  
40 C O N T I N U E  

J = N Y  
AY=O.S DO
G R A D Y X ( I , N Y , K ) = G R A D Y X ( I , N Y - 1 , K )
A V G R A D Y X ( K ) = A V G R A D Y X ( K H A X - A Y * D X ( I ) * D Y ( J r G R A D Y X ( I , J , K )

G M A X =A B S(G RA D Y X (I,J,K ))
I F ( G M A X . G T . G R A D Y X M A X ( K ) ) T H E N  

G R A D Y X M A X ( K ) = G M A X  
I G Y ( K ) = I  
J G Y ( K ) = J  

E N D  IF  
50  C O N T I N U E  
R E T U R N  
E N D
C --------------------------------------------------------------------------------------
C ■ • • • • ■ C A L C U L A T I N G  T H E  D E V I A T I O N  P A R A M E T E R S  
S U B R O U T I N E  D E V I A T I O N ( C X , A V X , D X , D Y , N X , N Y , A D , S T D , T A D , T S T D ,

Sc G R A D Y X , G R A D X X , X G R A D . A D M A X , G R A D Y X M A X , G R A D X X M A X , A V G R A D Y X , A V G R A D X X  
Sc , X G R A D A V , X G R A D M A X , C X M I N , C X M A X , I G X , J G X , I G Y , J G Y , I A D M A X , J A D M A X ,
Sc n C M A X , J X M A X , I X M I N , J X M I N . I G R A D M A X , J G R A D M A X )

D O U B L E  P R E C I S I O N  C X ( 0 : 8 0 , 0 : 8 0 , 7 ) , A V X ( 7 ) , D X ( 8 0 ) , D Y ( 8 0 ) , T A D , T S T D  
i t  , A D ( 7 ) , S T D ( 7 ) , G R A D Y X ( 8 0 , 8 0 . 7 ) , A D M A X ( 7 ) , G R A D X X ( 8 0 , 8 0 , 7 )
Sc , X G R A D ( 8 0 , 8 0 , 7 ) , G R A D Y X M A X ( 7 ) , A V G R A D Y X ( 7 ) , A X , A Y , C X M A X ( 7 )
Sc , G R A D X X M A X ( 7 ) , A V G R A D X X ( 7 ) , X G R A D A V ( 7 ) , X G R A D M A X ( 7 ) , C X M I N ( 7 )
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Sc , O D D O , O D D 1 , O D D 2

IN T E G E R  NX,N Y,I,J ,K ,JGy(7), IGY(7),JGX(7), IG X(7),IADM AX(7),
Sc J A D M A X ( 7 ) , I X M A X C 7 ) , J X M A X ( 7 ) , I X M I N ( 7 ) , J X M I N ( 7 ) , I G R A D M A X ( 7 ) ,
Sc J G R A D M A X { 7 )

TA D = O .O D O
TSTD=O.ODO
C A L L  C A L G R A D X X ( G R A D X X , G R A D X X M A X , A V G R A D X X , I G X , J G X , C X , D X , D Y . N X , N Y )  
C A L L  C A L G R A D Y X ( 0 R A D Y X , G R A D Y X M A X , A V G R A D Y X , I G Y , J G Y , C X , D X , D Y , N X , N Y )

D O  2 0 0  K = l , 7

AD (K )=O .O D O
3 T D ( K ) = 0 . Q D 0
XGRADAV(K)=O.ODO
A D M A X (K )= O .O D O
C X M A X ( K ) = 0 . 0 D 0
C X M I N ( K ) = 1 . 5 D 0
X G R A D M A X ( K ) = O . O D O

D O  9 0  1 = 1 , N X  
A X  =  1 .0 D 0
l F ( I . E q . l . O R . I . E q . N X ) A X = Q . 5 D O  
D O  90 J= N Y ,I,-1  

AY =  l .ODO
IF (J .E q . l .O R .J .E Q .N Y )A Y = 0 .5D 0
X G RA D (I,J ,K )=D SqR T C G RA D Y X (I ,J ,K )**2+ G R A D X X (I ,J ,K )"2 )
X G R A D A V ( K ) = X G R A D A V ( K ) + X G R A D ( I , J , K ) * D X ( I ) ’ D Y ( J ) ‘ A X * A Y
D D D 0 = A B 3 ( C X ( I , J , K ) . A V X ( K ) )
D D D l= A B S(C X (I ,J .K )-A V X (K ))*D X (irD Y (J )-A X *A Y
D D D 2 = ( C X ( I , J , K ) - A V X ( K ) ) " 2 * D X ( I ) * D Y ( J ) - A X * A Y

A D ( K ) = A D ( K ) + D D D 1
3 T D ( K ) = S T D ( K ) + D D D 2

I F ( D D D O . G T . A D M A X ( K ) ) T H E N  
A D M A X ( K ) = D D D O  
I A D M A X ( K ) = I  
J A D M A X ( K ) = J  

E N D  IF
I F ( C X ( I , J , K ) . G T . C X M A X ( K ) ) T H E N

C X M A X ( K ) = C X ( I , J , K )
I X M A X ( K ) = I  
J X M A X ( K ) = J  

E N D  IP
IF(C X(I,J ,K).L T.CXM IN(K))THEN

C X M I N ( K ) = C X ( I , J , K )
I X M I N ( K ) = I  
J X M I N ( K ) = J  

E N D  IF

I F ( X G R A D ( I , J , K ) . G T . X G R A D M A X ( K ) ) T H E N  
X G R A D M A X ( K ) = X G  R A D ( I , J , K )
I G R A D M A X ( K ) = I  
J G R A D M A X ( K ) = J  

E N D  IF

9 0  C O N T I N U E

A D ( K ) = A D ( K ) / ( 0 . 0 5 2 5 D O * 0 . : 0 5 D O )
T A D = T A D + A D ( K )
3 T D ( K ) = D S q R T ( S T D ( K ) / ( 0 . 0 5 2 5 D 0 ‘ 0 . 1 0 5 D 0 ) )
T 3 T D = T 3 T D + 3 T D ( K )
X G R A D A V ( K ) = X G R A D A V ( K ) / ( 0 . 0 5 2 S D 0 * 0 . 1 0 5 D 0 )

2 0 0  C O N T I N U E

T A D = T A D / 7 . D 0
T S T D = T 3 T D / 7 . D 0

R E T U R N
END
C --------------------------------------------------------------------------------------

C  " T H I S  S U B R O U T I N E  C A L C U L A T E S  T H E  D I F F E R E N C E  B E T W E E N  T H E  T  A N D  X V A L U E S  
C  *■ A T  L A S T  A N D  C U R R E N T  O U T E R  I T E R A T I O N S  +  S U B S T I T U T E  T H E  T K  A N D  X K 'X  
C " W I T H  T l  A N D  X I  V A L U E S :  X K  Sc T K  V A L U E S  A R E  T H E  L A S T  I T E R A T I O N  V A L U E S

S U B R O U T I N E  C A L S U M ( T 1 , X 1 , T K . X K . S U M T , S U M X , A M A X B R T , A M A X E R X , N X , N Y , K )

D O U B L E  P R E C I S I O N  X 1 ( 0 : 8 0 ,0 : 8 0 ,7 ) ,T 1 ( 0 : « 0 . 0 : 8 0 , 7 ) ,
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Si X K ( 0 : 8 0 , 0 : 8 0 , 7 ) , T K ( 0 : 8 0 , 0 : 8 0 , 7 ) , A M A X E R T , A M A X E R X , S U M X , 3 U M T , E R T , E R X

I N T E G E R  N X , N Y , I , J , K , L 0 C X I , L 0 C X J , L 0 C T I , L 0 C T J

A M A X E R T = O .O D O
A M A X E R X = O .O D O
3 U M X = 0 . 0 D 0
3 U M T = 0 . 0 D 0
ERX=O.O DO
ER T= O.OD O

D O  10 1 = 1 , N X  
D O  10 J = 1 , N Y
E R T = A B 3 ( T 1 ( I , J , K ) - T K ( I , J , K ) )
E R X = A B S ( X 1 ( I , J , K ) - X K ( I , J , K ) )
I F ( E R T . G E . A M A X E R T ) T H E N
L O C T I = I
L O C T J = J
A M A X E R T = E R T
E N D  IF
I F ( E R X . G E . A M A X E R X ) T H E N
L O C X I = I
L O C X J = J
A M A X E R X = E R X
E N D  IF
3 U M X = b U M X + E R X
3 U M T = 3 U M T + E R T
T K ( I , J , K ) = T 1 ( I , J , K )
X K ( I , J , K ) = X 1 ( I , J , K )
C ■* B O U N D I N G  T H E  T l ' 3

I F ( T l ( r , J , K ) . G T . 3 3 7  0 D O ) T l ( I , J , K ) = 3 i 7 . O D O  
I F ( T l ( I , J , K ) . L T . 2 8 5 . 0 D O ) T I ( I , J , K ) = 2 8 5 . O D O  

10 C O N T I N U E  
R E T U R N  
E N D

€ • •  U P D A T I N G  T H E  C O N D I T I O N S  O F  T H E  D R Y I N G  A I R

S U B R O U T I N E  X T A I R U P D A T E N E W 2 ( X H , R O M V , T D I N . T W I N , V T I N , N X , N Y , B Y , B X  
i  , D X , D Y . E P 3 , A M T I N , A M V I N , T H , H H , B Q Y , T I N , T M , B q X , F I I N , X E C J , F I I  
St . N F I F L A G . W I N . I F I F L A G )

D O U B L E  P R E C I S I O N  T D I N , T W I N , V T I N , F U N , P A T M . P V I N
l£ , P S V , C V I N , R O V I N , V T , T M S , V M S , D M , D Q , X O M , T O M , 3 A I , R O S V
Sc , 3 3 , S < 5 , T Q , D V , 3 A M , 3 A M 0 , A M A I R I N , W , D Q M , 3 q M , W I N , R O T I N , T M I N , T M V I N
i t  M R

I N T E G E R  N X , N Y , I , J , K , n l o o p , N F I F L A G ( 8 0 , 7 ) , I F I F L A G

D O U B L E  P R E C I S I O N  XH(0:80,0:80,7),ROM V(80,7),AM VIN(7),AM TIN(7) 
i t  ,BY(80,7,2),BX(80,7),TH (0:80,0:80,7),H H (80,80,3),BOY (80,7,2), 
i t  B qX (80,7),T IN (7),TM (8G ,7),D X (80),D Y (80),EPS(80,aO ),X Eq(80,7) 
i t  ,FII(80,7)

P A T M = 1 0 1 3 2 S .O D O
P V I N = F I I N * P 3 V ( T D I N )
M R = 1 8 .0 1 5 2 8 D 0 / 2 8 . 9 S 4 8 D 0

R O T I N = M R * P A T M * ( 1 . 0 D O + W I N ) ‘ 2 8 .9 « S 4 D O / ( 8 3 1 4 .4 1 D O " T D I N )  
i t  / ( M R + W I N )

C V I N = W I N / ( 1 . 0 D O + W I N )
R O V I N = R O T I N * C V I N
T M I N = R O T I N " V T I N
T M V I N = R O V I N * V T I N
A M A I R I N = T M I N - T M V I N

D O  8 0 , N L O O P = 1 , S  
T M S s O .O D O  
T q = O .O D O

C "  A S S I G N I N G  Z E R O  V A L U E S  T O  N F I F L A G ’S A T  S T A R T  O F  E A C H  I T E R A T I O N  
D O  7 , K = 1 , 7  

D O  7 , I = l , N X
N F I F L A G ( I , K ) = 0  

7 C O N T I N U E
C  S T A R T I N G  C A L C U L A T I O N S  F O R  A  N E W  B O A R D  

D O  7 0 , K = 1 , 7
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C A SS IG N IN G  T H E  I N L E T  V AL UE S F O R  K = l  
I F ( K . E Q . l ) T H E N .

T W I N = T W I N
T I N ( K ) = T D I N
A M V I N ( K ) = T M V I N
A M T I N ( K ) = T M I N
V T = V T I N

EN D  IF

T M S = A M T I N ( K )
V M S = A M V I N ( K )
C S T A R T I N G  U P D A T I N G  F O R  A N E W  I 

D O  3 0  1 = 1 , N X  
DM=O.ODO  
D Q = 0  ODO 
D Q M sO .O D O

C U P D A T I N G  F O R  T H E  L E A D I N G  E D G E  ( 1 = 1 )
I F ( I . E Q . 1 ) T H E N  

D O  10 3 = 1 , N Y  
, X O M = X H ( I ,J ,K )
T O M = T H ( I , J , K )

3 A M = D Y ( J ) - B Y ( J , K , 1 ) ' S A I ( X 0 M , T 0 M ) -  
Sc R O S V ( T O M ) * E P S ( I , J ) - * 2 * ( X O M . X E Q ( I , K ) )

I F ( J . E Q . 1 . 0 R . J . E Q . N Y ) T H E N
D M = D M + O . S D O * S A M
D q M = D Q M + O . S D O * S A M * H H ( I , J , l )

D q = D q + 0 .5 D 0 * B q Y (J ,K , l )* (T 0 M .T M (I ,K ) )* D Y (J )
Sc +0.SD0*SAM*HH(I,J,1)

ELSE
D M = D M + 3 A M
DqM=DqM+SAM*HH(I ,J,l )

D q = D q + B q Y (J ,K , l )* (T O M .T M (I ,K ))* D Y (J )+ S A M - H H ( I , J , l )

E N D  IF 
10 C O N T I N U E  

E N D  IF

C ’ R E S E T  D M  Sc D q T O  Z E R O  A F T E R  U S IN G  F O R  1 = 1 6  R E U S E  T H E M  F O R  1;I 
I F ( I . N E . 1 ) T H E N  

D M = 0 . 0 0 0  
D q = 0 . 0 D 0  
D qM sO .O D O  

E N D  IF

c  F O R  J = N Y  O N  H O R I Z O N T A L  W A L L  
. X O M = X H ( I ,N Y ,K )
T O M = T H ( I ,N Y ,K )

3 A M O = D X ( I ) * B X ( I , K ) * S A I ( X O M , T O M ) * R O S V ( T O M ) - E P S ( I , N Y ) — 2 -  
Sc ( X O M - X E q ( I , K ) )

3 S = 0 .5 D O " S A M 0
3 q = 0 . 5 D O ’ S A M O * H H ( r ,N Y , l ) + 0 . 5 D O - B q X ( I , K ) ’ ( T O M - T M ( I ,K ) ) ’ D X(I)
3 q . M = 0 . i D 0 * S A M 0 * H H ( I , N Y , l )

I P ( I .N E .1 ) T H E N
DM=SS
o q = s q  
D q M = sq M  

END IF

C F O R  I=N ON V E R T I C A L E  W A L L  A T  T H E  B O A R D ’S B A C K  
IF(I .Eq.NX)THEN 

D O  20 J=1,NY 
XOM=XH(I,J,K)
T O M = T H ( I , J , K )

S A M = D Y ( J ) * B Y ( J , K , 2 ) * S A I ( X 0 M , T 0 M )
Sc •R O S V (T O M )* E P S (I ,J )* * 2 * (X O M -X E q (I ,K ))

I F ( J . E q . l . O R . J . E q . N Y ) T H E N

D M = D M + O .S D O " S A M
D q M = D q M + O . S D O * S A M * H H ( I , J , l )



APPENDIX B. COMPUTER PROGRAM FOR TWO-DIMENSIONAL DRYING20S

D Q = D q + 0 . 5 D 0 - B Q Y ( J , K , 2 ) ’ ( T 0 M - T M ( I ,K ) ) * D Y ( J )  
i  +O.SDO*SAM’ H H ( I , J ,1 )

EL SE

D M = D M + S A M
D q M = D q M + S A M * H H ( ! , J , l )
D q = D q + B q Y ( J , K , 2 ) - ( T 0 M - T M ( I , K ) ) - D Y ( J ) + S A M * H H ( I , J , I )  

EN D  IF 

20 C O N T I N U E  

E N D  IF

T M S = T M S + D M  
VMS =  V M S + D M  

T q = T q + D q
D V = D M / R O S V ( T M ( I , K ) )
V T = V T + D V
R O M V ( I , K ) = V M S / V T

T M ( I , K ) = T I N ( I ) + T q / ( T M S * 1 0 0 8 . 0 D O )
W = ( T M S - A M A I R I N ) / A M A I R I N
F I I ( I , K ) = W P A T M / P S V ( T M ( I . K ) ) / ( iV IR + W )
C T H I S  IS F O R  T H E  C A S E  F l l i l  
I F ( F I I ( I , K ) . G T . 1 . 0 D 0 ) T H E N  

I F I F L A G = I  
N F I F L A G ( I , K ) = 1  
T M S = T M S - D M  
V M S = V M S - D M  
V T = V T - D V  
R O M V ( I , K ) = V M S / V T  
W = ( T M S - A M A I R I N ) / A M A I R I N
T q = T q -D q M
T M ( I . K ) = T I N ( l ) + T q / ( « m » * 1 0 0 8 . 0 D 0 )
F I I ( I , K ) = W P A T M / P S V ( T M ( I . K ) ) / ( M R + W )
I F { F I I ( I , K ) . G T . 1 . 0 D 0 ) T H E N

F I I ( I , K ) = 1 . 0 D 0
C A L L  C A L X E q ( X E q , T M , F I I , N X )

EN D  IF  
EN D  IF
C F O R  T H E  B A C K  V E R T I C A L  W ALL 

IF ( I .N E .N X ) T H E N
IF ( I F I F L A G .N E .1 ) T H E N  

T M S = T M S + S S  
V M S = V M S + D V  
T q = T q + s q  

EL SE 
T q = T Q + s q . s q M  

EN D  IF 
EN D  IF

I F ( K . L E . 8 . A N D . I . E q .N X ) T H E N  
A M V IN (K  +  1 )= V M S  
A M T I N ( K + 1 ) = T M S  
T I N ( K  +  1 ) = T M ( I , K )
TM (l,K+l)=TM (I,K)

E N D  IF

c" ” ” * * * “ ’g o in g  for  n e x t  I’
30  C O N T I N U E

c * * ” “ * " 'g o in g  for  n e x t  K'
70 C O N T I N U E  

C A L L  C A L X E q ( X E q , T M , F I I , N X )
. . . . . .  p  g g  h r  n e x t  I T E R A T I O N  L O O P ’

80  C O N T I N U E

R E T U R N
EN D
C -------------------------------------------------------------------------------
S U B R O U T I N E  C A L X G R A D X T ( G X T ,G X X , T .C X , N X , N Y , K )  
D O U B L E  P R E C I S I O N  G X T (8 0 ,8 0 ) ,G X X (8 0 ,8 0 ) ,T (0 :8 0 ,0 :8 0 ,7 )  

t c  ,CX(0;80 ,0 :80 ,7 )
I N T E G E R  N X ,N Y ,I , J ,K  
DO SO J = 1 , N Y  
DO 40 1= 1 ,NX-1 

G X X ( I , J ) = C X ( I + 1 , J . K ) . C X ( I , J , K )  
G X T ( I , J ) = T ( I - H , J , K ) - T ( I , J , K )

40  C O N T I N U E



APPENDIX B. COMPUTER PROGRAM FOR TWO-DIMENSIONAL DRYING209

G X X ( N X , J ) = G X X ( N X - 1 , J )  
G X T ( N X , J ) = G X T ( N X . l , J )  

50  C O N T I N U E  
R E T U R N  
E N D  
C -
3 U B R 0 Ü T I N E  C A L Y G R A D X T ( G Y T , G Y X . T , C X , N X . N Y , K )
C I M P L I C I T  D O U B L E  P R E C I S I O N  ( A - H , 0 - Z )
D O U B L E  P R E C I S I O N  G Y T ( 8 0 , 8 0 ) , G Y X ( 8 0 , 8 0 ) , T ( 0 : 8 0 , 0 : 8 0 ,7 )  

i  ,C X ( 0 : 8 0 ,0 : 8 0 ,7 )
I N T E G E R  N X , N Y , I , J , K  
D O  50 1 = 1 , N X  
D O  40 J = l , N Y - l  

G Y X ( I , J ) = C X ( I , J  +  l , K ) - C X ( I , J , K )  
G Y T ( I , J ) = T ( I , J + 1 , K ) - T ( I , J , K )

40 C O N T I N U E  
G Y X ( I , N Y ) = G Y X ( I , N Y - 1 )
G Y T ( I , N Y ) = G Y T ( I , N Y - 1 )

50 C O N T I N U E
R E T U R N
E N D

C C A L C U L A T I N G  T H E  E Q U I L I B R I U M  M O I S T U R E  C O N T E N T  O F  AIR "  
S U B R O U T I N E  C A L X E Q ( X E Q , T M , F I I , N X )

D O U B L E  P R E C I S I O N  X E Q ( 8 0 , 7 ) , F I I ( 8 0 , 7 ) , T M ( 8 0 , 7 )
Se , A K 1 , A K J , W , A K K , T T

I N T E G E R  N X ,I , K  
D O  50 K = l , 7  
D O  50 1 = 1 , N X  
T T = T M ( I , K )
A K l = . 4 5 . a 9 8 7 5 1 3 3 D 0 + 0 . 3 2 1 S 5 5 4 l 6 D 0 " T T - 5 . 0 1 2 2 8 D - 4 * T T " " 2
A K 2 = - 0 . 1 7 2 1 9 4 7 2 6 D 0 + 4 . 7 3 1 7 4 7 D - 3 " T T - 5 . 5 5 3 3 « D . « " T T " " 2
V V = 1 4 1 B .5 0 1 9 0 2 D 0 - 9 . 4 3 0 2 2 6 6 4 D 0 " T T + 0 . 0 1 8 S 3 2 8 D 0 " T T ’ "2
A K K = A K 2 " F I I ( I , K )
x e q ( I , k ) = i 8 . o d o / w " ( a k i " a k k / ( i .o d o + a k i " a k k ) + a k k / ( i .o d o - a k k ))
50  C O N T I N U E
R E T U R N
E N D

C ----------------------------------------------------------------------------------
C C A L C U L A T I N G  T H E  I N T E R N A L  E N E R G Y  O F  P H A S E S  
C V = 1  V A P O U R  B = 2  B O U N D  F = 3  F R E E  3 = 4  S O L I D  
S U B R O U T I N E  U H C A L ( U , H 1 , D U , D H , T , K , N X , N Y )

D O U B L E  P R E C I S I O N  A 1 , A 2 , A 3 , C 1 , C 2 , C 3 , C 4 , C 5 , D 1 , D 2 , D 3 , D 4 , D 5 , E 1 , E 2 ,  
Se E 3 , F I , F 2 , F 3 , F 4 , F 5 , G I , G 2 , G 3 , G 4 , P 1 , P 2 , P 3 , P 4 , P 5 , Q 1 , Q 2 , Q 3 , Q 4 , T P

D O U B L E  P R E C I S I O N  U ( 8 0 , 8 0 , 4 ) , H U 8 0 , 8 0 , 3 ) , D U ( 8 0 , 8 0 , 4 ) , D H ( 8 0 , 8 0 , 3 )
Se ,T ( 0 : 8 0 , 0 : 8 0 , 7 )

I N T E G E R  N X , N Y , I , J , K

A 1 = - 8 .9 9 1 9 4 8 1 9 0 7 1 S 8 1 7 D - 0 1  
A 2 = 1 . 9 0 8 4 9 5 : 9 2 0 « 8 8 0 9 D + 0 3  
A 3 = l . 9 2 0 4 1 6 9 5 8 3 5 8 8 0 3 0 + 0 6

C l = 3 . 9 1 l 2 9 2 7 4 5 0 8 6 2 7 9 D - 0 5  
C 2 = - 4 . 8 0 3 1 7 7 7 0 4 1 7 2 5  7 9 D - 0 2  
C 3 = 2 . 2 0 6 9 7 2 4 4 9 2 7 7 9 0 8 D + 0 1  
C 4 = . 3 . 1 4 0 8 1 4 8 6 7 3 7 9 4 2 8 D + 0 2  
C S = - 7 . 9 9 5 1 7 1 3 4 3 3 6 8 9 8 9 D + 0 5

D 1 = 4 . 0 4 1 0 3 5 1 2 7 3 8 2 8 1 8 D - 0 5
D 2 = - 4 . 9 5 5 3 5 7 7 1 8 0 1 9 4 5 0 D - 0 2
D 3 = 2 . 2 7 4 3 9 9 4 2 1 2 3 4 9 9 0 D + 0 1
D 4 = - 4 . 4 7 6 2 0 6 4 7 8 3 S 4 7 4 1 D + 0 2
D 5 = - 7 . 8 9 5 5 8 4 6 8 6 9 7 1 1 8 8 D + 0 5

E 1 = - 1 . 2 3 6 0 5 7 7 2 4 9 1 7 0 1 5 D + 0 0  
E 2 = 2 . 5 6 3 S 2 4 6 7 7 2 1 3 2 9 9 D + 0 3  
B3 =  l . 8 9 1 8 7 9 2 5 5 4 8 9 7 5 1 0 + 0 6

F I  = 3 . 9 6 6 2 5 3 7 2 9 5 8 9 2 4 2 0 - 0 7  
F 2 = - 3 . 8 0 1 2 6 8 4 7 0 6 1 8 2 7 4 D - 0 4  
F 3 = 1 . 2 7 1 7 7 2 1 1 7 5 3 7 2 7 5 0 - 0 1  
F 4 = - 1 . 8 5 9 4 5 S 5 2 9 2 1 9 9 9 3 D + 0 1  
F 5 = 4 . 7 6 6 2 1 4 7 8 7 6 6 5 2 8 8 D + 0 3
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G1 = S .3 3 i 0 5 3 4 8 8 1 S 4 6 1 4 O - 0 5  
G 2 = - 3 . 7 2 1 7 3 5 5 8 9 2 1 0 4 0 0 D . 0 2  
G 3 = 8 . 3 6 8 1 8 8 4 1 1 0 2 7 0 4 5 D + 0 0  
G4 =  1 . 1 0 7 3 7 3 7 8 1 1 8 0 5 7 9 D + 0 3

P l = - 2 . 3 7 8 4 0 1 9 8 0 8 1 1 9 6 7 D - 0 6  
P 2 = 3 . 4 1 4 1 8 3 5 7 0 : 2 4 9 2 2 0 - 0 3  
P 3 = - l . 8 3 4 5 2 7 5 5 5 1 7 3 3 4 1 0 + 0 0  
P 4 = 4 . 3 1 8 8 4 3 0 5 8 1 3 4 9 0 5 0 + 0 2  
P 5 = - 3 . 3 2 0 1 8 8 5 7 2 8 2 1 3 4 8 0 + 0 4

q  1 = 2 . 3 1 7 9 3 7 6 8 8 9 4  7 5 1 3 0 - 0 5  
q 2 = - 1 .3 7 8 0 6 2 0 1 5 8 6 8 4 2 8  0 - 0 2  
q 3 = 2 . 8 1 3 8 8 9 9 0 0 4 3 1 8 5 5 D + 0 0  
0 4  =  1 . 1 9 0 4 8 9 4 4 7 1 0 7 5 3 1 0 +  03

D O  10 1 = 1 , N X  
D O  10 3 = 1 , N Y  
T P = T ( I , J , K )
a ( I , J , 3 ) = C l * T P * * 4 + C 2 * T P * * 3 + C 3 * T P * * 2 + C 4 * T P + C 5
U ( I , J , 1 ) = A 1 ' T P * * 2 + A 2 ’ T P  +  A3
U( I, J , 4 ) = 1 2 3 0 1 0 . 0 0 0 - 2 1 2 . 0 5 D 0 * T P + 2 . 4 2 5 D 0 * T P ’ *2
H l ( r , J , 3 ) = 0 1 * T P " 4 + D 2 * T P ’ * 3 + 0 3 ’ T P " 2  +  D 4 ’ T P  +  D 5
H 1 ( I , J , 1 ) = B 1 * T P ’ * 2 + E 2 ‘ T P  +  E3
H 1 ( I , 3 , 2 ) = H 1 ( I , J , 3 )
D H ( I , 3 , 3 ) = F f T P - * 4 + F 2 ‘ T P * * 3 + F 3 * T P " 2 + F 4 * T P  +  F5  
D H ( I , J , 1 ) = G 1 * T P " 3 + G 2 * T P * * 2 + G 3 " T P + G 4  
D U ( I , J , 3 ) = P 1 ‘ T P * * 4 + P 2 * T P * * 3 + P 3 * T P ‘ *2 +  P 4 ’ T P  +  P5  
D U ( r , J , i ) = q i * T P " 3 + q 2 ’ T P " 2 + q 3 * T P + q 4  
D U (  1,3 ,4 ) = 1 1 1 2 . 0 0 + 4 . 8 5 D 0 * ( T P - 2 7 3 . 15 0  0 )
10 C O N T I N U E
R E T U R N
E N D
C -------------------------------------------------------------------------
C • *  C A L C U L A T I N G  T H E  D E N S I T Y  O F  M O I S T U R E  IN E A C H  P H A S E
C * “ A N D  D R Y  W O O D  H E A T  C O N O U C T I V I T Y +  C H A R A C T E R I S T I C S  O F  B O U N D  W A T E R *  
C V =  1 V A P O U R  8 = 2  B O U N D  F = 3  F R E E

SUBROUTINE aoEPC AL(RO,EPS,EPSD,CX,T,K ,NX,Ny,ROS,AM BDA.XM AX 
i  ,U,H,OU,DH)

D O U B L E  P R E C I S I O N  X O , C T , X F , X F S P , R O S , R O T W , R O B S F , R F , E P S D , U O , H D ,  
l i  D U D , D H D , X M A X , R O W , R O S Y , S A I

D O U B L E  P R E C I S I O N  R O ( 8 0 , 8 0 , 4 ) , E P S ( 8 0 , 8 0 ) , C X ( 0 : 8 0 , 0 : 8 0 , 7 ) ,
& T ( 0 : 8 0 , 0 : 8 0 , 7 ) , A M B D A ( 8 0 , 8 0 ) , U ( 8 0 , 8 0 , 4 ) , H ( 8 0 , 8 0 , 3 ) , D U ( 8 0 , 8 0 , 4 )
St , D H ( 8 0 , 8 0 , 3 )

I N T E G E R  N X , N Y , I , 3 , K , N P  
e p s d = i - r o s / 1 5 oo .od o

D O  10 1 = 1 , N X  
D O  10 3 =  1 ,N Y  

R O ( I , 3 , 4 ) = R O S  
X 0 = C X ( I , 3 , K )
C T = T ( I , 3 , K )
X F = X F S P ( C T )
R O T W = C X ( I , 3 , K ) * R O S

I F ( X 0 . G T . X F ) T H E N
R O ( I , 3 , 2 ) = X F - R O S
R O ( I , 3 , 3 ) = R O T W - R O ( I , 3 , 2 )
E L S E
R O ( I , 3 , 3 ) = 0 . 0  
R O ( I , 3 , 2 ) = C X ( I , 3 , K ) * R O S  
E N D  IF

E P S ( I , 3 ) = E P S D - R O ( I , 3 , 3 ) / R O W ( C T )
R O ( I , 3 , 1 ) = R O S V ( C T ) * S A I ( X O , C T ) * E P S ( 1 , 3 )

t F ( X O . G T . X F ) R O ( I , 3 , 3 ) = R O T W - R O ( I , 3 , 2 ) - R O ( I , 3 , l )
E P S ( I , 3 ) = E P S D - R O ( I , 3 , 3 ) / R O W ( C T )

R O ( I , 3 , 1 ) = R O S V ( C T ) * S A I ( X O , C T ) * E P S ( I , 3 )
I F ( X O . G T . X F ) R O ( I , 3 , 3 ) = R O T W - R O (  1 ,3 ,2 ) - R 0 (  1 ,3 ,1 )

I F ( X 0 . L E . X F ) T H E N
R O (I ,3 ,3 )= O .O D O
R O ( I , 3 , 2 ) = R O T W - R O ( I , 3 , 1 )
E N D  IF

R O B S F = X F * R O S



APPENDIX B. COMPUTER PROGRAM FOR TWO-DIMENSIONAL DRYING211

R F = R O ( I , J , 2 ) / R O B S F
U D = U ( I , J , 1 ) - D ( I , J , 3 )
H D = H ( I , J , 1 ) - H ( I , J , 3 )
U (I,J ,2 )= U (r,J ,3 )-0 .4D 0-U D *(:.0D 0-R F + R F *R F /3 .0D 0)
H ( I , J ,2 ) = H ( I . J ,3 ) - O . 4 D O ’ H D * ( l . O D 0 - R F + R F - R F / 3 . O D 0 )

D U D = D U ( I , J , 1 ) - D U ( I , J , 3 )
D H D = D H ( I , J , 1 ) - D H ( I , J , 3 )
D U { I , J , 2 ) = D U ( I , J , 3 ) - 0 . 4 D O * D U D - ( I . O D O - R F + R F ’ R F /3 . 0 D O )
D H ( I . J , 2 ) = D H ( I , J , 3 ) - 0 . 4 D 0 * D H D - ( 1 . 0 D 0 - R F + R F * R F / 3 . 0 D 0 )

A M B D A (I ,J ) = O .O D O  
D O  5 N P  =  1,3
A M B D A ( I , J ) = A M B D A ( I , J ) + R O ( I , J , N P )
5 C O N T I N U E

A M B D A ( I , J ) = R O S / 1 0 0 0 . 0 D O " ( 0 . 4 D O + 0 . 5 D O * A M B D A ( I , J ) / R O S ) + 0 . 0 2 4 D O

10 C O N T I N U E
x m a x = e p s d * io o o . d o / r o 3

R E T U R N  
E N D
c  —  d  —■
C  e v a l u a t i n g  t h e  V T ’S & V X 'S  C O E F F I C I E N T S  AT T H E  N O D E S  —
C V = I  V A P O U R  B = 2  B O U N D  F = 3  F R E E  3 = 4  3 0 LID

S U B R O U T I N E  V T X C A L ( V X . V T , R 0 N , T , C X , N X , N Y , K , 3 M I N , X M A X , A L F A , D M U ,  
Sc 3 K L , E P S , R 0 3 )

D O U B L E  P R E C I S I O N  C M O , C T 1 , X F 1 , X F S P , R O S , A 3 , D E X , 3 A I ,
Sc X M A X , 3 M I N , A L F A , D M U , 3 K L , P I . E E , R E L T , V , P S V , D D . D P 3 V . D T S A I  
Sc , D X S A I , P L , P V , C L T , D B M , 3 B T , 3 , 3 3 S , A K L , F X , R N U L

D O U B L E  P R E C I S I O N  V X ( 8 0 . 8 Q , 3 ) , V T ( 8 0 , 8 0 , 3 ) , T ( 0 : 8 0 , 0 ; W , 7 )
Sc , C X ( 0 : 8 0 , 0 : 8 0 , 7 ) , E P S ( 8 0 , 8 0 ) , R O N ( 8 0 , 8 0 , 4 )

I N T E G E R  N X , N Y , I , J , K

P I = 4 . 0 D O * D A T A N ( 1 . 0 D O )
E E = D E X P ( 1 . 0 D 0 )

D O  10 1 = 1 , N X  
D O  10 1 = 1 , N Y  

C M O = C X ( I , J , K )
C T 1 = T { I , J , K )
R E L T = T ( I , J , K ) / 2 7 3 . 1 S D 0  
XF 1  =  X F S P ( C T 1 )

V = . 1 . 2 1 4 8 D - 4 ’ 1 8 . D 0 * A L F A / 8 3 1 4 . 4 1 D O * E P S ( I , J ) * ( C T l " " O . 7 5 D 0 )
Sc / 1 0 1 3 2 S . D 0

A S = 1 6 . 3 7 3 7 D 0 - 2 8 1 8 . 8 D 0 / C T l - 1 . 8 9 0 8 D 0 * D L O G 1 0 ( C T l )
Sc - 5 . 7 S 4 6 D - 3 ’ C T 1 + 4 . 0 0 7 D - 8 " C T 1 * * 2

P S V = 1 0 2 1 4 2 . 8 2 1 D O / 7 6 0 .0 D O * I O . O D O * * A S

D D = 2 8 1 8 . 6 D 0 / C T l ‘ * 2 - 1 . 6 9 0 8 D 0 * D L O G 1 0 ( E E ) / C T l  
Sc - S . 7 5 4 8 D - 3 + 4 . 0 0 7 D - 6 * C T l ’ 2 . 0 D 0

D P S V = P S V * D L O G ( 1 0 . 0 D 0 ) * D D
V T ( I , J , 1 ) = V * ( D T S A I ( C M 0 , C T 1 ) * P S V + D P S V * S A I ( C M 0 , C T 1 ) )
V X ( I , J , 1 ) = V D X S A I ( C M 0 , C T 1 ) * P S V
D E X = 4 0 . 0 D 0 * ( R O N ( I , J , 2 ) / R O S - X F l ) - 8 5 0 0 . 0 D 0 / C T l
P L = P V ( C M 0 , C T 1 ) / 1 0 1 3 2 5 . 0 D 0
C L T = C T 1 / 2 9 8 . 1 5 D 0
D B M = D E X P ( D E X )
3 B T = - 1 . 0 D O * { 1 8 7 . D O + 3 5 . I D O * D L O G ( C L T ) - 8 . 3 1 4 D O * D L O G ( P L ) )

V T ( I , J , 2 ) = - 1 0 0 O . D O / 1 8 . O D 0 * D M U * D B M * ( S B T + 8 . 3 1 4 D 0 * C T l / P V ( C M 0 , C T l )
Sc - ( D T S A I ( C M 0 , C T 1 ) * P S V + D P S V * S A I ( C M 0 , C T 1 ) ) )

v x ( i , j , 2 ) = - io o o . d o / i 8 . o d o * d m u * d b m ’ 8 . 3 1 4 D o* c t i / p v ( c m o ,c t i )
Sc • D X S A I ( C M 0 , C T 1 ) * P S V

V T (I ,J ,3 )= O .O D O

I F ( C M 0 . L E . X F 1 ) T H E N  
V X (I ,J ,3 )= O .O D O  
G O  T O  8
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E N D  IP

3 = ( C M 0 - X F 1 ) / ( X M A X - X F 1 )
3 S S = ( S - S M I N ) / ( 1 . 0 D 0 - S M I N ) * P I / 2 . 0 D 0
A K L = 1 . 0 D 0 - D C O S ( S S S )
F X = A K L / ( R N U L ( C T 1 ) * S ” 0 . 6 1 D O * (C M O - X F 1 ) )

V X ( I , J , 3 ) = - 8 1 0 0 . D O * S K L “ F X

I F ( 3 . L E . S M I N . A N D . C M 0 . G E . X F I ) T H E N  
V X (I ,J ,3 )= O .O D O  
E N D  IF

8 C O N T I N U E

10 C O N T I N U E
R E T U R N
E N D
C ------------------------------------------------------------------------------------------
C E V A L U A T I N G  T H E  3 A T U R A T I 0 N  P R E S S U R E  O F  W A T E R  
D O U B L E  P R E C I S I O N  F U N C T I O N  P S V ( T )
D O U B L E  P R E C I S I O N  T

P S V  =  lO 2 1 8 2 ,6 2 1 D O /7 6 O .0 D O * l O .Q D O * * ( i a .3 7 3 7 D O - 2 8 I 8 .6 D O / T  
i  - 1 . 8 9 0 8 D O * D L O G 1 0 ( T ) . 5 . 7 5 4 8 D - 3 * T + 4 . 0 0 7 D - « * T " 2 )

R E T U R N
E N D
C ----------------------------------------------------------
S U B R O U T I N E  G R I D Y ( Y Y , D Y , R Y , N Y )

D O U B L E  P R E C I S I O N  Y Y ( 8 0 ) , R Y ( 8 0 ) , D Y ( 8 0 )
D O U B L E  P R E C I S I O N  S R 1 , Y S 1 , 3 , 3 T  
I N T E G E R  N Y , I , J , N S I  
Y Y ( 1 ) = 0 . 0 D 0  
N 3 1 = 4 0
3 R 1 = 0 . 9 2 9 0 9 D O
Y 3 1 = 0 . 0 5 2 S D 0

3 = 1 . ODO 
3 T = 0 . 5 D 0

D O  10 I = l , N S l - 2  
3 = S - S R 1  
3 T = 3 T + S  

10 C O N T I N U E  
3 =  3 ' S R l  
3 T = S T + 0 . 5 D 0 ‘ S 
D Y ( l ) = Y S l / S T

D O  3 0  1 = 2 , N S l
D Y ( I ) = D Y ( I - 1 ) * S R 1  

30  C O N T I N U E  
N Y  =  N S :

D O  120  1 = 1 , N Y
I F ( I . E Q . I ) 0 0  T O  114
y y ( i ) = y y ( i- i ) + o . 5 D o* ( d y ( I ) + d y ( M ) )

114 I F ( I . E Q . N Y ) G O  T O  120 
R Y ( I ) = D Y ( 0 / ( D Y ( I ) + D Y ( I + 1 ) )

120  C O N T I N U E
R E T U R N
E N D

C —  G R I D  G E N E R A T I O N  F O R  B O A R D S  N O .  1 -----------------------------------

S U B R O U T I N E  G R I D X 1 ( X X , D X , R X , N X )

D O U B L E  P R E C I S I O N  X X ( 8 0 ) , R X ( 8 0 ) , D X ( 8 0 )
D O U B L E  P R E C I S I O N  X S 1 , X S 2 , X S 3 , X S 4 , X 3 5 , S R 1 , S R 2 , S R 3 , 3 R 4 , S R S , S , S T
I N T E G E R  N X , I , N S 1 , N S 2 , N S 3 , N S 4 , N S 8 , N T
X X ( 1 ) = 0 . 0 D 0
N S 1  =  17
3 R 1  =  1 .0 S D 0
X S 1 = 0 . 0 1 0 D 0
3 = 1 . ODO
3 T = 0 . 5 D 0
D O  10 I = 1 , N S 1 - 1
3 = S - S R l
3 T = S T + S
10 C O N T I N U E
D X ( 1 ) = X S 1 / S T
D O  3 0  1 = 2 , N S l
D X C I ) = D X ( I - 1 ) * S R 1
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30  C O N T I N U E
N S 2 = 1 7
X S 2 = G . 0 2 0 0 0
3 R 2 = l . O D O / 1 . 0 5 D O
3 = 1 . 0 0 0
3 T = 1 . 0 D O
D O  5 0  I = 1 , N S 2 . 1
S = S * S R 2
3 T = S T + 3
50 C O N T I N U E
D X ( N S 1 + 1 ) = ( X S 2 . X S 1 ) / S T
D O  6 0  1 = 2 , N S 2
D X ( I + N S 1 ) = D X ( I + N S 1 . I ) " S R 2
60  C O N T I N U E
N S 3 = 2 6
X S 3 = 0 . 0 6 5 D 0
3 R 3 = I . 1 D 0
3 = 1 . 0 0 0
S T = I .O D O
D O  70  I = 1 , N S 3 - 1
5 = S - S R 3
3 T = S T + S
70 C O N T I N U E
D X ( N S 2 + N S 1  +  1 ) = ( X S 3 . X S 2 ) / S T  
D O  SO 1 = 2 , N S 3
D X ( I + N S l + N S 2 ) = O X ( I + N S l  +  N S 2 . l ) * S R 3
80  C O N T I N U E
N S 4 = 6
X S 4 = O .0 9 0 D 0
3 R 4 = 1 . 0 D 0 / 1 . 1 D 0
3 = 1 . 0 0 0
S T = 1 . 0 D O
D O  8 5  I = 1 , N S 4 . 1
S = S - S R 4
S T = S T + S
85 C O N T I N U E
N T  =  N S 1 + N S 2 + N S 3
D X ( N T + 1 ) = ( X S 4 . X S 3 ) / S T
D O  9 0  1 = 2 , N S 4
D X ( I + N T ) = D X ( I + N T . 1 ) - S R 4
90  C O N T I N U E
N S 5 = 1 0
X S 5 = 0 , 1 0 3 5 D 0
3 R 5 = 1 . 0 D 0 / 1 . 2 D 0
3 = 1 . 0 0 0
S T = 1 . 0 D O
N T = N S 1  +  N S 2 + N S 3 + N S 4
D O  100 I = I , N S 5 - 2
S = S - S R 5
3 T = S T + S
100 C O N T I N U E
S = S * S R 5
S T = S T + 0 . 5 D O * S

D X ( N T + 1 ) = ( X S 5 . X S 4 ) / S T  
D O  110 1 = 2 , N S 5  
D X ( I + N T ) = D X ( I + N T . 1 ) - S R 5  
n o  C O N T I N U E  
N X = N T + N S 5

C  T H I S  IS A S E C T I O N  T O  M A K E  E Q U A L  D X ’S 
c  N X = 7 8  
D O  111 1 = 1 , N X  
D X ( I ) = 0 . 1 0 3 5 D O / ( N X . l )
111 C O N T I N U E

D O  120 I = 1 , N X
I F ( I . E Q . l ) G O  T O  114
X X ( I ) = X X ( M H 0 . 5 D 0 - ( D X ( I ) + D X ( M ) )
114 I F ( I . E Q . N X ) G O  T O  120  
R X ( I ) = D X ( I ) / ( D X ( I ) + D X ( I + 1 ) )
120 C O N T I N U E

R E T U R N
E N D
C — . - R I D  G E N E R A T I O N  F O R  B O A R D S  N O .  2 . 7 -------------------------
S U B R O U T I N E  G R I D X 2 ( X X , D X , R X , N X )

D O U B L E  P R E C I S I O N  X X ( 8 0 ) . R X ( 8 0 ) , D X ( 8 0 )
D O U B L E  P R E C I S I O N  X S 1 , X S 2 , X S 3 , X S 4 , S R I , S R 2 , S R 3 , S R 4 , S , S T  
I N T E G E R  N X , I , N S 1 , N S 2 , N S 3 , N S 4 , N T
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XX(l)=O.ODO
N S 1 = 1 9
S R l s l . l D O
XS1=0.025DO
S = 1 . 0 D 0
S T s O .S D O
D O  10  I s l . N S l - l
3 = S * S R a
S T = S T + S
10 C O N T I N U E
D X ( l ) = X S l / S T
D O  3 0  1 = 2 , N S l
D X ( I ) = D X ( M ) * S R 1
3 0  C O N T I N U E
N S 2 = 7
X S 2 = 0 . 0 6 G D O
3 R 2 = l . 2 D 0
3 =  1 .0 0 0
S T s l . O D O
D O  5 0  r = l , N S 2 - l
3 = 3 " S R 2
3 T = S T + S
50 C O N T I N U E
D X ( N S :  +  1 ) = ( X S 2 . X S 1 ) / S T
D O  6 0  1 = 2 , N S 2
D X (I+ N Sl)= D X (I+ N S l. i r3R 2
60  C O N T I N U E
N S 3 = 7
X33=0.095DO
3 R 3 = 1 . 0 D 0 / 1 . 2 D 0
3 =  1.ODO
3 T = 1 . 0 D O
D O  70 r = l . N S 3 - l
3 = 3 " S R 3
S T = S T + S
70 C O N T I N U E
D X ( N S 2  +  N S 1 + 1 ) = ( X S 3 . X S 2 ) / 3 T  
D O  8 0  1 = 2 , N S 3
D X ( I + N S l  +  N S 2 ) = D X ( I + N S l + N S 2 . i r S R 3
8 0  C O N T I N U E
N S 4 = 7
X S 4 = 0 . 1 0 3 3 D O
3 R 4 = 0 . 8 4 D 0
3 =  1 . 0 0 0
3 T = 1 . 0 D 0
N T = N S l - f N S 2 + N S 3
D O  9 0  I = 1 , N S 4 . 2
3 = 3 " S R 4
S T = S T + S
9 0  C O N T I N U E
3 = 3 " S R 4
S T = S T + 0 . 5 D 0 " S

D X ( N T + 1 ) = ( X S 4 - X S 3 ) / S T  
D O  10 0 1 = 2 , N S 4  
D X ( I + N T ) = D X ( I + N T . 1 ) * S R 4  
100 C O N T I N U E  
N X = N T + N S 4

C  T H I S  IS A  S E C T I O N  T O  M A K E  E Q U A L  D X ’S 
N X = 7 6
D O  111 I = 1 , N X  
D X ( I ) = 0 . l 0 3 5 D O / ( N X . l )
111 C O N T I N U E

DO 110 1 = 1 ,NX
I F ( r . E Q . l ) G O  T O  10 4
X X ( I ) = X X ( M ) + O . 5 D 0 * ( D X ( I ) + D X ( M ) )
104 I F ( I . E Q . N X ) G O  T O  110  
R X ( I ) = D X ( I ) / ( D X ( I ) + D X ( I + 1 ) )
110 C O N T I N U E

R E T U R N
E N D
C ------------------------------------------------------------- E V A L U A T I N G  P S A I  F U N C T I O N
D O U B L E  P R E C I S I O N  F U N C T I O N  S A I ( C X . T )
D O U B L E  PR E C ISIO N  C X ,T ,A Sl,A S2 
A 3l=ir.8«4D 0-O .1423D Q "T+23.63D *5*T**2 
A S2= 1.0327D0-67.4D-5*T 
3A I=D B X P(A S 1"A S2""(92.0D 0"C X ))
R ET U R N
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E N D
C --------------------------------------E V A L U A T I N G  D E R I V A T I V E  ( D S A I / D X )  F U N C T I O N
C E V A L U A T I N G  D I F F E R E N T I A L  O F  P S I  T O  M O I S T U R E  C O N T E N T  
D O U B L E  P R E C I S I O N  F U N C T I O N  D X S A I ( C X . T )
D O U B L E  P R E C I S I O N  C X , T , A S 1 , A S 2 , S A I . F S , F I

A S 1 = 1 7 . 8 « 4 D 0 - 0 . 1 4 2 3 D 0 * T + 2 3 . 6 3 D - 5 * T « " 2
A S 2 s s 1 . 0 3 2 7 D 0 - 6 7 .4 D - 5 * T
3 A I = D E X P ( A S 1 " A S 2 " " ( 9 2 . 0 D 0 " C X ) )
F S = A S 1 * A S 2 * * ( 9 2 . 0 D 0 * C X )
F 1 = D L 0 G ( A S 2 )
D X S A I = S A I " F S " 9 2 .0 D O " F 1
10 R E T U R N
E N D
C --------------------------------------E V A L U A T I N G  D E R I V A T I V E  ( D S A I / D T )  F U N C T I O N
C • •  E V A L U A T I N G  D I F F E R E N T I A L  O F  P S I  T O  T E M P E R A T U R E  
D O U B L E  P R E C I S I O N  F U N C T I O N  D T S A I ( C X . C T )
D O U B L E  P R E C I S I O N  C X . C T . A 3 1 . A S 2 . S A I , D A 1 . D A 2 , F 3 , F 4

A S 1  =  I 7 . 8 8 4 D 0 . 0 . 1 4 2 3 D O * C T + 2 3 . 6 3 D . 5 * C T * " 2  
A S 2 = 1 . 0 3 2 7 D 0 - 6 7 . 4 D . 5 * C T  

S A I = D E X P ( A S 1 » A S 2 — ( 9 2 . 0 D 0 - C X ) )
D A l = - 0 . 1 4 2 3 D 0 + 2 3 . d 3 D - 5 * C T * 2 . D 0
D A 2 = s . 6 7 .4 D .5
F 3 = A S 2 " " ( 9 2 . 0 D 0 " C X )
F 4 = A S 2 " " ( 9 2 . 0 D 0 " C X - 1 . 0 D 0 )
D T S A I = S A I " ( D A 1 " F 3 + A S 1 " 9 2 . 0 D 0 " C X " D A 2 " F 4 )
10 R E T U R N  
E N D
C ---------------------------------------
C • •  E V A L U A T I N G  T H E  F I B E R  S A T U R A T I O N  P O I N T  
D O U B L E  P R E C I S I O N  F U N C T I O N  X F S P ( C T )
D O U B L E  P R E C I S I O N  C T

X F S P = 0 .5 7 3 1 5 D O .O .O O I D O * C T
R E T U R N
E N D
C ---------------------------------------
D O U B L E  P R E C I S I O N  F U N C T I O N  P V ( C X . T )
D O U B L E  P R E C I S I O N  C X . T . P S V . S A I  
P V = P S V ( T ) " S A I ( C X , T )
R E T U R N
E N D
C ---------------------------------------
C • "  E V A L U A T I N G  T H E  D E N S I T Y  O P  S A T U R A T E D  W A T E R  V A P O R  
D O U B L E  P R E C I S I O N  F U N C T I O N  R O S V ( T )
D O U B L E  P R E C I S I O N  A 1 . A 2 , A 3 , A 4 . A 5 , T

A l = 4 . 4 3 2 S 3 7 6 2 M 5 I 4 B S D - 0 9  
A 2 = - 4 . 9 1 5 5 8 0 0 2 6 6 2 5 0 7 0 D - 0 6  
A 3 s 2 . 0 6 4 2 6 6 9 5 0 9 4 0 6 7 1 D -0 3  
A 4 S - 3 . 8 8 6 7 3 2 0 3 6 4 6 0 7 1 9 D - 0 1  
A 5 = 2 . 7 6 5 8 1 8 7 6 8 3 2 1 9 8 8 D + 0 1
R O S V = A l - T — 4 + A 2 * T ” 3 + A 3 - T ” 2 + A 4 * T + A 5
R E T U R N
E N D
C —  F U N C T I O N  F O R  E V A L .  D Y N A M I C  L I Q U I D  W A T E R  V I S C O S I T Y  R O L / M U L ( T )  
C E V A L U A T I N G  T H E  V I S C O S I T Y  O F  L I Q U I D  W A T E R  
D O U B L E  P R E C I S I O N  F U N C T I O N  R N U L ( T )
D O U B L E  P R E C I S I O N  A 1 . A 2 . A 3 , A 4 , A 5 , T

A l = 2 . 3 4 5 5 g 6 3 9 5 0 9 4 8 3 3 D - U
A 2 = . 3 . 2 3 4 7 0 2 4 5 4 8 0 9 6 9 9 D . l l
A 3 s l . 6 7 8 6 3 0 5 9 7 3 1 5 7 9 3 D - 0 8
A 4 S - 3 . 8 9 0 3 6 1 7 4 1 3 7 3 2 8 4 D - 0 6
A 5 = 3 . 4 0 5 7 4 7 2 1 3 8 8 3 4 5 0 D . 0 4
R N U L = A l * T * » 4 + A 2 * T * * 3 - f  A 3 * T " 2 - f A 4 * T + A 5
R E T U R N
E N D
C --------- F U N C T I O N  F O R  E V A L .  D E N S I T Y  O F  W A T E R
C ■■ E V A L U A T I N G  T H E  D E N S I T Y  O P  L I Q U I D  W A T E R  
D O U B L E  P R E C I S I O N  F U N C T I O N  R O W ( T T )
D O U B L E  P R E C I S I O N  A I , A 2 , A 3 , T T

A l s - 3 . 3 5 5 9 3 0 3 1 7 0 4 4 7 4 5 D . 0 3
A 2 = 1 . 7 2 9 1 3 9 5 3 5 8 8 1 0 3 8 D 0
A 3 s 7 . 7 9 6 9 4 5 0 7 7 2 8 3 6 6 3 D + 0 2
R 0 W = A 1 * T T * * 2 + A 2 * T T + A 3
R E T U R N
E N D
C   S U B R O U T I N E  F O R  C A L C U L A T I N G  T H E  S U R F A C E  C O E F F I C I E N T S
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C P a r  R u n  10 o f  Li, R e = 8 8 0 0 ,  g = 1 . 6  m m  
C • •  B Q ' S = H E A T  T R A N S F E R ,  B ’S = M A S S  T R A N S F E R ,
C • •  X ( A T  E N D ) = H O R I Z O N T A L  S U R F A C E ,  Y ( A T  E N D ) = V E R T I C A L  S U R F A C E  
c — F O R  V E R T I C A L  W A L L 3 : 1 = L E A D I N G  , 2 = T R A I L I N G  E D G E  S U R F A C E  
C ’ B Q Y ( I , 3 , 1 ) = H E A T  T R A N S F E R  C O E F F I C I E N T  O N  L E A D I N G  S U R F A C E  O F  3MD B O A R D

S U B R O U T I N E  B q X Y C A L ( B X , B Y , B Q X , B Q Y , K , N X , N Y , X X , Y Y )

D O U B L E  P R E C I S I O N  B X ( 8 0 , 7 ) , B Q X ( 8 0 , 7 ) , B Y ( 8 C , 7 , 2 ) , B Q Y ( 8 0 , 7 , 2 ) ,  
i  X X ( 8 0 ) , y y ( 8 0 )

D O U B L E  P R E C I S I O N  X,N 
I N T E G E R  N X ,N Y ,I , J ,K

C - • • - • ■ • • • • • • • • • • • • • • • • - •  f o r  1 S T  B O A R D  ’ ■
I F ( K  E Q  1 ) T H E N  
D O  10 1 = 1 , N X  
X = X X ( I )

C P A R T  A
I F ( X . L E . 0 . 0 0 1 1 3 1 ) T H E N

B q X ( I ,K ) = 4 0 7 . ia S 9 5 4 9 7 8 8 1 B 7 D 0 ‘ D E X P(-21 0 24 .4 8 6 8 4 4 7 6 5 0 4 D 0 * x )+
Sc 3 1 .9 3 0 3 8 2 1 8 7 9 1 9 0 9 D O * D E X P ( .
Sc 1 9 0 . 8 9 3 9 3 8 4 4 3 0 4 1 1  DO'% )

E L S E

C P A R T  B
x = D S Q R T ( x )

B Q X ( I , K ) = ( - 4 0 . 8 0 0 5 5 5 S 7 3 4 8 9 8 6 D O + x “ ( 2 5 0 9 . 8 9 3 6 0 3 5 6 2 5 2 3 D O +
Sc x * ( - 4 S 2 3 3 . 7 1 8 3 2 3 9 2 1 7 7 D 0 + x * ( 2 7 3 4 7 4 . 4 5 2 2 2 2 2 3 5 9 D 0 +
Sc x * ( - 2 2 4 4 0 5 . 9 1 l l 0 3 5 0 1 9 D 0 + x * ( . 9 3 9 8 8 . 8 4 8 3 0 8 2 0 0 0 3 D O ) ) ) ) ) ) /
Sc ( 1 . 0 + x * ( - 4 8 . 4 2 0 3 1 9 9 7 1 3 0 9 3 2 D O + x * ( 8 8 8 . 2 8 3 4 4 0 9 8 5 1 0 7 5 D O +
Sc x " ( - 8 4 9 8 . 7 4 0 0 5 5 8 7 9 8 4 8 D 0 + x * ( 3 7 0 9 8 .7 3 0 2 9 8 8 2 9 3 O D O +
Sc x ‘ ( - 3 9 0 2 9 . 1 7 2 4 I 4 5 7 5 0 0 D 0 ) ) ) ) ) )

E N D  IF 
E N D  IF

C ■■ F O R  2N D  BO A R D  
I F ( K . E q . 2 ) T H E N

x = D S q R T ( x )

B q X ( I , K ) = 1 7 4 . 2 8 0 7 1 0 2 7 1 2 i 3 6 D O + x * ( . 1 1 4 7 1 . 5 8 7 9 1 8 4 8 0 3 1 D O +
Sc x * ( 4 2 7 9 1 7 .5 1 2 0 e 0 7 0 2 4 D O + x * ( - 8 9 4 1 7 9 6 .8 8 3 0 5 8 4 4 7 D O  +
Sc x"( 1 1 3 4 2 4 7 8 0 . 2 4 4 9 3 4 8 D 0 + x - ( . 9 8 4 9 9 4 9 3 5 . 9 8 8 9 0 2 7 D 0 +
Sc x * ( 5 3 1 8 2 7 1 1 9 4 .3 0 9 3 1 8 D 0 + x * ( - 1 9 1 5 0 3 1 4 2 1 7 . 0 3 4 3 2 D 0 +
Sc x ' ( 4 3 3 7 0 2 0 4 0 8 9 . 2 2 3 4 7 D O + x " ( . 5 8 0 0 1 5 3 3 3 2 8 . 4 8 7 9 2 D 0  +
Sc x * 3 1 4 2 8 2 3 3 1 9 2 . 1 2 2 7 5 D 0 ) ) ) ) ) ) ) ) )

EN D  IF

C • • 3 R D  B O A R D  
I F ( K . E q . 3 ) T H E N

x = D S q R T ( x )

B q X ( I , K ) = 1 1 8 . 4 0 3 2 0 8 7 1 8 8 8 8 4 D 0 + x * ( - 8 0 7 3 . 8 4 5 0 5 7 5 8 3 4 4 5 D 0 +
Sc x " ( 3 1 1 0 2 0 . 4 5 5 9 4 3 0 4 8 3 D 0 + x ' ( . 8 8 7 1 2 9 3 . 8 5 3 1 6 8 7 7 1 D 0 +
Sc x"( 8 8 0 2 7 5 3 9 . 8 2 4 1 0 3 9 4 D O + x ' ( - 7 4 9 4 3 4 7 8 1 . 2 8 2 4 4 9 4  D 0 +
Sc x * ( 4 1 9 1 2 1 1 3 7 1 .7 4 8 1 4 0  D 0 + x * ( .  1 5 2 8 7 1 4 1 8 0 5 . 5 5 9 7 5 D 0 +
Sc x ' ( 3 4 9 8 4 0 8 7 5 8 8 . 4 8 9 0 7 D O + x ' ( - 4 5 5 7 1 3 3 8 4 8 0 . 6 8 3 5 2 D O +
Sc x * 2 5 7 6 8 0 2 9 3 8 9 . 1 9 5 7 8 D 0 ) ) ) ) ) ) ) ) )

E N D  IF

C • *  4 T H  B O A R D  
I F ( K . E q . 4 ) T H E N

C P A R T  A
I F ( X . L T . 0 . 0 9 8 3 8 5 2 1 5 D 0 ) T H E N

x = 1 . 0 D 0 / D L O G ( x )

B q X ( I , K ) = 5 0 5 4 . 7 7 3 4 9 9 0 1 4 1 4 1 D 0 + x - ( 1 7 7 7 5 2 . 2 9 9 3 9 0 0 4 2 1 D 0 +
1 x * ( 2 7 8 7 8 6 0 . 7 2 4 S 4 2 9 9 9 D 0 + x ' ( 2 5 5 3 2 2 7 5 . 5 7 8 5 0 7 0 7 D 0 +
1 x* (  1 5 1 1 3 9 8 0 8 . 8 3 7 5 3 9 5 D 0 + x * ( 8 0 4 1 3 1 2 3 9 . 8 5 3 0 7 1 1 D 0 +
1 x* (  1 6 5 1 3 2 0 3 4 3 . 9 5 4 8 8 8 D O + x " ( 3 0 4 8 0 4 8 1 8 0 .4 8 0 9 1 8 D O +
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I I * ( 3 8 3 6 5 7 1 5 7 3 . 9 3 3 1 4 2 D 0 + J I * ( 2 5 3 2 8 2 7 3 S 9 . 0 4 6 5 5 4 D 0 +
I X * 7 8 2 1 5 3 6 1 5 . 7 J 9 8 3 4 0 D 0 ) ) ) ) ) ) ) ) )

E L S E

C P A R T  B
B < 3 X ( I .K ) = 2 3 . 1 0 9 5 2 5 0 7 4 5 2 3 1 5  D 0 + 5 . 9 4 1 2 6 7 1 9 3 9 8 3 8 2 4 D 0 * ( D A T A N ( ( x -  

1 0 . 1 0 3 4 1 9 8 9 2 6 0 4 0 7 5 4 D O ) / S .S 8 8 7 3 8 9 3 S 9 2 3 3 S 2 D -  
1 0 5 ) - | - l . 5 7 0 7 9 8 3 2 8 7 9 4 8 9 8 8 1 9 2 0 0 ) /
1 3 . 1 4 1 5 9 2 8 5 3 5 8 9 7 9 3 2 3 8 4 0 0

END IF
I F ( X .E Q , 0 . 0 0 0 ) B q X ( I , K ) = 1 0 2 . 4 8 0 0  

E N D  IF
C
C • •  5 T H  B O A R D  
IF (K .E Q .5 )T nE N

C P A R T  A
I F ( X . L T . O . 0 9 5 6 9 3 4 8 8 D 0 ) T H E N  

x =  : . 0 O 0 / O L O G ( x )
B Q X ( I ,K )= 4 9 8 5 ,4885 72281 U 3 0 0 + l * (  178889 .839011757500+

1 x * ( 2 7 9 9 4 8 3 . 4 3 7 7 5 0 9 3 5 O 0 + x " ( 2 5 8 8 8 3 0 3 . 4 4 4 0 9 2 1 8 0 0 +
I x*(  154 7 8 8 2 0 1 . 5 8 1 7 9 3 1 O 0 + x * ( 8 2 5 2 2 6 9 9 2 . 1 0 1 2 3 3 9 0 0 +
1 x*(  1 7 2 7 8 5 4 0 7 9 . 1070 0 9  0 0 + x * ( 3 2 2 4 9 0 7 3 6 3 . 8 0 3 8 0 8  0 0 +
I x * ( 3 8 9 2 1 8 3 9 2 8 . 8 7 9 3 8 1 O 0 + x * ( 2 7 4 3 0 2 8 5 5 0 . 5 8 1 2 9 5  0  0 +
1 x ‘ 8 5 7 3 1 3 2 5 7 . 9 5 7 8 1 6 5 O 0 ) ) ) ) ) ) ) ) )

E L S E  
C P A R T  B

B Q X (  I , K ) = 2 2 . 5 3 2 3 1 8 0 0 0 9 8 7 7 3 0 0 + 1 2 . 3 8 8 0  7 0 4 8 4 4 7 9 6 8 O 0 * ( D A T A N U « -  
1 0 . 1 0 3 4 4 4 2 8 4 8 3 0 9 5 8 3 D 0 ) / 3 . 5 7 8 1 10 568  7 9 5 2 7 7 0 .
1 0 5 ) + l . 5 7 0 7 9 6 3 2 8 7 9 4 8 9 6 8 1 9 2  0  0 ) /
1 3 . 1 4 1 5 9 2 8 5 3 5 8 9 7 9 3 2 3 8 4 0 0

END IF
I F ( X .E Q .0 . 0 O 0 ) B q X ( I , K ) = 1 0 2 . 4 8 D 0  

E N D  IF

C • * 8 T H  B O A R D  
I F ( K . E Q . 8 ) T H E N

C P A R T  A
I F ( X . L T . 0 . 0 8 9 5 8 8 9 1 8 D 0 ) T H E N

x = 1 . 0 D 0 / D L O G ( x )
B Q X (  I ,K ) = 4 8 7 2 . 9 1 8 3 3 1 4 5 8 7 5 2 D 0 + x * (  1 6 3 5 5 0 . 2 2 2 0 4 3 9 4 1 1 0 0 +

1 l * ( 2 5 4 4 4 7 8 . 2 1 4 2 3 2 1 2 3 D 0 + x * ( 2 3 0 1 4 9 6 0 . 2 5 1 8 3 3 0 2 0 0 +
1 x ' ( 1 3 3 7 8 7 6 4 2 . 2 8 5 5 4 8 4 D 0 + x ' ( 5 2 1 2 5 0 4 4 9 . 3 7 7 7 5 8 5 0 0 +
1 X * ( 1 3 7 5 1 5 9 1 1 5 . 8 1 9 3 4 3 D 0  +  X * (  2 4 1 7 7 8 2 9 3 5 . 8 3 5 7 2 7 0  0 +
1 x " ( 2 8 9 8 1 4 4 7 0 2 . 7 8 3 6 3 2 O 0 + x ‘ ( 1 7 1 2 5 9 4 1 9 5 . 2 6 3 9 8 1 0 0 +
I x " 4 8 3 3 4 7 0 1 3 . 2 0 7 8 1 1 8 O 0 ) ) ) ) ) ) ) ) )

E L S E

C P A R T  B
B Q X ( I , K ) = 2 2 . 3 8 9 5 9 4 8 1 0 5 7 4 0 0 0 0 +  1 5 . 4 3 8 2 3 2 2 1 8 1 8 9 5 7 D 0 * (  O A T A N ( (  X -  

1 0 . 1 0 3 4 5 4 0 4 8 0 5 2 3 7 4 5 D O ) / 3 . 1 4 7 3 1 9 3 7 2 7 1 9 0 4 7 0 .
1 0 5 ) + l . 5 7 0 7 9 8 3 2 6 7 9 4 8 9 8 8 1 9 2 0 0 ) /
1 3 . 1 4 1 5 9 2 8 5 3 5 8 9 7 9 3 2 3 8 4 0 0

END IF
I F ( X . E Q . 0 . O D 0 ) B q X ( I , K ) = 1 0 4 . 4 8 D 0  

E N D  IF

C • •  7 T H  B O A R D  
I F ( K . E Q . 7 ) T H E N  
C  P A R T  A

I F ( X . L T . 0 . 0 4 8 8 4 5 3 1 2 D 0 ) T H E N
B q X ( I , K ) = 2 2 . 3 4 2 8 8 7 5 0 0 9 1 4 8 5 D O + 3 6 . 3 2 2 2 2 8 8 8 0 8 5 2 4 0 D O * ( D A T A N ( ( x .  

1 0 . 0 0 0 2 O 4 1 9 8 3 8 1 8 9 2 2 5 8 9 D 0 ) / ( .
1 0 . 0 0 0 1 8 3 3 1 3 4 8 4 8 0 1 9 8 0 5 0 0 ) ) + 1 . 5 7 0 7 9 8 3 2 8 7 9 4 8 9 8 8 1 9 2  0 0 ) /
1 3 . 1 4 1 5 9 2 8 5 3 5 8 9 7 9 3 2 3 8 4 0 0

E L S E  
C P A R T  B

S S = ( x . 0 . 1 4 5 7 4 5 2 2 6 1 7 1 9 2 5 3  D 0 ) / 0 . 0 1 5 7 2 1 7 9 7 8 8 9 3 8 8 1 9 D 0  
B Q X ( I , K ) = 2 2 . 4 0 7 7 0 3 4 8 7 4 2 9 5 8 0 0 + 8 2 4 3 3 . 5 2 4 1 : 0 7 9 8 7 0 0 0 * O E X P ( .

1 D E X P ( .S S ) .S S + 1 .0 0 0 )

E N D  IF
IF (X .B q .0 .0O 0)B qX (I,K )= 102 .46O 0
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E N D  IP

B X ( I , K ) = 8 . 84  7 3 4 2 4 7 9 D - 4 ‘ B Q X ( I , K )

10 CONTINUE

D O  20  3 = 1 , N Y  
X =  Y Y ( J )

IF (K .E q . l ) T H E N

B q Y ( J , K , l ) = ( 6 . 2 6 1 4 0 4 S 5 S 4 1 8 9 8 6 D 0 + x * ( 1 0 3 . 6 8 8 8 0 2 5 3 3 7 8 7 4 D 0 +  
t  x’ ( - 3 8 2 4 . 2 7 4 I 5 0 2 7 9 5 1 7 D 0 ) ) ) /
i  ( 1 . 0 + x * ( e 3 . 8 i a i 7 4 : 5 8 8 2 7 B 4 D 0 + x ’ ( - 2 2 5 8 . 5 9 4 9 i 8 4 3 2 6 6 7 D O +  
i  x ’ 1 3 4 6 3 . I 9 2 6 8 9 9 2 2 0 7 D 0 ) ) )

B q Y ( J , K , l ) = B Q Y ( J , K , i r B Q Y ( J , K , l )

ELSE

B q Y ( J , K , l ) = O . O D O  
B q Y ( J , K , 2 ) = 0 . 0 D 0  

E N D  IF

I F ( K . E q . 7 ) T H E N

x = D S Q R T ( x )

B q Y ( J , K , 2 ) = ( 1 0 . 8 S 6 0 2 4 5 U 2 9 1 8 7 D O + x " ( . 2 3 3 . 4 8 9 8 7 l 7 6 1 0 7 0 9 D O +  
i  x ’ { 2 1 3 9 . 8 9 2 2 8 7 8 2 S 3 4 7 D O + x * ( - 8 8 S 8 . 8 2 8 8 i l 0 8 1 3 i 4 D 0 +
Ji x‘ 1 3 4 S 1 . 4 4 8 8 l 0 5 3 5 8 8 D 0 ) ) ) ) /
Ji ( 1 . 0 + x * ( . 1 9 . 8 2 : 8 9 3 7 1 1 1 8 4 9 3 D 0 + x * ( 1 5 4 . 3 7 4 2 2 2 7 5 1 7 3 2 3 D 0 +  
i  x * ( - 5 5 4 . 9 4 4 : 9 1 0 4 0 5 2 1 4 D 0 + x * 7 4 9 . 9 1 2 7 2 8 I 6 8 3 9 6 8 D 0 ) ) ) )

E N D  IF
B Y ( J , K , l ) = 8 . C 4 7 3 4 2 4 7 9 D - 4 - B Q Y ( J , K , : )  

B Y ( J , K , 2 ) = 8 . 8 4 7 3 4 2 4 7 9  D - 4 * B q Y ( J , K , 2)  
20 C O N T I N U E  
R E T U R N  
E N D

C c x lc u l a t ia g  t h e  e n t h x lp ie e  a t  t h e  e d g e  o f  c o n tro l  volum e*
S U B R O U T I N E  H X Y C A L ( H X , H Y , H 1 , D H K , T 1 R , T , R X , R Y , N X , N Y , K )

D O U B L E  P R E C I S I O N  H X { 8 0 , 8 0 , 3 ) , H Y ( 8 0 , 8 0 , 3 ) , H 1 ( 8 0 , 8 0 , 3 ) , D H K ( 8 0 , 8 0 , 3 )  
Jc , T 1 R ( 0 : 8 0 , 0 : 8 0 , 7 ) , T ( 0 : 8 0 , 0 : 8 0 , 7 ) , R X ( 8 0 ) , R Y ( 8 0 )

I N T E G E R  N X , N Y , I , J , K , n p  
D O  50 1 = 1 , N X - 1  

D O  5 0  J = 1 , N Y - 1  
D O  40 N P  =  1,3

H X ( I , J , N P ) = 1 . 0 D 0 / ( R X ( I ) / ( H 1 ( I , J , N P ) + D H K ( I , J , N P ) *
i  ( T l R ( I , J , K ) . T ( I , J , K ) ) ) + ( 1 . 0 D O - R X ( I ) ) / ( H l ( I + l , J , N P ) - h  
St D H K ( I - H , J , N P ) * ( T 1 R ( I - I - 1 , J , K ) - T ( I - H , J , K ) ) ) )

H Y ( I , J , N P ) = 1 . 0 D O / ( R Y ( J ) / ( H l ( I , J , N P H D H K ( I , J , N P r
St ( T 1 R ( I , J , K ) - T ( I , J , K ) ) ) - K 1 . 0 D 0 . R Y ( J ) ) / ( H 1 ( U - H , N P ) +
St D H K { I , J - H , N P ) * ( T 1 R ( I , J - H , K ) - T ( I , J - H , K ) ) ) )

40  C O N T I N U E
50 C O N T I N U E

I = N X

D O  8 0  J = 1 , N Y - 1  
D O  55  N P  =  1,3

H Y ( I , J , N P ) = 1 . 0 D O / ( R Y ( J ) / ( H 1 ( I , J , N P ) - | - D H K ( I , J , N P ) *
St ( T 1 R ( I , J , K ) - T ( I , J , K ) ) H ( 1 0 D 0 . R Y ( J ) ) / { H 1 ( I , J + 1 , N P H  
St D H K ( I , J + 1 , N P ) * ( T 1 R ( I , J - H , K > T ( I , J - H , K ) ) ) )

55  C O N T I N U E
60  C O N T I N U E

J = N Y

D O  80  I = 1 , N X - 1  
D O  70 N P = 1 , 3
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H X ( I , J , N P ) = 1 . 0 D 0 / ( R X ( I ) / ( H l ( I , J , N P ) + D H K ( I , J , N P r
( T l R ( I , J , K ) - T ( I , J , K ) ) ) + ( 1 . 0 D O - R X ( I ) ) / ( H U l + l , J , N P ) +  

i  D H K ( I + 1 , J , N P ) * ( T 1 R ( I + I , J , K ) - T ( I + 1 . J , K ) ) ) )

70  C O N T I N U E
80 C O N T I N U E

R E T U R N
E N D
C --------------------------------------------------------------------------------------
S U B R O U T I N E  C X V C A L ( C X V , C X , X 1 R , N X , N Y , K )

D O U B L E  P R E C I S I O N  C X V ( 0 : 8 0 ,0 : 8 0 .7 ) ,C X ( a : a O , 0 : 8 0 , 7 )  
t  . X I R ( C : 8 0 ,0 : 8 0 , 7 )

I N T E G E R  N X , N Y , I , J , K

D O  50 1 = 1 , N X  
D O  50 J = 1 , N Y
C X V ( I , J , K ) = ( X 1 R ( I . J , K ) + C X ( I , J , K ) ) / 2 . 0 D 0
50 C O N T I N U E
R E T U R N
E N D
C --------------------------------------------------------------------------------------
S U B R O U T I N E  T V C A L ( T V , T , T 1 R , N X , N Y , K )

D O U B L E  P R E C I S I O N  T V ( 0 : 8 0 , 0 ; 8 0 , 7 ) , T ( 0 : 8 0 , 0 : 8 0 , 7 )  
t i  , T I R ( 0 : 8 0 , 0 : 8 0 , 7 )

I N T E G E R  N X . N Y . I . J . K

D O  50 1 = 1 , N X  
D O  50 J =  1 ,N Y
T V ( I , J , K ) = ( T 1 R ( I , J , K ) + T ( I , J , K ) ) / 2 . 0 D 0
50 C O N T I N U E
R E T U R N
E N D
c ------------------------------------------------------------------------
S U B R O U T I N E  C A L H V X G X ( H X V X G X , H Y V X G X , H X V X X , H Y V X Y , X 1 , D X , D Y , N X , N Y  

i  , D T , K )

D O U B L E  P R E C I S I O N  H Y V X G X ( 8 0 , 8 0 ) , H X V X G X ( 8 0 , 8 0 ) , H Y V X Y ( 8 0 , 80 )
St , H X V X X ( 8 0 , 8 0 ) , D X ( 8 0 ) , D Y ( 8 0 ) , X 1 ( 0 : 8 0 , 0 : 8 0 , 7 ) , D T

I N T E G E R  N X , N Y , K , I , J  
D O  50 1 = 1 , N X  !

D O  SO J = 1 , N Y - 1  
H X V X G X ( I , J ) = H X V X X ( I , J ) - ( X 1 ( I + 1 , J , K ) - X 1 ( I , J , K ) ) ' D Y ( J ) * D T  
H Y V X G X ( I , J ) = H Y V X Y ( I , J ) ‘ ( X 1 ( I , J + 1 , K ) - X 1 ( I , J , K ) ) - D X ( I ) * D T  
50 C O N T I N U E

! = N X
D O  80  J =  1 , N Y - 1  

H Y V X G X ( I , J ) = H Y V X Y ( I , J ) ' ( X I ( I , J + 1 , K ) - X I ( I , J , K ) ) ’ D X ( I ) - D T  
60  C O N T I N U E

J = N Y
D O  70 1 = 1 , N X -1

H X V X G X ( I , J ) = H X V X X { I , J ) * ( X 1 ( I + 1 , J , K ) . X 1 ( I , J , K ) ) * D Y ( J ) * D T  
70 C O N T I N U E

R E T U R N
E N D
C -
C C A L C U L A T I N G  T H E  A , B , C  A N D  D  F O R  S O R  M E T H O D  
S U B R O U T I N E  C A L A B C D ( V I R C O N D X , V I R C O N D Y , A A , B B , C C , D D , N X , N Y )

D O U B L E  P R E C I S I O N  V I R C O N D X ( 8 0 , 8 0 ) , V I R C O N D Y ( 8 0 ,S 0 ) ,A A ( 8 0 ,S O )
St , B B ( 8 0 , 8 0 ) , C C ( 8 0 , 8 0 ) , D D ( 8 0 , 8 0 )

I N T E G E R  N X , N Y , I , J

C P O I N T  N O . 9
D O  10 I = 2 , N X - l  

D O  10 J = 2 , N Y - l  
A A ( I , J ) = V I R C O N D X ( I , J )
B B ( I , J ) = V I R C O N D X ( I - l , J )
C C ( I , J ) = V I R C O N D Y ( I , J )
D D ( I , J ) = V I R C 0 N D Y ( I , J - 1 )

10 C O N T I N U E

C P O I N T  N 0 . 3  
1 = 1



APPENDIX B. COMP UTER PROGRAM FOR TWO-DIMENSIONAL DRYING220

D O  2 0  J = 2 .N Y - X  
A A ( I , J ) = 2 . D O * V m c O N D X ( I , J )
B B (I , J )= O .D O
C C ( I , J ) = V I R C O N D Y ( I , J )
D D ( I , J ) = V I R C O N D Y ( t , J - l )

2 0  C O N T I N U E

C P O I N T  N O . 4 
I = N X
D O  3 0  J = 2 , N Y - I  

A A ( I , j ; = 0 . D 0
B B ( I , J ) = 2 . D O * V I R C O N D X ( M . J )
C C ( I , J ) = V I R C O N D Y ( I , J )
D D ( I , J ) = V I R C O N D Y ( I , J - I )

3 0  C O N T I N U E

C P O I N T  N O . 8 
3 = 1

D O  40 I = 2 , N X - I  
A A ( I , J ) = V I R C O N D X ( I , J )
B B ( I , J ) = V I R C O N D X ( I - l , J )
C C ( I , J ) = 2 . D O * V I R C O N D Y ( I , J )
D D ( I , J ) = O .D O  

40  C O N T I N U E

C P O I N T  N O . 7 
J = N Y

DO  70  I= 2 ,N X - I  
A A ( r , 3 ) = V I R C 0 N D X ( I , J )
B B ( I , J ) = V I R C O N D X ( I - l , J )
C C ( I ,J )= O .D O
D D ( I , J ) = 2 . D O * V I R C O N D Y ( I , J . l )

70 C O N T I N U E

C P O I N T  N O . I  3=1 
1= 1

A A ( I , 3 ) = 2 . D O * V I R C O N D X ( I , 3 )
B B ( I , 3 ) = 0 . D 0
C C ( I . 3 ) = 2 . D O * V I R C O N D Y ( I . 3 )
D D ( I , 3 ) = 0 . D 0

C P O I N T  N O . 2 
3 =  1 
I = N X  

A A ( I , 3 ) = 0 . D 0
B B ( I , 3 ) = 2 . D O ’ V I R C O N D X ( I - 1 , 3 )
C C ( I , 3 ) = 2 . D O - V I R C O N D Y ( I , 3 )
D D ( I , 3 ) = 0 . D 0

C P O I N T  N O . 5 
3 = N Y  
1 = 1

A A ( I , 3 ) = 2 . D O - V I R C O N D X ( I , 3 )
B B ( I , 3 ) = 0 . D 0
C C ( I , 3 ) = 0 . D 0
D D ( I , 3 ) = 2 . D O * V I R C O N D Y ( I , 3 - 1 )

C P O I N T  N O . 8 
3 = N Y  
I = N X  

A A ( I , 3 ) = 0 . D 0
B B ( I , 3 ) = 2 . D O * V I R C O N D X (  1-1,3 )
C C ( I , 3 ) = 0 . D 0
D D ( I , 3 ) = 2 . D O * V I R C O N D Y ( I . 3 - 1 )

R E T U R N
E N D
C --------------------------------------------------------------------------------------
C  E V A L U A T I N G  T H E  E A N D  F  C O E F F I C I E N T S  O F  T H E  S O R  M E T H O D  
S U B R O U T I N E  C A L E F N E W ( V I R C O N D X , V I R C O N D Y , E E , F F , C T , T l , X l , C X V , R O D U ,

Se E P S . B Y , B X . X E Q , T M , B q Y , B C J X , D H K , D X , D Y , N X . N Y , K , D T , H l , H X V X G X , H Y V X G X  
Sc . N F I F L A G )

D O U B L E  P R E C I S I O N  V I R C O N D X ( 8 0 , 8 0 ) , V I R C O N D Y ( 8 0 , 8 0 ) , E E ( 8 0 , 8 0 ) ,
Se F F ( 8 0 , 8 0 ) , S A I , R O S V , T 1 ( 0 : 8 0 , 0 : 8 0 , 7 ) , X 1 ( 0 : 8 0 , 0 : 8 0 , 7 ) ,
Se R O D U ( 8 0 . 8 0 ) , E P S ( 8 0 , 8 0 ) . B Y ( 8 0 , 7 , 2 ) , B X ( 8 0 , 7 ) . X E Q ( 8 0 , 7 ) , T M ( 8 0 , 7 )
Se ,Bqy(8O,7,2),B qX (S0,7),D HK (80,8O ,3),D X (S0).D Y (8O ),D T,SA M  
Se , C T C O t 8 0 , 0 : 8 0 , 7 ) , H l ( 8 0 . 8 0 , 3 ) , H X V X G X ( 8 0 , 8 0 ) , H Y V X G X ( 8 0 , 8 0 )
Se . C X V ( 0 : 8 0 , 0 : 8 0 , 7 )

I N T E G E R  N X , N Y , I , 3 , K , N F I F L A G ( 8 0 , 7 )
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DO 10 I = 2 , N X - l  
D O  10 J = 2 ,N Y - 1  

E E ( I , J ) = R 0 D U ( I , J ) - V I R C 0 N D X ( I , J ) - V I R C 0 N D X ( I - 1 , J )
Sc - V I R C O N D Y ( I , J . l ) . V I R C O N D Y ( I , J )

P P ( I , J ) = R O D O ( I . J ) * C T ( I , J , K ) - H X V X G X ( I , J ) + H X V X G X ( I - 1 , J )
St - H Y V X G X ( I . J ) + H Y V X G X ( I , J - 1 )

10 C O N T I N U E

C P O I N T  N O .3 
1 = 1
DO 20 J = 2 , N Y - 1
3 A M = D Y ( J ) * D T * B Y ( J , K , 1 ) * E P S ( I , J ) * * 2 * S A I ( X 1 ( I , J ,K ) , T 1 ( I , J ,K ) )

St • R O S V ( T l ( I , J , K ) ) * ( C X V ( I , J , K ) - X E Q ( I , K ) )

I F ( N P I F L A G l I , K ) . E Q . l ) â A M = û . ü D O

E E ( I , J )  =  R O D U ( I , J ) - 2 .D O * V I R C O N D X ( I , J ) + 2 .D O ’ S A M -D H K C I,J ,1 )
St - V I R C O N D Y ( I , J . l ) - V I R C O N D Y ( I , J ) + 2 . D O * D Y ( J r D T ’ H Q Y ( J , K , l )

F P ( I , J ) = R O D U ( I , J ) * C T ( I , J , K ) .2 . D O * H X V X G X ( I , J )
St - H Y V X G X ( I . J ) + H Y V X G X C I , J - 1 ) - 2 .D 0 * S A M " ( H 1 ( I , J ,1 ) - D H K ( I , J ,1 ) -  
St C T ( I , J , K ) ) + 2 . D 0 * D Y ( J ) - D T * B q V ( J , K , l ) ’ T M ( I ,K )

20 C O N T I N U E

C P O I N T  N O . 4 
I = N X
DO 30 J = 2 , N Y - 1
3 A M = D Y ( J ) * D T * B Y ( J , K , 2 ) ‘ E P S ( I , J ) * * 2 ‘ S A I ( X 1 ( I , J .K ) ,T 1 ( I , J ,K ) )

' R O S V ( T l ( I , J , K ) r ( C X V ( I , J , K ) . X E Q ( I , K ) )

I P C N P I F L A G ( I ,K ) .E q . l ) S A M = O .O D O

E E ( I . J ) = R O D U ( ! , J ) - 2 .D O * V I R C O N D X ( I - 1 , J ) + 2 .D O * S A M * D H K { I , J ,1 )
St - V I R C O N D Y ( I , J - l ) - V I R C O N D Y ( I , J ) + 2 . D O * D Y ( J ) * D T * B q Y ( J , K , 2 )

F F ( I , J ) = R O D U ( I , J ) * C T ( I , J , K ) + 2 . D O - H X V X G X ( M , J )
St - H Y V X G X ( I , J ) + H Y V X G X ( I , J - 1 ) - 2 .D 0 * S A M * ( H 1 ( I , J ,1 ) - D H K ( I , J ,1 ) *
St C T ( I , J , K ) ) + 2 . D 0 - D Y ( J r D T ’ B q y ( J , K , 2 ) - T M ( I , K )

30 C O N T I N U E

C P O I N T  N O .8 
3 = 1

DO 40 1 = 2 ,N X .  1 
E E ( I . J ) = R 0 D U ( I , J ) - V I R C 0 N D X ( I , J ) - V I R C 0 N D X ( I - 1 , 3 )

I t -2.DO’ V I R C O N D Y ( I , J )

F F ( I , J ) = R 0 D U ( I , J ) * C T ( I , J , K ) . H X V X G X ( I , J ) + H X V X G X ( I - 1 , J )
St • 2 . D 0 * H Y V X G X ( t , J )

40 C O N T I N U E

C P O I N T  N O . 7 
J = N Y

DO 70 1 = 2 , NX-1 
3 A M = D X ( I ) * O T * B X ( I , K ) - E P S ( I , 3 ) " 2 - S A I ( X l ( I , J , K ) , T l ( I , J , K ) )

St ’ R O S V ( T l { I , J , K ) n C X V ( I , J , K ) - X E Q ( I , K ) )

I F ( N F I F L A G ( I , K ) .E q . l ) S A M = O .O D O

E E ( I , J ) = R O D U ( I , J ) - V I R C O N D X ( I , J ) - V I R C O N D X ( I . 1 , 3 ) . 2 . D O
St • V I R C O N D Y ( I , J - l ) + 2 . D O * S A M * D H K ( I , J , l ) + 2 . D O * D X ( i r D T * B Q X ( I , K )

F F ( I , J ) = R O D U ( I , J ) * C T ( I , J , K ) - H X V X G X ( I , J ) + H X V . X G X ( M , i )
St + 2 .D O * H Y V X G X { I , J .1 ) .2 .D O * S A M * ( H 1 ( I , J ,1 ) - D H K ( I , J ,1 ) * C T ( I , J ,K ) )
St + 2 .D 0 * D X ( I ) * D T * B Q X ( I , K ) * T M ( I ,K )

70 C O N T I N U E

C P O I N T  N O . l  
3 = 1  
1 = 1
3 A M = D Y ( 3 ) - D T - B Y ( 3 , K , 1 ) - E P S ( I , J ) " 2 - S A I ( X 1 ( I , 3 , K ) , T 1 ( I , 3 , K ) )

St ■ R O S V ( T l ( I , 3 , K ) ) * ( C X V ( I , 3 , K ) - X E q ( I ,K ) )

IF ( N F I F L A G ( I , K ) . E q . l ) S A M = O . O D O

E E (I ,3 )= R O D U ( I ,3 ) - 2 .D O * V I R C O N D X ( I ,3 ) + 2 .D O * S A M - D H K ( I ,3 ,1 )
St -2 .D O * V I R C O N D Y ( I ,3 ) + 2 .D O * D Y ( 3 ) * D T * B Q Y ( 3 ,K ,1 )

F F ( I ,3 ) = R O D U ( I ,3 ) * C T ( I ,3 ,K ) - 2 .D O * H X V X G X ( I ,3 )
St -2 .D 0 * H Y V X G X ( I ,3 ) - 2 .D 0 * S A M * ( H 1 ( I ,3 ,1 ) - D H K ( I ,3 ,1 ) '
I t  C T ( I , 3 , K ) ) + 2 . D 0 * D Y ( 3 ) * D T * B q Y ( 3 , K , l ) * T M ( I , K )



APPENDIX B. COMPUTER PROGRAM FOR TWO-DIMENSIONAL DRYING222

C P O I N T  N O . 2 
J = 1  
I = N X

3AM=DY(J)*DT*BY(J,K,2rEP3(I ,J)**2-SAI(Xl(I,J ,K),TI(I ,J ,K)) 
t  •ROSV(Tl(r ,J,K))*(CXV(I,J,K).XEq(I,K))

I F ( N F I F L A G ( I , K ) . E Q . 1 ) S A M = 0 . 0 D 0

E E ( I , 3 ) = R O D t J ( I , J ) - 2 . D O * V t R C O N D X ( I - I , J ) + 2 . D O * S A M * D H K ( I . J . l )  
l£ . 2 . D O * V I R C O N D Y ( I , J ) + 2 . D O * D Y ( J ) * D T * B Q Y ( J , K , 2 )

F F ( I , J ) = R O D U ( I . J ) * C T ( I , J , K ) + 2 . D O * H X V X G X ( M , J )  
i  - 2 . D 0 * H Y V X G X ( I , J ) . 2 . D 0 * S A M ’ ( H 1 ( I , J . : ) - D H K ( I , J , : ) *  
i  C T ( I , J , K ) ) + 2 . D 0 - D Y ( J ) - D T - B Q Y ( J , K , 2 ) - T M ( I , K )

C P O I N T  N O . 5 
J = N Y  
1 = 1

3 A M = D T - ( D Y ( J ) * B Y ( J , K , l )  +  D X ( I ) * B X ( I , K ) ) - E P 3 ( I , J ) — 2 -
3 A I ( X l ( I , J , K ) , T l ( I , J , K ) r R 0 3 V ( T l ( I , J , K ) ) - ( C X V ( I , J , K ) . X E Q ( I , K ) )

I F ( N F I F L A G ( I , K ) . E q . l ) S A M = O . O D O

E E ( I , J ) = R O D U ( I , J ) . 2 . D O - V I R C O N D X ( I , J ) + 2 . D O - S A M - D H K ( I , J  I )
Si .2.DO-VIRCONDY(I,J.:)+2.DO*DT’ (D Y (J rB Q Y (J,K .l )+D X (irB qX (I ,K ))

F F ( I . J ) = R O D U ( I , J ) - C T ( I , J , K ) - 2 . D 0 - H X V X G X ( I , J )
Si + 2 . D 0 * H Y V X G X ( I . J . 1 ) . 2 . D 0 - S A M * ( H 1 ( I , J . I ) - D H K ( I , J , 1 ) ’ C T ( I , J , K ) )
Sc + 2 . D 0 * D T - ( D Y ( J ) * B Q Y ( J , K , I ) + D X ( n * B Q X ( I , K ) ) - T M ( I , K )

C P O I N T  N 0 . 8  
J = N Y  
I = N X

3 A M  =  D T - ( D Y ( J ) * B Y ( J , K . 2 ) + D X ( I ) ’ B X ( I , K ) ) - E P S ( I . J ) — 2«
Sc 3 A I ( X l ( I , J , K ) , T l ( I , J , K ) ) * R 0 3 V ( T l ( I , J , K ) r ( C X V ( I , J , K ) . X E q ( I . K ) )

I F ( N F I F L A G ( I .K ) .E q . l ) S A M = O .O D O

E E ( I , J ) = R O D U ( I , J ) - 2 . Û O - V I R C O N D X ( M , J ) + 2 . D O * 3 A M - D H K ( I , J , 1 )
Sc .2 .D O *V IR C O N D Y (I,J.l)+ 2.D O *D T *(D Y (J)*B qY (J,K ,2)+ D X (I)‘ B qX (I,K ))

F F ( I , J ) = R O D U ( I , J ) - C T ( I , J , K ) + 2 . D O ' H X V X G X ( M , J )
Sc + 2 . D 0 - H Y V X G X ( I , J - 1 ) . 2 . D 0 * S A M * ( H 1 ( I , J , 1 ) - D H K ( I , J , 1 ) - C T ( I , J , K ) )
Sc + 2 .D 0 * D T - ( D Y ( J ) * B q Y ( J ,K ,2 ) + D X ( i r B q X ( I ,K ) r T M ( I ,K )

R E T U R N
END

0 = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =
S U B R O U T I N E  i o r ( a , b , c , d , c , r , u , I M A X , j m a > . r j i c , K , N M A X )

C I M A X = N X + 1 ,  J M A X = N Y + 1  
I N T E G E R  j m M , M A X I T S , t m * x
D O U B L E  P R E C I S I O N  r j » c , a ( 8 0 , 8 0 ) , b ( 8 0 , 8 0 ) , c ( 8 0 , « 0 ) ,

•  d ( 8 0 , 8 0 ) , e { 8 0 , 8 0 ) , I ( 8 0 , 8 0 ) , u ( 0 : 8 0 , 0 : 8 0 . 7 ) , E P S , D X , D Y

P A R A M E T E R  ( M A X I T S = l O O O O , E P S = l .O d - 1 3 )
I N T E G E R  i p u « , j . j « w . t s w , R , L K , N M A X
D O U B L E  P R E C I S I O N  * o o r m , » n o r m f , o m e g » , r e # i d , P I

PI=4.D0*DATAN(1.D0)
D X = 0 . 1 0 S D 0 / { I M A X - 2 )
D Y = 0 . 5 2 S D 0 / ( J M A X - 2 )

R J A C = ( D C 0 S ( P I / ( I M A X - l ) ) + ( D X /D Y r * 2 * D C 0 S ( P I / ( J M A X - l ) ) )
Sc / ( l .D 0+ (D X /D Y )**2)

a n o r m f = 0 . d 0

D O  5 I = 0 , I M A X  
U ( I , 0 , K ) = 0 . D 0  
U ( I ,J M A X , K ) = O . D O  
5 C O N T I N U E

D O  6 J = 0 , J M A X  
U ( 0 , J , K ) = 0 . D 0  
U ( I M A X ,J , K ) = O . D O  
8 C O N T I N U E
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d o  12 I = l , I m » % ' l  
do  11 J = l , j m & x - 1  
A n o r m f = « n o r m f + a b i ( f ( I , J ) )

11 c o n t in u e
12 c o n t in u e  

o m e g & = l . d O
c G O  T O  20

d o  16 n = l , M A X I T S  
& n o r m = 0 .d 0

d o  15 ip & 6 4 = l ,2  
J iw s l e w

d o  14 I s s l . I m A X 'l  

d o  13 J = j n i » x * J S W , l , . 2
rc«id=*(I ,J)-u(I+l.J .K) + b ( I . J ) -u (M .J ,K )+ c ( I . J r

-  u ( I , J + l . K ) + d ( I . J ) - u ( I , J - l . K ) + e ( I , J r u ( I . J . K ) - f ( I . J )

A n o r m = 4 n o r m - f  &b«( reaid) 
u ( I ,J , K } = u ( I , J , K ) - o r a e j â * r e a i d / e ( I , J )

13 c o n t in u e  
J«W s3 « Jd W

14 c o n t in u e  
IlW=3>IiW
i f ( n . e q . l .A n d . i p » a a . e q . l )  th e n  

o m e g A s s l . d O / (  l .dO*.5dO*rjAC""2)  
e l i e

o m e g & = l . d O / (  I .d 0 . .2 5d 0" rj& c" " 2" om eg& )

e n d i f
15 c o n t in u e  
M M A X s N

i f ( a n o r m .U .£ P S * 1 0 G C G .O O * a n o r m ( )G O  T O  2G
16 c o n t in u e

30 o m e g 4 = 2 . d 0 / C l . D 0 + S g R T C l . d 0 . r j 4 C * " ' 2 ) )

d o  3 0  N = s N M A X , M A X I T S  
An o rm sO .dO  

d o  24  I = I m * x - l , l , - l  
d o  2 3  J s l . j r n A X ' l . l  

r e » i d = 4 ( I . J ) * u ( l + l . J . K ) + b ( I , J ) - u ( M . J . K ) + c ( I , J ) -  
•  u ( I . J + l . K ) + d ( I . J ) - u ( I , J . l , K ) + c ( I . J ) - u ( I . J , K ) - ( ( I . J )

4 n o r m = 4 n o r m + 4 b a (  reaid)
u ( I , J » K ) = u ( I . J , K ) - o m e g a * r e a i d / e ( I , J )

23 c o n t in u e
34 c o n t in u e
I F ( N . L B . 4 ) G 0  T O  3G 
X M A X s N

i f ( & n o r m . U . E P S " 4 n o r m f ) r e t u r n  
3G c o n t in u e

W R I T E ( 1 , * ) ’M A X I T S  e x c e e d e d  in aor' 
W R I T E ( * , * ) ’M A X I T S  e x c e e d e d  in aor'  
p a u a e  ' M A X I T S  e x c e e d e d  in aor' 

re tu r n
c p a u a e  ' M A X I T S  e x c e e d e d  in aor'

EN D

S U B R O U T I N E  C A L H H ( H 1 . H H , D H K , T 1 R , T , N X , N Y . K )

D O U B L E  P R E C I S I O N  H H ( 8 0 .8 a , 3 ) , H l ( 8 0 ,8 G ,3 ) ,D H K ( 8 G , 8 G , 3 )  
ie  ,T1R(G:8G,G :80.7 ) ,T(G:8G,0:80 ,7)

t N T E G E R  N X » N Y ,I . J ,K ,n p  
D O  6 0  I s l . N X ' l  

D O  5G J = l , N Y - l  
D O  4G N P = 1 , 3

H H ( I . J , N P ) = H 1 ( I . J . N P ) + D H K ( I . J , N P ) - ( T 1 R ( I . J , K ) . T ( I , J , K ) )  
4 0  C O N T I N U E  
5 0  C O N T I N U E  

R E T U R N  
E N D
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S U B R O U T I N E  C A L 3 V T X X Y ( V T , V X , D X , D Y , D T , N X , N Y , 3 V T , 3 V X ,  
i  3 V T X , 3 V T Y , S V X X , 3 V X Y )

I N T E G E R  N X , N Y , I , J

D O U B L E  P R E C I 3 I O N  V T ( 8 0 , 8 0 , 3 ) , V X { 8 0 , 8 0 , 3 ) . S V X ( 8 0 , 8 0 )  
j£ , 3 V T ( 8 0 , 8 0 ) . 3 V T Y ( 8 0 , 8 0 ) , 3 V X Y ( 8 0 , 8 0 ) , D X ( 8 0 ) , D Y ( 8 0 ) ,  
t  3 V X X ( 8 0 , 8 0 ) , 3 V T X ( 8 0 , 8 0 ) , D T

D O  10 1 = 1 , N X  
D O  10 J = 1 , N Y  

3 V T ( I , J ) = V T ( I , J , 1 ) + V T ( I , J , 2 ) + V T ( I , J , 3 )  
3 V X ( I , J ) = V X ( I , J , 1 ) + V X ( I , J , 2 ) + V X ( I , J , 3 )

10 C O N T I N U E

D O  40 1 = 1 , N X -1  
D O  40 J = 1 , N Y

S V X X ( I , J ) = 2 . 0 D 0 * D Y ( J ) * D T - ( D X ( I ) / 3 V X ( I , J ) - p D X ( I + l ) / 3 V X ( I - H , J ) r - - l  
3 V T X ( I , J ) = 2 . 0 D 0 * D Y ( J ) ' D T " ( D X ( I ) / 3 V T ( I , J ) + D X ( I - H ) / S V T ( I - H , J ) ) * * - 1  
40 C O N T I N U E

D O  50 1 = 1 , N X  
D O  50 J = 1 , N Y - 1

3 V X Y ( I , J ) = 2 . 0 D 0 " D X ( I ) - D T * ( D Y ( J ) / S V X ( I , J ) - ( . D Y ( J - H ) / 3 V X ( I , J - H ) ) — . l  
3 V T Y ( I , J ) = 2 . 0 D O * D X ( I ) * D T ‘ ( D Y ( J ) / 3 V T ( I , J )  +  D Y ( J - H ) / S V T ( I , J - ( - I ) ) “ - l  
50 C O N T I N U E

R E T U R N
END

C -
S U B R O U T I N E  C A L V I R C O N D 2 ( H H , V T , V X , A M B D A , V I R C O N D , V I R C O N D X ,  

i  V I R C O N D Y , H H V X , H H V T , H H V X X , H H V X Y , D X , D Y , N X , N Y , D T )

D O U B L E  P R E C I 3 I 0 N  H H ( 8 0 , 8 0 , 3 ) , V T ( 8 0 , 8 0 , 3 ) , V X ( 8 0 , 8 0 , 3 ) ,
i  A M B D A ( 8 0 , 8 0 ) , V I R C O N D ( 8 0 , 8 0 ) , V I R C O N D X ( 8 0 , 8 0 ) , V I R C O N D Y ( 8 0 , 8 0 )  
Sc , H H V X ( 8 0 , 8 0 ) , H H V T ( 8 0 , 8 0 ) , H H V X X ( 8 0 , 8 0 ) , H H V X Y ( 8 0 , 8 0 ) , D X ( 8 0 )
Sc , D Y ( 8 0 ) , D T

I N T E G E R  N X , N Y , I , J  
D O  10 1 = 1 , N X  

D O  10 J =  1 ,N Y  
H H V X ( I , J ) = H H ( I , J , 1 ) - V X ( I , J , 1 ) 4 - H H ( I , J , 2 ) - V X ( I , J , 2 )

Sc - ( . H H ( I , J ,3 ) - V X ( I ,J , 3 )

H H V T ( I , J ) = H H ( I , J , i r V T ( I , J , l ) - p H H ( I , J , 2 ) - V T ( I , J , 2 )
Sc + H H ( I , J , 3 ) " V T ( 1 , J , 3 )

V I R C O N D ( I , J ) = H H V T ( I , J ) - A M B D A ( I , J )
10 C O N T I N U E

D O  50  1 = 1 , N X -1  
D O  50 J = 1 , N Y

V I R C O N D X ( I , J ) = 2 . 0 D 0 * D Y ( J ) * D T *
Sc ( D X ( I ) / V I R C 0 N D ( I , J ) + D X ( I - H ) / V I R C 0 N D ( I - H , J ) ) — -1

H H V X X ( I , J ) = 2 . 0 D 0 - D Y ( J ) * D T *
Sc ( D X ( I ) / H H V X ( I , J ) - ( - D X ( I - H ) / H H V X ( I + l , J ) ) — - l

50  C O N T I N U E

D O  8 0  1 = 1 , N X  
D O  80  J = 1 , N Y - 1

V I R C O N D Y ( I , J ) = 2 . 0 D 0 * D X ( I ) * D T *
Sc ( D Y ( J ) / V I R C 0 N D ( I , J ) + D Y ( J + 1 ) / V I R C 0 N D ( I , J - H ) ) " - 1

H H V X Y ( I , J ) = 2 . 0 D 0 * D X ( I ) * D T *
Sc ( D Y ( J ) / H H V X ( I , J H D Y ( J  +  1 ) / H H V X ( I , J - H ) ) * * - 1

8 0  C O N T I N U E

R E T U R N
E N D
C --------------------------------------------------------------------------------------
S U B R O U T I N E  C A L R O D U ( R O D U P , R O D U , R O , D U K , N X , N Y , D X , D Y )

I N T E G E R  N X , N Y , I , J , N P
D O U B L E  P R E C I S I O N  R O D U P ( 8 0 , 8 0 , 4 ) , R O D U ( 8 0 , 8 0 ) , R O ( 8 0 , 8 0 , 4 ) ,

Sc D U K ( 8 0 , 8 0 , 4 ) , D X ( 8 0 ) , D Y ( 8 0 )
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D O  8 0  1 = 1 , N X  
D O  50 J = 1 , N Y  
R O D D ( I ,J )= O .O D O  

10 D O  4 0  N P = 1 , 4
R O D U P ( r , J . N P ) = R O ( I . J , N P ) * D U K ( I , J . N P r D X ( I ) * D Y ( J )
R O D U ( I , J ) = R O D U ( I , J ) + R O D U P ( I , J , N P )

40 C O N T I N U E  
50 C O N T I N U E  
60 C O N T I N U E  

R E T U R N  
E N D
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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 C O P Y R I G H T "  A H M A D  H A S H E M I  E S F A H A N IA .V ,  1999

r e i l  m e ( 1 0 0 ) , m c h ( j 0 0 ) , j ( 1 0 0 ) , b < 1 0 0 ) , i : ( 1 0 0 ) , d ( 1 0 0 ) , d p ( 1 0 0 ) , d d ( 1 0 0 ) , e ( 1 0 0 )  
6  ,g( 1 0 0 ) ,h (  1 0 0 ) , a v g m ( 6 0 0 0 ) , m c i n , m c c  

A i= lO .5 / 2 . 0
C  T = T I M E  IN S E C O N D S
IssO .O
m c i n = . J
m c c = . 0 3 3
C K = N O .  O F  P O I N T S
t i m = 6 0 0 0 0 0 . 0
k = 2 1
C D X = D I S T A N C E  B E T W E E N  T W O  A D J A C E N T  P O I N T S
d x = & l / ( k . l )
d t = 3 0 . 0
r = d t / ( d x — 2)
O P E N ( U N I T = l . F I L E s s ’m c l b l . o u t ’ )

O P E N ( U N I T = 2 , F I L E = ' m » v l b l . o u t ' )
r 2 = r / 2 . 0
»&=:.264E«6
b b = 1 6 . 8
&al =  1 .0 3 7 6 6 5 2 e-d  
b b l s 8 . 3 5 2 0 8 3 6 e - 6  
& a 2 = 5 . l7 Q 8 6 6 6 7 e -5  
b b 2 s - 8 . 2 2 6 6 6 6 6 6 6 7 e - 5
C  S s A V E R A G E  S U R F A C E  C O E F F I C I E N T  
s s 2 . 6 I 1 6 3 4 2 8 6 e - 5
C C C C s s A V E R A G E  D I F F U S I O N  C O E F F I C I E N T
c c c = 6 . 7 4 5 6 0 3 9 2 e - 5
a = l
n c o n t s Q
C  C O N s s B X P A N S I O N  F A C T O R  F O R  T I M E  S T E P  
c o n = 1 . 0
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W R I T E ( l , * ) ' R e s u l t t f  o f  Im p Ucis  C r a a k - N i c o k o n  M e th o d  for  R U N  7
Sc o f  M in  Li*e c a e e ' , '  d t = \ d t , '  d x s ’. d x , '  K = ' ,k , '  M c ( i n i l i a l ) =  ’, m c in  
6  M c ( a i r ) =  \ m c c , ’ D i f  c o e f = ' , c c c , '  S = ' , e

W R I T E ( 2 , * ) ' D t = ' , d t , ' K = ’, k . ' d x = ’. d x , ' M c ( i n m a l ) = ’. m c i n . ’M c ( a i r ) = ’
Sc , m c c , ’ D i f  c o e f = ’, c c c , ’ 3 = ’,i

C M C ( J ) = M O I S T U R E  C O N T E N T  A T  E A C H  P O I N T  
d o  9  i = l , k , l  
m c ( j ) s m c i n  
c 2 0  m c o ( j ) s m c i n
9 c o n t in u e
10 d t = d t  
i = i + d l  
n s s n + l
c o n = c o a * 1 . 0 0 0 1  
d o  20  j =  l , k , l
C IN C A S E  T H A T  T H E  D I F F U S I O N  C O E F F I C I E N T  A T  E A C H  P O I N T  IS D I F F E R E N T
C D P ( J ) = T H E  D I F F U S I O N  C O E F F I C I E N T  A T  E A C H  P O I N T
c d p ( j ) = : 4 4 * e x p ( b b * m c ( j ) )
c d p ( j ) = ( a a l + b b l " m c ( j ) ) / ( m c ( j ) - m c i n )
c d p ( j ) = a a 2 - f b b 2 * m c ( j )
c d p ( j ) s 2 . 5 7 7 4 e - 5
c d p ( j ) = 1 . 5 1 8 e « 5
d p ( j ) = c c c
20 c o n t in u e
d o  25  i =  l , k , I
i f ( j . E Q .k ) g o  to  25
C E V A L U A T I N G  T H E  H A R M O N I C  A V E R A G E  O F  T H E  D I F F U S I O N  C O E F F I C I E N T  
d d ( j ) = 2 . / ( l . / d p ( j ) + l . / < i p ( j + l ) )  
c d d ( j ) = 0 . 5 * ( d p O ) + d p ( j  +  l ) )
25 c o n t in u e

d o  30  j s 2 , k * l , l
m c h ( i  ) = m c ( j ) * (  l - d d ( j .  I ) " r 2 .d d ( j  ) * r 2 ) + d d (  j .  I ) " r 2 - m c ( j .  I ) + d d ( j  )*r2 “ m c(  j + 1 )
30  c o n t in u e
m ch (  1 )=smc( 1 )■( l*dd(  1 ) * r ) + m c ( 2 ) * d d (  1 )"r 
c s s 9 . 2 e > 3  
c 4 = 7 .2 7 e » 4
m c h (k ) s s n n c (k )* (  l - 4 * d i / d x - d d ( k - l  } * r ) + d d ( k - l ) * r * m c ( j - l ) + m c c * i * d t / d x  
c m c h ( k ) = m c c
C IN C A S E  D I F F U S I O N  C O E F F I C I E N T  IS C H A N G I N G  D U E  T O  C H A N G E S  IN M O I S T U R E  C O N T E N T  
d o  40 j =  l , k , l
c d p ( j ) s a 4 * e x p ( b b ” n i c h ( j ) )
c d p ( j ) = a a l / ( m c b ( i ) - m c i n  ) + b b l * r a c h ( j ) / ( m c h ( j ) - m c i n )  
c d p ( j ) s a a 2 * f b b 2 * m c h ( j )
40 c o n t in u e  
d o  45  j s l . k . l
» f ( j . n e . k ) d d ( i ) = 2 . / ( l . / d p ( j ) + l - / d p ( j  +  I ) )
45  c o n t in u e

C E V A L U A T I N G  T H E  T D M A  A L G O R I T H M  C O E F F I C I E N T S .  A . B . C . D E . F . G . H  A T  E A C H  P O I N T
d ( l ) = r a c b ( l )
c ( l ) = - d d ( l ) * r
b ( l ) = : l . O + d d ( l ) * r
g ( l ) = d ( l ) / b ( l )
h ( l ) = c ( l ) / b ( l )
c43
d o  0 0  j = 2 , k . l , l
a ( j ) = . d d ( j * l ) “ r2
b { j ) = 1 . 0 + d d ( j . l ) - r 2 + d d ( i r r 2
c ( j ) = . d d ( j ) " r 2
d ( j ) = m c h ( j )
e ( j ) = b ( j ) . * ( j ) - h ( j - l )
h ( j ) = c ( j ) / e ( j )
8 ( i ) = ( d ( j ) - * ( j r s ( M ) ) / e ( i )
6 0  c o n t in u e

a ( k ) = - d d ( k - l ) “ r
b ( k ) = 1 . 0 + # " d t / d x + d d ( k . l ) " r
d ( k ) s s " d t / d x * m c c + m c h ( k )
e ( k ) = b ( k ) . 4 ( k ) - h ( k - l )
g ( k ) = ( d ( k ) . * ( k ) - g ( k . l ) ) / e ( k )
m c ( k ) = s g ( k )

C  E V A L U A T I N G  T H E  N E W  V A L U E S  F O R  M O I S T U R E  C O N T E N T S  
do  9 0  i = k - l , l , - l  
m c ( j ) = . h ( j  ) " m c ( j + l ) + g ( j )
90  c o n t in u e
a v m = ( m c ( l ) + m c ( k ) ) / 2 .
k k = k - l
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d o  160 i = 2 , k k  
t v m = & v m + m c ( i )
160 c o n t in u e  
» v m = & v m / ( k ' l )
C  A V M = A V E R A G E  M O I S T U R E  C O N T E N T  O F  T H E  B O A R D
n c a = c o n * 2 0 . 0
n 5 = n / n c s
U =nd” ncs

C  W R I T I N G  T H E  D A T A  E V E R Y  2 0  T I M E  S T E P
if ( p « .N E .O ) g o  to  360
n c o n t = n c o n ( + l
C  A V G M ( N C O N T ) = A V E R A G E  M O I S T U R E  C O N T E N T  O F  T H E  B O A R D  A T  T H E  T I M E  S T E P
& v g m ( n c o n t ) = » v m
t r o i n = t / 6 0 . 0
W R I T E ( l . * ) ’i i m e = ’,t

W R I T E ( l . * ) ' M C ( j )  a f t e r  s e c o n d  ha l f  t i m e  atep '

350  W R I T E ( l , 3 5 5 ) ( m c ( J ) , j  =  l , k )  
c W R I T E ( 2 , 3 5 6 ) 5 « 2 0 6 0 - t . a v g m ( n c o n t )
W R l T E ( 2 , 3 5 6 ) t . a v g m ( n c o n t )
355  F O R M A T ( 2 1 ( F l 3 . 9 ) )
3 5 6  F O R M A T ( f 8 . 1 , f « . 4 )
3 6 0  c o n t in u e
C  C H E C K I N G  T H E  E N D  O F  T H E  P R O G R A M  
i f ( a b a ( a v m * m c c ) . L £ . 0 . 0 0 0 0 1 . a n d . a v m . I t . m c c ) g o  to  370  
i f ( t . l t . t i m ) g o  to  10 
3 7 0  c o n t in u e  
C L O S E ( l )
C L 0 S E ( 2 )
a to p
e n d




