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ABSTRACT

A three-dimensional heat conduction problem in the Cartesian
coordinate system was solved using the finite element method for
predicting temperatures throughout grain storage bins. The model uses
linear or quadratic hexahedron elements with 1, 2 or 3 point Gauss
quadrature in each plane. The model can simulate the temperatures in
bins of any shape filled with grains and at any geographical location.
Input data required for the model include the three-dimensional grid
data of linear or quadratic hexahedron elements, thermal properties of
grain, bin wall material, soil, concrete and air, and the weather data
for the geographical location of the bin. The weather data include the
hourly values of ambient air temperature, solar radiation on a
horizontal surface, and the wind velocity.

The model was validated against the measured temperatures at
16 locations in a 5.56-m-diameter bin containing rapeseed and at 20
locations in a 5.56-m-diameter bin containing barley, located near
Winnipeg, Manitoba. The average absolute difference between the
measured temperatures and the temperatures predicted by the model with
linear elements was 2.7 K in the rapeseed bin and 2.4 K in the barley
bin. These values for the temperatures predicted by the model with
quadratic elements were 2.6 K and 2.1 K, respectively.

Temperatures predicted by the model in 3.0-m-tall and 4.0-m-
tall rapeseed bulks of various diameter to height ratios were compared
with the temperatures predicted by a two and three-dimensional finite
difference models. The average absolute difference between the
temperatures predicted by the 3D (three-dimensional) finite element

model and the 2D (two-dimensional) finite difference model at half the



radius towards the south mid-way between the top and bottom layers,
decreased with an increase in the diameter to height ratic of the grain
bulk. Temperatures predicted by the 3D finite element and 3D finite
difference models compared favorably with each  other. Distinct
differences were observed between the temperatures predicted by the 3D

finite element model for the north and south sides of a bin.
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1. INTRODUCTION

Canada produced an average of 51.5 Mt of pgrains and oilseeds
annually during the years from 1978 to 1987 (Anon 1988). These
products are stored and handled in bulk both on farms and during
transportation. A common storage structure on the Canadian Prairies is
the free-standing, corrugated galvanized steel, cylindrical bin of &0

o3

capacity. Protecting the stored grain in these granaries from
spoilage is an essential part of grain production. Temperature of grain
in storage is an important factor that determines the keeping quality
and control measures used to protect graln from insects, mites and .
damaging microflora (Oxley 1948, Muir 1980, Longstaff and Banks 1987)
Rates of respiration and multiplication of insects, mites and
fungl and respiration of the grain itself are largely dependent on
grain temperature (Oxley 1948). The development of the insects and
mites that attack the stored grain occur at well defined temperature
ranges of about 15 to 38 ©°C for the former and 5 to 40 °C for the
latter, and have narrow optimum ranges near 30 ©®C (Sinha and Watters
1985). The growth and reproduction of the rusty grain beetle,
Cryptolestes ferrugineus (Stephens), the predominant insect pest of

stored grain in western Canada, is optimal at a temperature of about

31 °C and the>development of the grain mite (Acarus siro L.) is optimal

at a temperature of about 20 °C (Loschiavo 1984). A knowledge of
temperature distribution in stored grain not only helps in identifying
active deterioration, but also gives an indication of the potential for

deterioration.
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Temperature changes in the stored grain are caused by both
internal and external sources of heat (Converse et al. 1973). Internal
sources are heat of respiration of grain, microorganisms, insects and
mites. External sources include the changes in the ambient air
temperature and solar radiation which wvary with the geographical
location of the storage structure. The transfer of heat is also
influenced by the local wind velocity.

Empirical temperature data can be collected at various points in
grain storage bins of different sizes over a period of time. However
this is an inefficient method, requiring a lot of time, cost and,
labour. On the other hand mathematical models, based on physical
principles can potentially predict with accuracy the temperature
distribution in a grain storage bin. Further, using the mathematical
models, the effect of bin size, bin wall material, location, etc., on
the temperature distribution can be studied.

Many attempts were made to develop mathematical models to
predict the temperature distribution in grain storage bins (Muir 1970,
Converse et al. 1973, Yaciuk et al. 1975, Lo et al. 1980, Muir et al.
1980, Longstaff and Banks 1987, White 1988). All these models use one
or two-dimensions in space to describe the heat conduction. Assumptions
restrict the use of these models to accurately predict the temperature
distribution in grain storagé bins. Further, when an actively spoiling
pocket of warm grain (a "hotspot") occurs in the grain, the temperature
of the grain mass surrounding the hotspot is raised in all three
directions. Only a three-dimensional-model would precisely predict the

effect of the hotspot in the surrounding grain mass.
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This study was undertaken to solve the three dimensional heat
conduction problem using the finite element method, for predicting the
temperature distribution in stored grain under a wide range of

conditions.
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2. OBJECTIVES
The objectives of this study were:

to solve a three-dimensional heat conduction problem in the
Cartesian coodinate system, using the finite element method, to
formulate a predictive model of grain temperatures in bins.

to validate the model against the measured data available in the
literature.

to compare the temperatures predicted by the finite element model
with the temperatures predicted by a two-dimensional finite

difference model and a three-dimensional finite difference model.



3. LITEBATURE REVIEW

3.1 Grain Storage in Canada

| As already noted Canada produced an average of 51.5 Mt of
-grains and oilseeds annually during the years from 1978 to 1987 (Ancn
1988). Eighty percent (41.1 Mt) of this was produced in Western Canada.
Most of the grain harvested in Canada goes into farm storage before it
is moved for sale or use. The total amount of grains and cilseeds
carried over in storage in Canada from one crop year to the next,
averaged over a 10 year period from 1978 to 1987 was 19.02 Mt (Anon
1988). Most of the farms in Canada must have on-farm storage capacity
of about 1.5 to 2.0 times their average annual production because of
large carryovers or large harvests, and these systems must maintain the
grain quality for 2 years or more (Mulr 1980).
3.2 Losses of Stored Food

Losses to stored products may be of quantity or quality and

may occur separately or together (Hall 1970). The quantity loss results
from evaporation of moisture from the food grain, from nutrients such
as carbohydrates being metabolized by microflora into water and carbon-
di-oxide and the product being eaten by insects and rodents. The
quality loss can be of reduction in grade due to sprouting, molding and
rotting, decrease in germinative power and nutritive value (Oxley 1948)
or the simple presence of contaminants such as insects. Several
biological and non-biological variables interact to cause damage to the
stored product. Three main abiotic factors affecting the rate of
deterioration are temperature, gaseous composition of intergranular air
and the grain moisture content (Oxley i948, Muir 1980).

5
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3.3 Importance of Temperature in Grain Storage

Temperature and moisture content of the grain are the
determining factors in the development of organisms that affect the
stored grain. Muir et al. (1987) stated that under Canadian conditions
a small pocket of high moisture content grain may spoil in a large
grain bulk. Moisture migration resulting from temperature differentials
in the grain mass can result in localized high moisture levels. Other
causes can be the entrance of snow or rain through the granary
structure. Sinha and Wallace (1977) measured the temperatures at
various locations in 46 t of rapeseed stored at a moisture content of .
8.5 to 9% from August 1973 to December 1977. They reported that the
centre temperature in this bin was higher in mid-winter than in mid-
summer. Differences between the centre temperature of the grain bulk
and the outside ambient air temperature cause convection currents in
the grain accompanied by a movement of moisture from high temperature
to low temperature areas.

Epperly et al. (1987) studied the effect of cooling on the
population of insects that attack stored wheat. Reducing the
temperature of the grain mass below 283 K during early fall produced
an unfavorable environment for multiplication and activity of stored-
grain insects. Allowing grain to remain cool during spring and summer
months minimizes insect problems (Cuperus et al. 1986). When an
aeration system was used to control temperature, the bins did not
require chemical methods to control the stored grain insects. Also, if
grain temperatures can be lowered to -5°C for 6 weeks or -10°C for 4

weeks, insects will be killed (Loschiavo 1984).
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Certain temperature ranges in the grain storage bin influence
in the outbreak of insects, mites and fungi, and temperature also
affect the toxicity of chemicals applied to control these biological
organisms, For example, application of the insecticide pirimphos
methyl at 305 K and deltamethrin at 294 K is most effective in
controlling Sitophilus oryzae (L.) (Longstaff and Desmarchelier 1983).
Tyler and Binns (1982) studied the effect of eight organophosphorus
insecticides at 283, 290.5 and 298 K on insecticide susceptible strains
of adult Tribolium castaneum (Herbst) , Oryzaephilus surinamensis (L.)
, and Sitophilus granarius (L.). The insects were exposed to a range of .
deposits from 10 to 5000 mg per square metre. Based on the knockdown
and mortality, the effectiveness of all the insecticides was greater at
298.0 K than at 290.5 K and was distinctly lower at 283.0 K. Their
results demonstrated that dosages should be regarded as temperature-
specific and consideration must be given to the usual decline in
effectiveness with temperature. Resldues of insecticides also degrade
much more slowly at cool (below 253 K) than at warm (above 293 K)
temperatures (Abdel-Kader et al. 1980). Other insecticides such as
pyrethroid permethrin are more toxic to insects at low (15 °C) than at
high temperatures (32°C) (Harris and Kinoshita 1977). Also fumigants
such as the phosphine gas become less effective with declining
temperatures and are not recommended for use below 278 K (Anon 1989).

The knowledge of temperature distribution in stored grain
will help in identifying active deterioration and in deciding on
effective control measures to protect the grain. Collecting the

temperature data using experimental procedures (Sinha and Wallace 1977,
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Jiang et al. 1988), over a period of time can indicate the temperature
distribution in a stored-grain mass. However, temperature data
collected in a bin containing a particular grain can only be used for
that grain, at the given location, and generalizations can not be made.
Mathematical models, by solving one, two or three dimensional heat
conduction problems, can be developed for predicting the temperature
distribution in bins containing any type of grain and at any location.
3.4 Methods of Solving Heat Conduction Problems

Trupp (1964) discussed various methods of solving heat
conduction problems, including analytical methods, numerical methods, .
analogous methods and experimental methods. Analytical methods of
solving heat conduction problems consist of straight solutions of the
partial differential equation of heat conduction. Any heat conductioﬁ
problem can be solved analytically. But, in practice, even if the
problem <can be successfully formulated, the solution may be
indeterminate due to the intricate mathematics involved. Also, problems
involving anisotropic materials are wusually difficult to solve
analytically.

Numerical metheds can be ﬁsed to obtain an approximate
solution when an analytical solution can not be obtained. The finite
difference method is useful for solving heat transfer and fluid
mechanics problems. In the finite difference approach of solving heat
conduction problems, the geometry is subdivided into a number of
regions. The thermal relations for each region are represented by its
central point, called a node. Temperature is computed for each node in

the domain, rather than at any point as done in the analytical method.
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The method is rather cumbersome when the regions have curved or

irregular boundaries and it is difficult to write general computer

programs for the method (Segerlind 1984).

The finite element method has been successfully applied to
solve several engineering problems such as heat conduction, fluid
dynamics, seepage flow, electric and magnetic filelds, and vibration
analysis (Zinkiewich and Parekh 1970, Rao 1982, Neiber 1983, Shufen and
Jofreit 1987, Parsons et al. 1987). The fundamental difference between
the finite difference and the finite element method is that the finite
difference method provides a pointwise approximation of the governing -
differential equation whereas the finite element method provides a
piecewise approximation.

Segerlind (1976) has summarised the advantages of the finite
element method as follows:

(1) the material properties in adjacent elements do not have to be
the same;

(2) irregularly shaped boundaries can be approximated using elements
with straight sides or matched exactly using elements with curved
boundaries:

(3) the size of the elements can be varied, which allows the element
grid to be expanded or refined as the need exists;

(4) mixed boundary conditions can be éasily handled; and

(5) a general computer program for a particular subject matter area
can be written.

The availability of adequate computer memory and the relative

high computational costs are the limiting factors for solving a problem
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using the finite element method. Many researchers have solved the heat
conduction problem using the analytical or numerical methods to predict
_the temperature distribution in grain étorage bins.
3.5 Analytical Models

Gonverse et al. (1973) developed an analytical solution
describing the heat transfer in cylindrical grain storage bins. They
investigated the effect of changes in the external air temperature on
the temperature of wheat stored in a concrete upright bin. Intermal
heat generation from respiration of the grains, microorganisms and
insects was considered negligible. They concluded that the lag between .
the ambient temperature and the changes in the grain temperature
increased almost lineérly with the distance from the exposed wall and
that the diurnal variation in temperature had little effect on the
wheat temperature.

Manbeck and Britton (1988) developed a model to predict the
surface temperature of a thin-walled metal grain bin on clear days.
Energy input to the wall included the product of the incident direct
normal radiation, the shortwave absorptivity of the outer wall surface
and the cosine of the angle of solar incidence. Energy loss from the
wall included the convection and radiation losses to the outside air,
and the heat conduction losses to the grain mass. The model predicted
both mean and local bin wall temperatures within 2 to 5 °C of observed
values for 5 test days. The predicted mean bin wall temperature
declines were from 4 to 8 °C h-l of the observed values on calm days

and to less than 1 °C h™l of the observed temperatures on windy days.
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3.6 Finite Difference Models

Lo et al. (1975) did a quantitative analysis of the influence
of weather on grain temperatures and moisture contents. They used the
finite difference method to solve the one dimensional heat conduction
equation in the radial direction, for predicting the temperature
distribution in grain storage bins. The day-by-day variation of the
ambient air temperature was considered as the only source that would
affect the grain temperature. Their results were in good agreement with
several reports in the literature. Thelr analysis showed that the grain
located at or near the wall and at the top was most susceptible to heat
damage.

Yaciuk et al. (1975) developed a mathematical model of heat
transfer in grain bin and solved it using the finite difference method.
The main variables that can be studied using their model are: thermal
properties of the grain, initial temperature of the grain, ambient air
temperature, radiation, wind velocity, diameter of the bin and the type
of bin wall material. Heat transfer by conduction in the wvertical
direction and by natural convection within the bin were assumed to be
negligible. The prediction equations do not take into account the
variable heating of the bin wall due to solar radiation and the heat
generated by insects, mites and fungi. Also the heat flow was assumed
to be entirely radial and the problem was treated as one-dimensional.

Muir et al. (1980) converted the one-dimensional finite
difference model of Yaciuk et al. (1975) to simulate the conductive
heat transfer in both the vertical and radial directions in free-

standing cylindrical bins of stored grain. Temperature throughout the
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bin was assumed to be symmetrical about the vertical axis and heat
generation within the grain mass was assumed to be negligible. They
concluded that the inclusion of convection currents in the grain bulk
did not result in more accurate predictions of temperature.

Metzger and Muir (1983) extended the two dimensional finite
difference model of Muir et al. (1980) to include forced convective
heat transfer in the vertical direction in cylindrical granaries. Input
to the model included the initial grain conditions, air flow rate,
weather conditions and fan parameters. Predicted temperatures closely
followed the measured temperatures at two locations in a 4.3 m diameter .
bin.

Longstaff and Banks (1987) developed a finite difference
simulation model to predict the mean and variation of temperature in
the region within 40 cm of the upper surface of a grain bulk, based on
the measured temperatures below 40 cm and at the surface. They
considered the heat transfer in the vertical plane only, and assumed
the thermal properties of the grain to be constant in time and space.

White (1988) reported that grain temperature changes were
primarily due to seasonal changes in ambient conditions which were
transferred through the grain bulk by conduction. He presented a
simulation model to describe temperature changes observed during summer
and autumn in three grain bulks in horizontal storage bins in the sub
tropical regions of Australia. In his model, the temperature of the
surface layer was set at the mean monthly maximum at the middle of each
month, with linear change from the middle of one month to the next.

Temperatures at the bottom surface were assumed to reach temperature
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equilibrium with the floor and soil under the floor of the storage. He
used one dimensional finite difference equations describing the heat
transfer by conduction. Predicted temperatures closely followed the
observed values.

All these models are either one or two dimensional.
Assumptions and the dimensionality restrict the use of these models to
predict the temperature distribution of grain storage bulks with
irregular boundaries. Further, when a hotspot occurs in a grain storage
bin, the temperature of the grain mass surrounding the hotspot 1is
raised in all three directions. Only a three dimensional model can .
precisely predict the effect of the hotspot on the surrounding grain
mass.

Alagusundaram et al. (1988) solved a three dimensional heag
transfer problem using the finite difference method to predict the
temperature distribution in cylindrical grain storage bins. Their model
can predict the temperatures using the input data of initial grain
temperature, ambient air temperature, solar radiation, wind velocity
and thermal properties of grain, bin structure, and the soil. They
assumed the internal heat generation in the bulk to be negligible and
that the thermal properties of the grain are constant throughout the
grain mass. Predicted temperatures were in good agreement with the
measured temperatures at 2 m from the centre at a height of 2 m above
the floor in a 5.56-m-diameter bin containing rapeseed to a depth of
2.7 m.

All previous researchers have solved the heat conduction

problem either analytically or by using the finite difference method,
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to predict the temperature distribution in a stored grain mass. Due to
the various advantages and the versatility of the finite element method
over the analytical or the finite difference method, the finite
element method was used for solving the three dimensional transient
heat conduction problem to predict the temperature distribution in
grain storage bins of any shape and at any location provided the
weather data are available for the 1location. Development of the
solution for the heat transfer in grain bins is given in the next

chapter.



4. MODEL DEVELOPMENT
4.1 Heat conduction equation
The partial differential equation governing the transient heat

conduction in an anisotropic solid body in the Cartesian coordinate

system is given by (Kreith 1973, Bathe 1982, Rao 1982, Allaire 1985):

a_ 2T a_ 4T 4 aT . aT
ax(kx ax )+ ay(ky ay )+ az(kz az) *tq=pe r &

subject to the boundary conditions,

T(x,y,z,7) = Tg for r >0ons; ..., (2)
aT 4T 2T 4
KXax Lx+Kyay ~',y+1(2az iz +qr =0
for r >0onsSy ..., 3)
aT aT 3T
Ky ax Lx'l'Ky dy Ly+Kz 3z ty + ho(T-Ty) = O
for r >0onsy ..., (4)
and the initial condition, T(x,y,z,r=0) =Ty  ..... (5)
Where: ¢ = gpecific heat of the material (J kg'l K'l)

he = convective heat transfer coefficient on the
boundary S3 (W m 2 g1y
kg, ky and k,; = thermal conductivities of the material in x, y, and
z coordinate directions, respectively (W n-1 K“l)
tx, ty and ¢z = direction cosines

qy = heat flux on the boundary S92 (W m2)

q = internal heat generation (W m'3)

T = temperature at time 7 > 0 (K)
Tew = surrounding temperature (K)

To = specified temperature on boundary S; (K)
15
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T; = initial temperature of the material at time r = 0

(X)

p = density of the material (kg m-3)
4.2 Solution of Eq. (1) to (5) using Variational Approach

To solve Eq. 1 along with the associated boundary conditions
two approaches (variational and weighted residuals) can be used in the
finite element method. Details of these methods are given in Segerlind
(1976, 1984), respectively. Both approaches arrive at the same final
algebraic equations. To use variational approach, a functional is
required, whereas the weighted residual method is more general and can.
be used with any partial differential equation. Because of the
availability of a functional for Eq.l, it was decided to use the

variational approach. The functional I for the three dimensional heat

transfer problem described by Egs.(l) to (5) is given as (Rao 1982):
1
-3 G 52+ k@2 + k(32 - 234 - e yryav +

[ qeT dsp + & f ho(T - To)2ds3 (6)
S2 53

Defining two matrices (g) and [D] as:

T . (& 9T oT
(g} ax dy az}
Re 0 |
and [D] = |O Ky 0
0 Ky}

the functional, I, in Eq. (6) can be written as:

% f [g} (D]{g} - 2(q - pcﬁ‘) T]dV + f qyT dsg +
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5 g he (T - T)2 d83 7)
3

The functional, I, is to be minimized with respect to the nodal
values {T}, subject to the satisfaction of the boundary condition of
Eq. (2) and the initial condition of Eq. (5). To do this, a suitable
form of wvariation of the field variable, T, in each finite element is

assumed as follows:
T(®) (x,y,z,7) = [N(&(x,y,2)} (T¢e}y ..., (8)

where [N(e)(x,y,z)], the matrix of the Iinterpolation functions

(Appendix A), is given by:

IN(®) (x,y,2)] = [N1(x,¥,2) No(x,¥,2) ....... Np(x,y,2)]

and {T(e)}, the vector of nodal temperatures is given by:

Ty
T
(r(e)y = 2

Tp
for an element with p number of nodes.
Since the functions of temperatures are defined only over the

individual elements, the functional I (Eq.7) can be expressed as the

sum of E elemental quantities 1(e) as:

E
-3 ¢ . (9)
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where:

e - 2 J )[{g(e)}T{D]{g(e)1] - [2<q<e>-p(e>c<e>§§(e)} T(e) qv

y(e

+ (e) (&) 45, + Ly r® - 1)2 as
gz(e)Qr 2 £3(e)2 e ), 3

For the minimization of the functional, I, the necessary condition

is:

E
a1 _ ar(e) _ _
4Ty e§1 aTy 0, i 1,2 3 .;...M ..... (11)

where M is the total number of unknown nodal temperatures.

By differentiating Eq. (8) (g(e)} can be written as:

at N7 gNo ....... Qﬂp T
ax ax ax ax T2
aT| = {9N7 9Ny ....... 1
3y 3y 8y az
aT N1 N2 ....... Qﬂp .
dz dz dz dz Tp
- (8(e)] (1) (12)

Substituting Eq. (8) and (12) in (10), the result is,

1(e) . 1 f (TyTs(e) T ple)[B(®) (T} av +
2 (o)

[p(@eled) n(e) Ty nCe) | HIL | n(e)y(Tyq) av +
v(e) ar

[ qeN®1(masy + 2w mTne)  Tinled(1yas; -
5,03 25, (e)

I (e)hc(e)ruo (N(e) (1) ds3 - % [ hf®rg2 das3 ... (13)
53

Carrying out the differentiation of Eq. (13) term by term,
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—é— T (e) T (e) (e) Vo= (e) T (e) (e) \H
{T) B D B {T) 4v. B D B {T d
3Ti I( ) { ] [ ]I ] I( )[ ] [ ][ } }

T .
a5 ey plelel@) i@ (rynee) 2t - n(@yTyq) av

- f(e)p(e)c<e>ln<e)]Tin<e>1ﬁ§§l - €T g av
v

2 g Ny asy = [ g @ [N(e)T asy
Sz(e) 52(3

41 (e) (e) 1Try(e)
3T, 2 £3(e)hc (rywie) el 1 (ry as,

- (e)hc(e>[N<e)1Tln<e>1{r> dss

3

-4 h. (&)1 (w(e) (T} ds3 = h. (@1 [n(e) )T gs
3Ty 33(8) c ( HT) 3 I (e) c [N ] 3

53

4.1 (e} o 2
h T dSy = 0
aTy 2 £3(e) ¢ ® 3

and adding them all gives:

arte) () 1T p(e) 1 [(e) (&) (&) rn(e) 1Ty (e) 12LT1
314 £(8)EB 1Tip(e) (@) av + £(e)[p c(e)nle) Tnle) )&

- (e Ty av + [ qp(®(neNT asy
Sg(e

+ f hc(e)[N(e)]T[N(e)]{T} dSé - f hc(e)Tw[N(e)]T dsy +
53(3) S3(e)
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_a1(e)

3T« to 0, Eq. (14) can be written iIn a condensed form
i

Equating

as follows
el H oy k€@ (1) = (rley (15)

where,

[cle)y = [ plelc(e) (e T y(e)] gv
y(e)

{ﬂ”}-f)wwhﬁﬂﬂﬂM“]W+f

ne() [N(e)1T[n(e) )ass
v(e e)

S3(

(&) = [ (NeNTgav - [ q (@ n(eNT a5y +
vie) Sz(e

I (@1 (n(e)T dasy
s3(e

[c(e)] = element capacitance matrix

(F{e)} = element load vector

[K(e)] = element conductance matrix
The surface integral over Sy, or S3, do not appear in Eq. (15) if
node i does not lie on the corresponding boundary. Eq. (15) 1s for an
element in the domain. Adding the capacitance, [C(e)}, and conductance,
(K(®)] matrices and the element load vector, (F(e)), of individual
elements, over all the elements in the grid will yield the following

equation,

(C] Q%Ei + [K} (T} =4(FY ... (16)

[C] = global capacitance matrix
{F} = global load vector

[K] = global conductance matrix
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4.3 Time Integration of Eq. (16)
To solve Eq. (16) in the time domain a # family of approximatien,
which approximate a weighted average of the time derivative, 1is

introduced as follows:

8 (Thpel +(1-0) (Tiy = (Tla#l - (Tha 1<8<1..... (17)

Ar

A number of different schemes can be obtained by choosing the value of
§ as follows (Wood and Lewis 1975),
§ =0 forward difference scheme
= (0.5 Crank-Nicholson scheme
= 0,667 Galerkin method
-1 backward difference scheme
The finite difference recurrence relationship is stable for any value

of # between 0.5 and 1.0.

Assuming (T)p41 = (Tlp = (T}, which means the slopes at times rp4] and
rn are equal, and rearranging the terms in Eq. (17), gives the

following equation :

(et - (Tp 1

{é] -
o At [8+(1-8)]

Substituting the value of [i} in Eq. (16) yields:
[C] (Tlp+1 = [C] (Tip + Ar[64(1-8)][(F} - [K](T}]

Accounting for the time change in the boundary condition vector {F} the

above equation can be rewritten as follows:
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[C] (Tigel = [C1{Tip + 0AT[(Finsl - [KI(T)pe1] + (1-0)Ar
[{F}n = [K]{T}n] ..... (18)

Rearranging (18) to obtain {T}n41 Iin terms of (T}, and dividing by

Ar, the resulting equation is:

€1 4 omy| (T = [E8) - a-oyixy| (Tig + [0(FInen + (1-0) (F)p
At At

Eq. (19) is solved to obtain the temperatures at time r+Ar by using
the temperatures at time r.
4.4 Discretization of the Space Domain

One of the major steps involved in solving a problem using
the finite element method is discretization of the domain. Visualizing
a three dimensional grid is wvery difficult and becomes almost
impossible when higher order elements are used. The amount of work and
time required to enter three-dimensional grid data and subsequent
checking for errors are phenomenal. No automatic grid generators were
available. A program that would generate three dimensional linear and
quadratic hexahedron grid data was written. The input data required for
this program are the grid data of a two dimensional plane in the bottom
layer of the domain. This program can discretize any three dimensional
body, provided the body has straight edges in the third dimension.
Listing of this program, SAGG, and sample input data are given in
Appendix B.
4.5 Simulation of Grain Bin Temperatures

The finite element heat transfer model was coded in FORTRAN
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to predict the temperature distribution in stored grain (Appendix C).
Description of the program and subroutines are given in Appendix D. All
the variables used in the program are defined in Appendix E. The
program can handle linear and quadratic elements with 1, 2 or 3 point
Gauss quadrature in each plane. Any number of faces of an element can
have convective or radiative heat transfer across the boundary. The
maximum number of nodes in the continuum is dependent only on the
availability of computer memory.

Input data required for the program are: the node and element
data, the boundary condition codes (set equal to 1 for the nodes lying..
in the bottom layer of the grain bulk), thermal properties of grain,
soil, air, initial temperatures of all the nodes in the domain, and the
weather data for the location. The weather data include the hourlf
values of the ambient air temperature, solar radiation on a horizontal
surface and the local wind velocity. The complete list of input data
required for the program with the format are given in Appendix F.
Sample input data for a linear and a quadratic element are shown in
Appendix G. The convection and the radiation boundary conditions along
the circumference of the bin and the prescribed nodal temperatures in
the bottom layer of the grain bulk were calculated wusing the
procedures described below.

4.6 Convective Heat Transfer on the Circumference of the Bin

Eq. (20) given by Longstaff and Fennigan (1983), was used to
calculate the convective heat transfer coefficient, h,, around the
circumference of a bin.

N, - 0.227 R-63% (20)
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Ny - Nusselt number = hed L (21)
Rg = Reynolds number = pvd ... (22>
b
Where : d = diameter of the bin (m)
h, = convective heat transfer coefficient (W m'z)
k = thermal conductivity of air (W m-1 K'l)
v = local wind velocity (m s'l)
u = viscosity of air (N s m'2)
p = density of air (kg m'3)

velocity,

Using the thermal properties of air and the 1local wind -

he, at the end of each hour was calculated and averaged over

NHOUR (Appendix D), specified by the user.

4.7 Radiant Heat Transfer on the Boundary Si

using the
e =
where,

Qe ™

90

Where:
qd
qe
qf
qo

gs

The net radiant heat flow, qy, in equation (16) is calculated

following relationship (Duffie and Beckman 1974):

e +9s *Af+4d - % e (23)
oaFpe T* (24)
oaFpg TS L (25)
o e [Tgle))4 S (26)
= direct sclar radiation (W m'z)

= earth to bin radiation (W m'2)

= diffuse solar radiation (W m'2)

= bin to surrounding radiation (W m'z)

= sky to bin radiation (W n"2)
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Based on the study of Muir et al. (1980), the wvalues for the
longwave absorptivity and emissivity of the bin wall material were set
. equal to 0.28, and the two shape functions Fp, and Fpg were set equal
to 0.5. The estimated sky temperature of 210 K was wused. For
calculating the solar radiation components, qf and qd, on the face of
an element lying in the radiation boundary S9, the radiation on a
vertical surface (Hy) at the end of each hour was calculated using the

measured values of radiation on a horizontal surface (H), and Eq. (27)

Hy = (2RpH - 2RpH, + Hg + vH)/4 ..., (27) ..
Where; cos fr
Ry = E;;—Ez ..... (28)

Hp = beam radiation on a horizontal surface (W m'z)
Hq = diffuse radiation on a horizontal surface (W m~
v = ground reflectance
61 = angle of incidence of beam radiation (radian)
f, = zenith angle (radian)

The angles f1 and §, were calculated using Eqns. (29) and (30) (Duffie

and Beckman 1974):

cos #p = sin § sin 2 cos s - sin § cos @ sin s cos v +

cos § cos @ cos s co08 w Z + cos § sin @ sin s cos w cos v

cos § sinssinwsin~ ..., (29)
cos §, =~ sin 6§ sine + cos § cos s cos w  ..... (30)
where, s = angle the plane makes with the horizontal

S B the surface azimuth angle, that is the deviation of the

normal to the surface from the local meridian, the zero
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point being due south, east positive and west negative
w = hour angle, solar noon being zerc and each hour equaling

15°% with mornings positive and afternocons negative
The diffuse (Hgq) and beam (Hb) radiation components and Rp were
estimated using the procedure given below.
Hq was determined by calculating the non-dimensional parameter K, which
is the ratio of Hy to H. The noﬁ-dimensional parameter, K, was
calculated using the relationship between KT, which is the ratio of H
to the extra terrestrial radiation, H,, and K (Ruth and Chant 1976).
Then the value of Hp was calculated by subtracting the diffuse..

component from H. H, was calculated using Eq. (31) (Duffie and Beckman

1974):
H, = %& Ige [ [1+0.033 cos(gggn)] {cos @ cos § sin wg +
-gT‘(‘)’S sin o sin 51] ..... (31)
where: n = day of the year beginning at January 1

Ige = solar constant (1353 W m"2)
2 = latitude

wg = sunrise hour angle (-cos'l(-tan 8 tan §))

§ = declination = 23.45 (360 Z%%%n}
Hv and the shortwave absorptivity of the bin wall material were
multiplied to get the value of (qf+qq).
4.8 Temperature of the Nodes in the Bottom Layer of the Bulk
The Fourier series (Eq. 33) given by Singh (1977) was used to

calculate the soil temperature at a depth z. Soil temperature profile

in the horizontal direction under a bin was approximated to the soil
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temperature profile in the vertical direction (Muir et al. 1980). So z

is the distance of the corresponding node from the circumference.

T(z,p) =3 *+ % eIJ'(n"/365°)'Z].[an cos| 365 0 ligﬁl.z}

365 365a
2
+ by sin[50F p - éé?gl.z] ] ..... (33)

The serles was truncated after six terms (Singh 1977). The coefficients

ag, ais and bys given by Singh (1977) were used (Table 4.1).

TABLE 4.1 Values of Fourier coefficients for the soil temperature
model (Singh 1977)

Parameters Values (°C) Parameters Values (°C)
ag 4.894
aj -10.919 by -5.129
ag 1.157 bo 0.574
a3 -0.091 b3 0.119
as 0.031 by, -0.365
as 0.519 bg 0.332
ag 0.027 bg 0.068

A one-dimensional finite difference equation in the vertical plane was
used to calculate the temperature of the node, i, in the bottom layer

of the bulk., The finite difference solution wuses the thermal

properties of soil, concrete, and grain, calculated soil temperature
(Eq. 33), and the temperature of the node above node i to calculate

the temperature of node 1.



4, MODEL VALIDATION

Experimental Data for Model Validation

Temperature data collected in two 5.56-m-diameter galvanized
steel bins filled with rapeseed (canola) and barley respectively and
used to validate the two-dimensional finite difference model of Muir et
al. (1980) were also used to validate the three-dimensional finite
element model. The 5.56-m-diameter rapeseed bin was filled to a depth
of 2.7 m. Temperatures were recorded at four levels: near the floor, 1
m and 2 m from the floor and near the surface of the grain bulk, over a
three year period from 17 May 1974 to 11 Jan 1978. At each level
thermocouples were located at the centre, at 1 m and 2 m radii and near‘
the bin wall (Fig.5.1). The other bin contained barley to a depth of
3.2 m. The temperatures were recorded from 13 Aug 1974 to 28 Nov 1975
Location of thermocouples in this bin were the same as those of the
rapeseed bin, except that the temperaﬁures were recorded at 5 levels:
near the floor, 1 m, 2 m and 2.7 m from the floor and at the surface of
the grain bulk.
Simulation Procedure

Temperatures of the rapeseed and barley bins were simulated
using the model with linear and quadratic elements with 2 X 2 X 2
quadrature. Figs. 5.2 and 5.3 show the bottom layer of the 5.56-m-
diameter grain bulk discretized into 32 linear and quadratic elements,
respectively. The node and element data of these grids were inputted to
the program SAGG (Appendix B) to generate complete three dimensional
element data for the program FE3DHT (Appendix C). Fig 5.4 shows the

rapeseed bulk (5.56 m diameter and 2.7 m depth) discretized into 96

28
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2.7

1.0

556

Fig 5.1: Thermocouple locations in rapeseed bin.
(Source Muir et al. 1980
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—Y

l“ 556 m

Fig 5.2: Bottom layer of a 5.56—m-—diameter bin
discretized into 32 linear elements.

(Numbers circumacribed by circles are element numbers, others are
node numbars



N

Fig 5.3: Bottom layer of a 5.56—m.—diometer bin
discretized into 32 quadratic elements.

{Numbers circumscribed by circles are element numbers, others are
node numbers)
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Fig 5.4: A cylindrical bulk of 5.56—m-—diameter and
2.7 m height discretized into 96 hexahedron

elements.
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hexahedron elements. The total number of nodes in this grid were 180
for linear elements and 619 for quadratic elements.

The memory available in the University of Manitoba main frame
computer (AMDAHL 5870) was not sufficient to use the grid shown in Fig
5.3. for quadratic elements, Hence the grain bulk was cut along the
north-south diameter and one half of the bulk was discretized inte
quadratic elements. Temperatures of the nodes lying in the bottom layer
of the bulks were prescribed by the temperatures calculated using a one
dimensional finite difference equation. The finite difference equation
uses the temperature of the node lying above the corresponding node and
the soil temperature calculated using the model of Singh (1977), to.
calculate the temperature of the bottom node.

The hourly weather data for Winnipeg were used (20 km from
the site). Thermal and physical properties of rapeseed used were a;
follows: specific heat, 1700 J kg'l K-1l; thermal conductivity, 0.12 W
m-1 K'l; and bulk density, 700 kg m-3 (Moysey et al. 1977, Jayas et al.
1989). The thermal and physical properties of barley were assumed to
be: specific heat, 1560 J kg'l K'l, thermal conductivity, 0.15 W m-1 K-
1, and bulk density, 670 kg m™3 (Muir et al. 1980). The longwave and
shortwave emissivities, .0.28 and 0.89, vrespectively, for dirty
galvanized iron, given by Kreith (1973), were used. The temperature of
the air above the grain surface was set at 5 K above the ambient air
temperature, and the convective heat transfer coefficient above the
grain surface was assumed to be 1 W m'2 K'l {Muir et al. 1980). Various
other values used in the simulation and their sources are listed in

Table 5.1.
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Table 5.1: Properties of air, soil and concrete used in the simulation.

Property Value Unit
AirX
Thermal conductivity 0.02593 wanl gl
Density 1.205 kg m-3
Viscosity 18.14x10°6 N s m?
Soil*
Thermal conductivity 0.865 Wml gl
Density 1600 kg m-3
Specific heat 865 J kg'l k-1
Concrete®
Thermal conductivity 1.279 walkl
Density 2300 kg m~3
Specific heat 1130 J kg'1 k-1

* Source, ASHRAE (1982)
# Source, Incropera and Dewitt (1985)
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Discussion on predicted temperatures

The temperatures measured at equal radii were averaged and
fepbrted as one value, thus giving 16 locations in the rapeseed bin and
20 locations in the barley bin. The temperatures predicted by the model
at equal radil were also averaged and the results were printed. Thus,
the measured and predicted temperatures were compared at 16 locations
in the rapeseed bin and at 20 locations in the barley bin. The
measured temperatures at various locations in the rapeseed and barley
bins and the temperatures predicted by the model with linear and
quadratic elements are shown in Appendix H.

Fig. 5.5 shows the '~ measured temperatures and the-
temperatures predicted by the model with linear elements at 2.0 m
radius from the centre at a height of 2.0 m from the floor, in the
rapeseed bulk. The measured temperatures and the temperatures predicted
by the model with linear elements at 2.0 m radius from the centre at a
héight of 2.7 m from the floor, in the barley bin are shown in Fig.
5.6. As could be seen from these figures the predicted temperatures
closely followed the measured values. The same pattern was observed at
all other locations compared for both the bins.

To estimate the accuracy of prediection ﬁith the measured
values, the standard error of estimate and the average of the absolute
difference were calculated at all the locations compared in the bins.
These wvalues for the rapeseed bin are tabulated in Table 5.2 and for
the barley bin in Table 5.3. To determine the accuracy of prediction,
linear regression lines were fit between the measured temperatures and
the temperatures predicted by the model with linear and quadratic

elements at every location compared for in both the bins. The intercept
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Table 5.2. Standard error of estimate and the average of the absolute
difference between the measured and the predicted
temperatures in the rapeseed bin.

Radius
Height from Centre 1.0 m 2.0m Wall
the floor
{m) S.E  AAD S.E. AAD S5.E. AAD S.E AAD
Linear element
2.7. 4.9 3.7 3.1 2.5 3.3 2.7 3.5 2.7
2.0 3.6 2.9 3.0 2.5 2.9 2.5 3.5 2.7
1.0 3.0 2.7 3.0 2.6 3.0 2.6 3.2 2.5
0.0 2.2 1.9 2.3 1.9 2.8 2.4 5.1 4.3
Quadratic element
2.7 3.9 3.0 3.9 3.1 4.5 3.5 5.3 4.3
2.0 3.1 2.4 2.5 2.0 3.0 2.5 4.2 3.4
1.0 2.3 1.9 1.6 1.3 3.3 2.5 4.1 3.3
0.0 1.5 1.3 1.5 1.2 2.8 2.2 5.0 3.9

Note : AAD = Average absolute difference
S.E. = Standard error = J{(Pt-Mt)2/n}

where: Pt = predicted temperature
Mt = measured temperature
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Table 5.3. Standard error of estimate and the average of the absolute
difference between the measured and predicted temperatures
in the barley bin

Radius
Height from Centre Im 2 m Wall
the floor _
(m) S.E. AAD S.E. AAD S.E. AAD S.E. AAD
Linear element
3.2 2.7 2.1 4.4 3.5 3.2 2.5 4.0 3.1
2.7 3.9 2.9 2.9 2.2 1.7 1.3 2.9 2.2
2.0 3.9 3.0 3.8 2.9 2.9 2.4 2.7 1.9
1.0 3.0 2.6 2.9 2.5 3.4 2.9 2.8 2.1
0.0 1.8 1.6 1.8 1.6 2.1 1.8 3.8 3.0
Quadratic element
3.2 3.1 2.5 2.4 1.9 2.9 2.2 3.7 2.8
2.7 3.0 2.4 2.2 1.8 2.2 1.9 3.4 2.8
2.0 2.0 1.7 1.9 1.5 1.8 1.5 3.5 2.8
1.0 3.3 2.8 2.6 2.1 3.2 2.4 3.6 2.8
0.0 1.4 0.9 1.5 1.2 1.8 1.5 3.8 3.2

Note : AAD = Average absolute difference
S.E. = Standard error = J{(Pt-Mt)z/n}
where: Pt = predicted temperature

Mt = measured temperature
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was forced to zero. The slopes of theée lines were close to 1.0 (0.989
to 1.004), with RZ values not lower than 0.999. One such plot with 95%
éonfidence limits for the data points for the location at 2.0 m radius
at a height of 2.0 m from the floor in the rapeseed bin is shown in
Fig. 5.7.

The model with linear elements predicted the temperatures
with an averape standard error of estimate of 3.3 K in the rapeseed
bin and with an average)standard error of estimate of 3.1 K in the
barley bin. The average of the absolute difference between the measured
temperatures and the temperatures predicted by the model with linear
elements were 2.7 K in the rapeseed bin and 2.4 K in the barley bin. -
The average standard errors of estimate of the temperatures predicted
by the model with éuadratic elements were the same as those using
linear elements in the rapeseed bin (3.2 K), and 0.4 K closer to the
measured temperatures in the barley bin (2.7 K). The average absolute
difference between the temperatures measured and predicted by the model
with quadratic elements were 2.6 K in the rapeseed bin and 2.1 K in the
barley bin.

These errors of estimate are acceptable for analyzing stored
product ecosystems because the measured grain temperatures could also
have been influenced by several other factors including internal heat
generation due to insect and microorganism respiration, and variations
in thermal properties of the grain due to moisture content and foreign
material. Moisture content of the grain at different dates and
locations in the bulk, internal heat generation, and foreign material
content were not available. The thermal properties of grain in space

and time were assumed constant, and internal heat generation was
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assumed to be zero. The accuracy of prediction might be improved by
taking these factors into consideration although extreme variations
from predicted values could be used to indicate active grain spoilage
in the future.

The average standard errors of estimate of the predicted
temperatures compared to the measured temperatures at points lying
along the circumference of the bin and the top surface were larger
(4.1 K in the rapeseed bin and 3.3 K in the barley bin, using the
model with the linear elements) than those of points within the bulk
(2.6 K in the rapeseed bin and 2.7 K in the barley bin). The
temperatures near the bin wall and the surface of the bulk are.
influenced by the diurnal variation of the ambient temperature and
solar radiation. The time of recording the temperature data in a day
will affect the temperatures at these points, rather than at a point
inside the bulk. Since, the time of temperature measurement and the
time when the simulated temperatures were outputted might not be
exactly the same, the standard errors of estimate at points close to
the bin wall and the top su?face of the bulk were larger in both the
bins,

Computer time required for execution of the model with 96
linear elements (180 nodes) was 7.8 s day'1 of simulation and for
execution of the model with 48 quadratic elements (346 nodes) it was
24,9 s day'l. Considering the reduced computer time and similar
accuracy of prediction, linear elements were preferable for predicting

grain temperatures.
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Comparison with 2D finite difference model

The temperatures of 3.0-m and 4.0-m tall rapeseed bulks were
simulated using the 2D finite difference model (Muir et al. 1980) and
the 3D finite element model for a 12 month period starting from January
1, 1974. The diameter of the 3.0 m grain bulk was varied from 1 to 12 m
and that of the 4.0 m bulk was varied from 2 to 16 m. This gave a
maximum diameter to height ratio (d/h) of 4.0 for both the grain
bulks. Initial grain temperature was assumed to be 293 K throughout the
bulk. Since the 2D model uses the calculated radiation values on the
southern 55% of the bin wall (Muir et al. 1980), the temperatures
predicted by the 2D finite difference model at half the radius mid-way.
between the top and bottom surfaces and the temperatures predicted by
the 3D finite element model at half the radius towards the south, at
this height, were compared. These values for the 3.0-m-tall grain bulk
for different d/h ratios are given in Table 5.4 and for the 4.0 m tall
bulk in Table 5.5. Average absolute difference of the temperatures
predicted by the two models decreased with an increase in the d/h
ratio, except for the d/h ratio of 2.0 in the 4.0-m-tall bulk (Fig.
5.8)., In the 3.0-m-tall bulk the average absclute difference between
the temperatures predicted by the two models decreased from 4.4 K for
d/h ratio of 0.33 to 1.8 K for d/h ratio of 4.0.

Eventhough both the models predicted almost the same
temperatures for various d/h ratios, only the 3D model can predict the
effect of hotspot 1in the surrounding grain mass, temperature
distribution in non-cylindrical and hopper bottom bins, and in grain

bulks that are not levelled on top. Also the effet of variable heating
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Table 5.4: Temperatures (K}, on the last day of the month at half the radius towards the south,
predicted by 2D finite difference and 3D finite element models in a 3-m-tall
rapeseed bulk at Winnipeg with initial grain temperature of 293 K on 1 January 1574.

Diameter to height ratio

0.33 0.66 1.0 2.0 4.0

MONTH AT 2DFD IDFE 2DFD  3DFE 2DFD 3DFE 2DFD 3DFE 2DFD  3DFE
Jan 246 256 263 265 267 218 280 289 292 291 292
Feb 268 264 263 263 269 268 274 281 284 287 288
Mar 273 267 267 265 265 267 269 217 279 283 286
Apr 277 282 287 278 279 273 276 215 275 280 283
May 286 289 294 284 284 280 279 277 274 280 280
Jun 290 298 303 294 294 288 288 280 276 280 279
Jul 291 296 302 298 N 2%4 297 285 281 284 280
Aug 285 299 301 293 297 293 296 287 285 284 281
Sep 277 292 295 296 29 295 295 288 289 285 282
Oct 282 281 283 284 290 287 294 287 288 284 282
Nov 261 267 275 274 276 280 282 285 288 284 283
Dec 263 268 274 268 272 273 277 281 283 282 282
AAD = . 4.4 3.8 2.8 2.3 1.8

Note : Explanation for the abbreviations are given in the foot note of Table 5.5

Table 5.5; Temperatures {K), on the last day of the month at half the radius towards the south,
predicted by 2D finite difference and 3D finite elemant models in a 4-m-tall
rapeseed bulk at Winnipeg with initial grain temperature of 293 £ on 1 January 1974.

Diameter to height ratio

0.5 1.0 2.0 3.0 4.0

MONTH AT 2DFD IDFE 2DFD 3DFE 2DFD 3DFE 2DPD 3DFE 2DFD IDFE
Jan 246 265 268 283 289 292 293 293 294 293 293
Feb 268 263 269 275 280 288 289 291 291 291 292
Mar 273 267 264 272 275 284 283 288 289 288 290
Apr 276 277 278 273 273 281 279 285  2B5 286 288
May 286 284 283 277 274 280 276 283 283 284 286
Jun 290 294 293 283 279 280 275 283 281 283 285
Jul 291 298 301 289 288 282 276 283 280 283 284
Aug 285 293 298 291 293 284 278 284 280 2684 283
Sep 277 296 - 293 292 295 286 280 285 281 284 283
Oct 282 284 292 289 292 287 281 285 281 285 283
Nov 261 274 278 284 289 286 282 285 282 283 283
Dec 263 268 272 278 282 284 280 284 281 283 283
AAD = 3.5 3.3 3.7 2.1 1.2

Note : 2DFD - Predicted by two dimensional finite difference model
3DFE - Predicted by three dimensional finite element modeld
AT - Ambient temperature
AMD - Average absolute difference between values predicted by the two models
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of the bin wall due to solar radiation on the grain temperatures can be
studied only by using a 3D model.

To study the effect of variable heating of the bin wall due
to solar radiation on the grain temperatures, the average of the
absolute difference of the temperatures predicted by the 3D finite
element model at half the radius towards the south and north and midway
between the top and bottom layers were compared. Fig. 5.9 shows the
average absolute difference of the predicted temperatures at these
points for different d/h ratios. The temperatures of this point on the
south radius were higher than the cérresponding point on the north
radius by 15 K for a 3.0-m-tall bulk with d/h ratio of 0.33 and by 5 K.
for d/h ratio of 4.0. The difference in temperatures between these
points in 3.0-m-tall bulk were more than in 4.0-m-tall grain bulk. The
effect of the top and bottom surface temperatures at a point mid-way
between these surfaces will be more when the height of the bulk is
less.

The 2D model does not incorporate the differential heating of
the bulk towards the north and the south sides of the bin. As predicted
by the 3D finite element model and expected in actual bins there is a
distinet difference between the temperatures towards the north and
south sides of the bin. Therefore, for more precise estimates of the
temperaturés at all locations in the bins a 3D model is a better
alternative than a 2D model.

Comparison with a 3D Finite Difference Model

The temperatures predicted by the 3D finite element model and

3D finite difference model (Alagusundaram et al. 1988) were compared in

two stages.
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1. The temperatures of the 5.56-m-diameter rapeseed bulk were
predicted using the 3D finite difference model. In this model 250
temperature nodes (5 vertical, 5 radial and 10 circumferential) were
used. The thermal properties of the rapeseed, bin wall, soil, concrete
and air used were the same as the values used for the simulation using
the 3D finite element model. The temperatures predicted by the two
models were comparable. The 3D finite difference model predicted
temperatures of the rapeseed bulk with an average standard error of
estimate of 3.0 K and an average of absolute difference of 2.4, These
values for the temperatures predicted by the 3D finite element model
were 3.3 K and 2.7 K, respectively.

2. Temperatures in 3.0-m and 4.0-m-tall rapeseed bulks were
predicted using both 39 models. The diameter of the 3.0-m-tall grain
bulk was varied from 1 to 12 m and that of the 4.0-m bulk from 2 to 16
m. The initial pgrain temperature was assumed at 293 K and the
temperatures were predicted for a 12 month period from January 1, 1974.
Table 5.6 and Table 5.7 show the temperatures predicted by the two
models at half the radius towards the south, for wvarious d/h ratios in
3.0-m-tall and 4.0-m-tall rapeseed bulks, respectively. The average
absolute difference between the temperatures predicted by the two
models were from 3.0 to 7.5 K. The difference in the predicted
temperatures between the two models may be due to the inherent
properties of the two methods and to the differences in calculation of
the solar radiation component. In the 3D finite difference model the
solar radiation values on the bin wall were calculated at 10 sectors of

36 degrees each (inherent in the program), whereas in the finite
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Table 5.6: Temperatures (), on the last day of the month at half the radius towards the south,
predicted by 3D finite difference and 3D finite element medels in a 3-m-tall
rapeseed bulk at Winnipeg with initial grain temperature of 233 K on 1 January 1974,

Diameter to height ratio

0.33 0.66 1.0 2.0 4.0
MONTH AT 3DFD IDFE iDFD 3DFE 3DFD 3DFE 3DFD 3DFE 3DFD 3DFE
Jan 246 261 263 274 267 281 280 291 292 293 292
Feb 268 271 263 273 269 276 274 288 284 291 288
Mar 273 274 267 273 265 274 269 285 279 289 286
Apr 277 282 287 279 279 277 276 283 275 287 283
May 286 290 294 283 284 2719 279 282 274 286 280
Jun 290 295 303 290 294 285 288 283 276 285 279
Jul 291 296 302 298 301 291 297 285  2B1. 285 280
Aug 285 290 301 293 297 292 296 287 285 285 281
Sep 277 284 295 290 291 291 295 288 289 286 282
Cct 282 284 283 286 290 288 294 288 288 286 282
Nov 261 271 275 274 276 282 282 286 288 286 283
Dec 263 271 274 273 272 276 277 284 283 285 282
AAD 5.9 3.2 3.0 3.3 3.9

Note : Explanation for the abbreviations are given in the foot note of Table 5.7

Table 5.7: Temperatures (K}, on the last day of the month at half the radius towards the south,
pradicted by 3D finite difference and 3D finite element models in a 4-m-tall
rapeseed bulk at Winnipeg with initial grain temperature of 293 K on- 1 January 1974.

Diamater to height ratio

0.5 1.0 2.0 3.0 4.0

MCNTH AT 30FD  3DFE 3DFD  3DFE 3DFD 3DFE 3DFD 3DPFE 3DFD  3DFE
Jan 246 274 268 288 289 292 - 293 293 294 293 293
Feb 268 272 269 284 280 291 289 292 29 292 292
Mar 273 272 264 282 275 289 283 291 289 292 290
Apr 277 279 278 282 273 288 279 2%0 285 291 288
May 286 282 283 282 274 287 276 289 283 290 286
Jun 290 289 293 285 279 287 275 288 281 289 285
Jul 291 295 301 288 288 287 276 288 280 288 284
Aug 285 293 298 290 293 287 278 288 280 288 283
Sep rya 289 293 290 295 288 280 288 281 288 283
Oct 282 287 292 289 292 288 281 288 281 288 283
Nov 261 278 278 286 289 288 282 288 282 287 283
Dec 263 273 272 282 282 286 280 287 281 287 283
AAD 3.7 4.0 7.6 5.2 3.3

Note : 3DFE - Predicted by three dimensional finite element modeld
3DFD - Predicted by three dimensional finite differance model
AT - Ambient temperature
AAD - Average absolute difference between values predicted by the two models
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element model, the solar radiation wvalues on the bin wall were

calculated at 24 points along the circumference (Fig.5.2)

Although both models predicted the temperatures with the

same degree of accuracy, the finite element model would be a better

choice in the following circumstances:

(i)

(iii)

(iv)

for predicting the temperatures of grain bins of different
geometrical shapes because the finite element model is
written for Cartesian coordinate system.

for including effects of variable thermal properties of the
grain bulk due to moisture differentials and foreign
materials.

in places where the surface of the grain bulk is conically

shaped, rather than flattened.



6. CONCLUSIONS

Based on the results of this study the following conclusions

were drawn:

1.

The temperatures predicted by the three dimensional finite element
model with linear and quadratic elements were in close agreement
with the measured temperatures in a 5.56-m-diameter bin containing
rapeseed and a 5.56-m-diameter bin containing barley, located near
Winnipeg.

The model with quadratic elements did not improve the accuracy of
prediction, but it took more computer time for execution of the.
program than with linear elements. Hence, the model with linear
elements can be used for predicting stored grain temperatures.

The average absolute difference between the temperatures predicted
by the 3D finite element model and a 2D finite difference model
at half the radius towards the south, mid-way between the top and
bottom surfaces, decreased with an increase in the d/h ratio of
the grain bulk.

The temperatures predicted by the 3D finite element model compare
favorably with the temperatures predicted by a 3D finite
difference model.

The 3D finite element model is preferable to the 3D finite
difference model because the 3D finite difference model is unique
for a cylindrical grain storage bin with a flat top surface,
whereas the 3D finite element model can be used to predict the
grain temperatures in grain bins of any shape.

51



52
There were distinct differences between the temperatures predicted
for the north and south sides of a bin by both 3D models.
This model can be used for predicting the temperature distribution
in other stored commodities like flour, dried feed, hay etc. if
the forced or free convective heat transfer inside the bulk is

negligible compared to the conductive heat transfer.
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7. SUGGESTIONS FOR FUTURE WORK

In the present model the temperature of the air above the grain
surface was assumed to be 5 K above the ambient air temperature
and the convective heat transfer coefficlent was assumed to be 1 W
m 2 K-l. Heat transfer to the roof and through the head space
should be calculated by calculating radiative and convective heat
transfer in this area.

Due to the limitations of the computer memory, finer meshes could
not be tried. The accuracy of prediction can be checked by running
the program with finer meshes using a more powerful computer with-
larger memory.

The model can be coupled to a mass transfer model for predicting
moisture migration in the stored grain and to study the effect of
these non-biological factors on the growth and reproduction of

biological organisms affecting the stored grain.
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Appendix A.
Interpolation functions in natural coordinate system
(source Rao 1982)

The location of nodes and the local node numbers in a hexahedron
element are shown in Figure A-1. The origin of the natural coordinate
system is taken at the interface of the lines joining the mid-points
of the opposite faces of the hexahedron, and the sides are defined by,

r=1=%1, s =+ 1, and, t=%1 .
The relationship between the natural and Cartesian coordinates for an

element with P number of nodes is given by:

P
X =2 Ny x5
i=1
P
y=Z Ny vy
i=1

P
and, zZ =3 Ny zg
i=1

This relationship in matrix form can be written as:

.-
X N1 N2 ...N, 0 0 c 0 0 0 X1
y 0 0 0 Nj Np. N8 0 0 0 X9
z 0 0 0 0 0 N1 No ..Np :
*p
¥i
y2
p
z1
Z2
Zp
For a linear element, L -
Ny = % (l4xrry) (l+ssi) (1+tey) i=1,2,
and for a quadratic element,
Ny = % (l4rri) (1+ssy) (1+tty) (rrij+ssj+tti-2) ; for 1 = 1,2 .....
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Ny = 5 (L-x2)(Ltssg) (leeed)
N{ = % (l+rri) (1-s2) (1+tey) ;
Nj = é (l4+rr;) (L+ss)(1-t2) ;

The wvalues of ry, sy and tjy,

the natural coordinates of node 1,

for 1 = 9,11,19,17

for 1 = 10,12,18,20

for 1 = 13,14,15,16

are

given in table A-1 and (xj,yi{,2i) are the Cartesian coordinates of node

i.

If T is a function of r,s, and t,
found as follows,

4T aT

ax ar

4T - -1 |2T

ay [J] ds

aT 4T

8z at

Where [J], the Jacoblan matrix, is given by:

P
~ . 5 g%i X
ax 3y 23z 1=1
dr dr dr P
U] - |2 & 8| _ | g
ds ds 4s i_135
9x Jy 4z
-3t 4t dt ] Pﬁﬂi
2 ot X1
| i=1

By differentiating the relationship for Nj on page Al,

element:

oNg _ 1
dr 8
oNg _ 1
ds 8

ry(l+ssi) (1+tty)

si(l+rry)(1+tty)

Xi

P

5 aNy
ar

i=1

yi

its derivatives can be numerically

p ;

P %Ei zZq

i=1

P

s 8N4
as

im]l

2i

P
Ny
= 3t zZ{

for a linear
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% ti (l+rry) (L+ssji)

and for a quadratic element,

i o 2 ri(lessy) (Treey) (rrpessyrees-1)
%gi = % s{(l+rry) (I+tti) (rrij+2ssij+tty-1)
aN; _ 1

at ti(1+rri) (1+ssy) (rri+ssi+2tty-1)
ar ~ " 2 r(l+ssi) (l+tty)

B L 2 s1(1-r2) (Leeey)

Ny 1

%Ei - £1(1-r2) (1+tty)

Ny 1
B - % r1-s2) (Leey)
B o 1 s(Uerrg) (Leeey)

Ny 1
%Ei iy ti(l-sz)(l+rri)

Ny 1
8 - % ry(1-t2) (L4ssy)

Ny 1
B o 2 s53(1-2) (L4rry)
aNy _

at

- 2 t(Ltrry) (4ssy)

for i - 1,2, ....8

for 1 = 9,11,17,19

for i =~ 10,12,18,20

for 1 = 13,14,15,16
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Fig A.1: Location of local node numbers in linear (a) and

quadratic (b) hexahedron elements
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Table A-1 : Natural coordinates of the nodes in the element shown
in figure A-1.

Node number ri s{ ty
1 -1 -1 -1
2 1 -1 -1
3 1 1 -1
4 -1 1 -1
3 -1 -1 1
6 1 -1 1
7 1 1 1
8 -1 1 1
9 0 -1 -1

10 1 0 -1
11 0 1 -1
12 -1 0 -1
13 -1 -1 0
14 1 -1 0
15 1 1 0
16 -1 1 0
17 0 -1 1
18 1 0 1
19 0 1 1
20 -1 0 1




APPENDIX -~ B

SEMI-AUTO GRID GENERATOR FOR HEXAHEDRAN ELEMENT
WITH MODEL INPUT DATA FOR A LINEAR GRID SHOWN IN FIG.5.3

IMPLICIT REAL (A-H,0-Z)
D%MEN?ION CONCD{( 3, 2000) IELM(20,2000) ,NABCN(2000) ,NCNN{4,2000)
$z{(100
READ{(5,999)EMTYPE
999 FORMAT(I5)
IF(EMTYPE.EQ.1)GO TO 998
GO TO 997
998 MM=0
NELMAT = 0
MMN = 1
NELL = 8
Q = 0.0
DO 10 J
DO 20 1
20 conNoDb{1,
DO 30 1
30 I1ELM(I,J)=
10 CONTINUE
READ(5,40)NNO,NELM,NLAY ,THETA ,RAD
THETA=(2.0*3,141593*THETA}/360.0
40 FORMAT(315,2F10.5)
NNLAY = NLAVY-1
READ(5,51}{z(1),I=1,NLAY)
51 FORMAT(5F10.5}
DO 50 J=1,NNO
READ(5,60)M, (CONODI(I ,M},1=1,2)
50 CONTINUE
60 FORMAT(I5,2F10.5}
DO 70 J=1,NELM
70 READ(5,80)M,(IELM{I , M),I=1,4}
80 FORMAT(5I5)
DO 90 M=1,NELM
DO 100 1 = 5,8
IELM(I M)= IELM{1-4 ,M) +NNO
K = IELM(I , M)} —NNO
KK = IELM(I,M)
CONOD{ 1 ,KK)=CONOD(1,K)
CONOD(2,KK)=CONOD(2,K}
CONOD(3,KK)=CONOD(3,K}+2(1)
100 CONTINUE
90 CONTINUE
M=NELM
DO 130 II1=2,NLAY
DO 150 IIi=1,NELM
M=M+1
DO 120 I = 5,8
IBLM(I-4,M)= IELM(I Sy M- NELM)
120 IELM{1, M) IELM{I-4 M)+NNO
DO 140 I = 5,8
K = IBLM(I,M}-NNO
KK = IBLM(I,M)
MN=KK
I1F (MN.GT.MM)MM=MN
MM=MM
CONOD(1,KK)=CONOD(1,K}
CONOD(2,KK)=CONCD{2,K)
CONOD{3,KK)=CONOD{3,K}+Z{I1}
140 CONTINUE
150 CONTINUE
130 CONTINUE
MTNO = MM-NNO+1
DO 700 I3 = MTNO,MM
DIST = SQRT{{(CONOD{1,II}-RAD)**2+(CONOD(2,II)-RAD}**2)
DIST = ABS{RAD-DIST)
Z{NLAY) = DIST*TAN{THETA)
CONOD(3,I1I) = CONOD(3,II1)+2Z(NLAY)
700 CONTINUE
Do 180 J = 1,MM
180 WRITE(03,190)J,{(CONOD{1,J),1=1,3)

IIC-lll I
-
O_A"_A_l
" o“
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190

160
170

997

20
30
31
10
11
40
41
50
60
70

71
300
80

310

100

200

210
20

120

320

64

FORMAT{15,5X,3F10.5)
po 160 J = 1,M
WRITE(03,170}J,NELMAT ,MMN,NELL, (IELM(I ,J),1=1,8),0
FORMAT{(15,1%115,F10.5)
GO TO 996

MM = 0

NELMAT = 1

NELL = 20

Q=20

Do 10 J=1,2000

DO 20 1=1,3
CONOD(1,3)=0.0

1,20

Zz{1) = 0.0
READ{5,40)NNO,NELM,NCNO,NLAY ,THETA ,RAD
THETA=(2.0%3,141593*THETA)/360.0
FORMAT(415,2F10.5)

NNLAY = NLAY-1
READ(5,41)(2(1),1=1,NLAY)
FORMAT{5F10.5}

DO BO J = 1,HNNO
READ{5,60)M, (CONOD(I ,M),1=1,2)
CONTINUE

FORMAT(I5,2F310.5)

DO 70 J = 1,NELM

READ{5,80)M, (IELM(Y ,M) ,I=1,4} ,{IEBLM{I ,M),1=9,12)
DO 71 J = 1,NELM
READ{(5,300)M, (NCNN(I ,M}),I=1,4)
FORMAT{515)

FORMAT{915)

DO 310 I = 1,NCNO

NABCN{I )=NNO+I

CONTINUE

DO 90 M=1,NELM

DO 100 I = 5,8

IELM(I ,M)})=IELM{I-4,M)+NNO+NCNO
K = IELM(I,M}-NNO~NCNO

KK = IELM(I,M)
CONCD{1,KK)=CONOCD(1,K}
CONOD{ 2 ,KK)=CONOD(2,K)

CONOD{ 3 ,KK)=CONOD{3,K}+2{1)
CONTINUE

DO 200 1 = 13,16

K = NCNR{I-12,M}

IELM(I ,M)=NABCN(K)

X = IELM(I-12,M)

KK = IELM(I,M)
CONOD{ 1 ,KK)=CONOD(1,K)
CONOD{ 2 ,KK}=CONCD{2,K)
CONOD{3,KK)=CONCD{3,K)+2(1})/2.0
CONTINUE

DO 210 1 = 17,20

IELM(I ,M)=IELM(1I-8,M)+NNO+NCNO
K = IELM{I,M)})-NNO-NCNO

KK = IBLM(I,M)
CONOD{ 1 ,KK)=CONOD({1,K)
CONOD{ 2 ,KK )} =CONCD{2,K}
CONOD{3,KK)=CONOD{3,K}+2Z{1)
CONTINUE

CONTINUE

M = NELM

DO 130 11=2,NLAY

DO 150 III = 1,NELM

M = M+1

DO 120 1 = 5,8
IEBLM(1-4,M)=1ELM{I ,M-NELM)
IELM(I ,M)=IELM(1-4,M)+NNO+NCNO
DO 320 I = 13,16
IBLM(I-4,M)=1ELM(I+4 ,M~NELM)
IELM{I+4 ,M)=1ELM(I-4,M)+NNO+NCNO
IELM({1 ,M)=1ELM(1 ,M~NELM)+NNO+NCNO



330
460

450
451
452

150
130
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DO 330 1 = 13,16

K = IELM(I,M)-NNO-NCNO

KK = IELM(I,M)
CONOD(1,KK}=CONOD(1,K)
CONOD( 2 ,KK }=CONOD{ 2,K)

CONOD (3 ,KK)}=CONOD(3,K)+{(Z2(11)/2.0)+{(2{11-1})/2.0}
MN=KK

IF(MN.GT.MM)MM=MN

MM=MM

CONTINUE

4

I+1

IELM(1 ,M)-NNO-NCNO

KK = IELM(I ,M)
CONOD(1,KK)}=CONOCD{1,K}
CONOD(2,KK)=CONCD{2,K}
CONOD(3,KK)=CONOD{3,K)+2(11)

1
1
K

MN=KK

IF (MN.GT.MM)MM=MN
MM=MM

IF(I.EQ.8)GO TO 450
GO TO 451

IF(I.EQ.8)I=16

IF(I.BQ.20)GO TO 452
IF(I.EQ.20)GO TO 452

GO TO 460

CONTINUE

CONTINUE

CONTINUE

MTNO = MM-NNO=+1

DO 700 II = MTNO,MM

DIST = SORT({CONOD(1,11)-RAD)**x2+(CONOD{2,I1)}-RAD)**2}
DIST = ABS{RAD-DIST}

Z {NLAY )=DIST*TAN{THETA)
CONOD{3,II)=CONOD(3,I1)+2{(NLAY)

700 CONTINUE
DO 180 J = 1,MM
180 WRITE(03,190}a, (CONOD(1,J),I=1,3)
190 FORMAT(15,5%X,3F10.5)
DO 160 J = 1,M
WRITE(03,170)J,NELMAT,NELL, (IELM(1,J),1=1,8)
160 WRITE{(03,171)(1BLM(I,J),1=9,201},0
170 FORMAT(I5,5X,1015)
171 FORMAT(12I15,F10.5)
996 STOP
END
$ENTRY
1
45 32 3 0.0 3.885
0.900 0.3800 0.900
1 2.78 0.0
2 1.8 0.15
3 3.8 0.15
4 1.35 0.40
5 4.3 0.40
6 0.8 0.80
7 1.8 0.80
8 2.78 0.80
g 3.8 0.80
10 4.8 0.80
11 0.45 1.30
12 5.2 1.30
13 0.2 1.80
14 0.8 1.80
15 1.8 1.80
16 2.78 1.80
17 3.8 1.80
18 4.8 1.80
19 5.4 1.80
20 0.0 2.78
21 0.8 2.78
22 1.8 2.78
23 2.78 2.78
24 3.8 2.78
25 4.8 2.78
26 5.56 2.78



/*

WWhN NN
— O @

W w
LRIV ]

Www
~lohven

= W w
[ ANe o)

ol b
LJVV RS Iy

IS
=N

@O P WRN OV R W

B o W NS U Rt R

19

—

NP WOOERI WL

[ N NV NS VUG S S )

NONMNNON
AW 2O

WRN
[= Ve X0 o]

W W
=

W W
(Yo Xes N

N
Bwes 400

o

™~
[ N T - T O

el AW O UIO
OOV DA 00 ~I U — K00 CO Ot ¢ C0 0 00 CD OD R > U1 0O 00 0O (0 O N

o3

RS N R NN (L RS [

WWWWWWRNMNOMNMD RN L
DWW A0V WM Y

(-]
\D

[ S O S G G Y

3.80
3.80
3.80
3.80
3.80
3.80
3.80
4.30
4.30
4.80
4.80
4.80
4.80
4.80
5.20
5.20
5.45

o
[1-9
[44]

5.560

[ S S QO T R Y
DNOUTE WO O3RN

[\OR SN U \E O Ul V]
N W 2O

WWN
- O\n

WWwwWwww
DI N

=W
= OW

Lo
= T

66



APPENDIX - C

LISTING OF THE THREE DIMENSIONAL FINITE ELEMENT
HEAT TRANSFER PROGRAM

IMPLICIT REAL*Z (A-H,0-Z)
CHARACTER*4 HEAD(15)
DIMENSION A{(600001)}
COMMON/BLK1/NUMNP ,NUMEL ,NDM, MNEL ,NUMAT ,NEQ ,NTP ,MBAND ,NPROP
$ ,NBEL,NNEF , I ELMT
COMMON/BLK2/MA,I1ELB,IELG,NST
COMMON/BLK5/1PHR,NSYR,NSMO,NSDAY ,NCYR,NCMO,
$NCDAY ,ND,NHOUR, THOUR,ICDAY,IPDAY,IPC,IDAY
COMMON/BLK6/TINF(24) ,DT,EMS ,EMA
Cc
C READ AND WRITE CONTROL INFORMATION
C
READ(03,2)HEAD,NUMNP ,NUMEL ,NDM,MNEL ,NUMAT ,NTP ,NPROP
$ ,NBEL,NNEF , I ELMT
READ(03,4 )NSYR,NSMO ,NSDAY ,NCYR,NCMO ,NCDAY ,NHOUR, I PHR,DT
2 FORMAT(15A4/1015)
WRITE(6,3)HEAD ,NUMNP ,NUMEL ,NDM,MNEL ,NUMAT ,NTP ,NPROP ,NBEL,
$NNEF ,NSYR ,NSMO,NSDAY ,NCYR,NCMO ,NCDAY ,NHOUR,DT, I PHR, IELMT
4 FORMAT{815,F10.5)
3 FORMAT('1' ,15a4//

$ ' NO OF NODES . icueesnocuncanss .= ',14/

$ ' NO OF ELEMENTS .....c00004 ve. = ',14/

$ ' NO OF DIMENSIONS ....cc.. ves. = ' T4/

% ' MAX NO OF NODES/ELEMENT ..... = ',I14/

$ ' NO OF MATERIAL SETS cevvsoeve = ',14/

$ ' NO OF NODES TEMP. SPECIFIED = ',14/

$ ' NO OF MATERIAL DATA +1ceseea. = ',14/

$ ' NO OF BOUNDARY ELEMENTS...... = ',14/

$ ' MAX NO OF NODES IN EACH FACE = ',14//

3 ' STARTING DATE = ',I14,'-",12,'-",12/
3 ' FINISHING DATE = ', I4,'-',12,'=-",12//
5 ' NO OF HOURS BEFORE RE-CALC = ',14/

$ ' TIME STEP = ',F10.5//

$ ' NO OF HRS BEFORE PRINTING = ',15//

$ ' ELEMENT TYPE = ',14)

DT = DT*3600.0
CALL DAYCAL{NTDAY)
NST = MNEL

IPDAY = 0

IPC = 0

N1 = 1

N2 = N1 + NDM*NUMNP
N3 = N2 + NUMEL

N4 = N3 + NUMEL

N5 = N4 + MNEL*NUMEL
N& = N5 + NPROP*NUMAT
N7 = N6 + NUMNP ’
NB = N7 + NUMAT

NS = N8 + MNEL*MNEL
N10 = N9 + MNEL*MNEL
N11 = N10 + NDM*MNEL
N12 = N11 + MNEL

N13 = N12 + MNEL

N17 = N13 + NUMEL

N18 = N17 + NUMEL

N19 = N18 + MNEL*6*NUMEL
N20 = N19 + MNEL*6*NUMEL
N21 = N20 + 24

N22 = N21 +6*NUMEL
N23 = N22 + MNEL*MNEL
N24 = N23 + MNEL

N25 = N24 + MNEL

N27 = N25 + 6*NUMEL
N3t = N27 + 6*NUMEL
N32 = N31 + NUMEL
IDAY = O

ICDAY = O
CALL READ(A(N1),a(N2),A(N3),A(N4),A (N5} ,A(N6),A(N7)},

67



40

10

30
C

Chrxxx
C

120

S0

80
70

180
170
171
172

160
161

c
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S$A(NT0) ,A(NB) ,A{(N12) ,A{(NT),A(N13),A(N17),A(N1B} ,A(N19
5,A(N20) ,A{(N21),A(N22),A(N23),A(N24),A(N25),A(N27),A(
Nt4 = N32 + NUMNP

CALL INITEM(A(N32),A(N6})

)
N31))

N15 = N14 + NUMNP*MBAND
N16 = N15 + NUMNP
N26 = N16 + NUMNP*MBAND
N28 = N26 + NUMNP
N29 = N2B + NUMNP
N30 = N29 NUMNP

+

CALL BOUNDT{A(N1),A(N32),A{(N20),Aa(N6),2)

11 = IABS{24/NHOUR)

DO 10 IHOUR = 1,11

ICDAY = ICDAY+1

CALL BOUNDT{A(N1),A{(N32),A(N20),A(N6),3)

CALL ASSEMB{A(N1),A(N2),A(N3),A(N4) ,A{(N5},A (N8}
$,8{(N10),A(N12) ,A(N14) ,A(N32) ,A(N6) ,A(N7) ,A{(N9)
$,A(N13),A(N17),A(N18) ,A(N19) ,A(N20) ,A{(N21) ,A(N22),A(N23),
$A(N24),A(N16) ,A(N25) ,A{N26) ,A{(N27) ,A(N31)})

CALL TRANS{A(N16),A(N14),A{N32),A{N26),A(N28) ,NUMNP,
$MBAND,A(N4) ,A(N29),A(N6))

CONTINUE

IDAY = IDAY+1

IF(IDAY.EQ.NTDAY)GO TO 30

ICDAY = 0

GO TO 40

STOP

END

EEEE A AR AR A A KR AT AR AT T AT AR AR ATARATELAAARARA AT REA AR AT AN TR AR AR *

SUBROUTINE DAYCAL(NTDAY)

IMPLICIT REAL*4 (A-H,0-2}

DIMENSION NDAY(12)
COMMON/BLKS5/IPHR,NSYR,NSMO,NSDAY ,NCYR,NCMO,
$NCDAY ,ND,NHOUR, IHOUR,ICDAY ,IPDAY ,IPC,IDAY

DATA NDAY/31,28,31,30,31,30,31,31,30,31,30,31%/
ND = 0

NTDAY = 0

NTE1 = ©

NTE2 = 0

NSYR1 = NSYR

IF(NSYR.EQ.NCYR)}GO TC 90

NSYR1 = NSYR1+1
IF{NSYR1.LT.NCYR)NTDAY = NTDAY+365
IF(NSYR1.EQ.NCYR)GO TO 90
GO TO 120

IF(NSMO.EQ.1)GO TO 70

J = NSMO-1

DO 80 I = 1,3

ND = ND+NDAY(1)

NTE1 = NTET1+NDAY(I}

ND = ND+NSDAY

NTE1 = NTE1+NSDAY
IF{NSYR.NE.NCYR)NTE1=365~NTE1
IF{NCMO.EQ.1)GO TO 170

J = NCMO-1

DO 180 1 = 1,J

NTEZ2 = NTE2+NDAY (1)

NTE2 = NTE2-+NCDAY

IF{NSYR.NE.NCYR)IGO TO 171

GO TO 172

NTDAY = NTDAY+NTEZ+NTE1+1

GO TO 160

NTDAY = NTDAY+NTE2-NTE1+1
WRITE{6,161)NTDAY

FORMAT(' TOTAL NUMBER OF DAYS = ',I5)
RETURN

END

kR R A A R A A AR A AR A A A A A A A AR A AT A AR AR A AL AR RN AR AR AR AR R AR kX

C

SUBROUTINE READ(X,NELMAT,NELND,NP,D,ID,MEL,XL,SL,RL,CL
$ ,NFCON,NFRAD ,NNCON , NNRAD ,HC , IFACE ,HCL , SORL,

$SHCL,ANG ,IRFACE,Q)

IMPLICIT REAL*4{A-H,0-2)
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COMMON /BLK 1 /NUMNP ,NUMEL , NDM ,MNEL , NUMAT ,NEQ ,NTP ,MBAND ,NPROP
$ ,NBEL,NNEF , IELMT

DIMENSION X(NDM,1),NELMAT{1) ,NP{MNEL,1),XL(1),SL{1),CL{1),
$NB(1),D(NPROP,1),ID(1),MEL(1),RL(1),NELND{1),0(1},
$NFCON(1} ,NFRAD(1) ,NNCON(MNEL,6,1) ,NNRAD{MNEL, 6,1} ,HC{1)
$,IFACE{(6,1),HCL(1},SQRL(1),SHCL{1),ANG(6,1) ,IRFACE(6,1)

READ AND WRITE NODEL CO-ORDINATES

WRITE(6,10)
10 FORMAT{(///10KE NODE DATA//
5H NODE,11X,5H-10RD,11X,5H2-ORD,11%,5H3~0RD)
DO 20 J = 1,NUMNP
READ(03,30)M,(X(1,M),I=1,NDM)
20 WRITE(6,40)M,{X(I,M),I=1,NDM)
30 FORMAT(I5,5X,3E10.5)
40 FORMAT(I5,3F16.5)

READ AND WRITE ELEMENT DATA

WRITE(6,50)
DO 62 1=1,NUMEL
62 ¢©(11)=0.0
DO 60 J = 1,NUMEL
IF{IELMT.EQ.1)GO TO 301
GO TO 302
301 READ(03,70)YM,NELMAT(M) ,NBEL, (NP(I,M),I=17,MNEL)} ,Q(M}
GO TO 303
302 READ(03,71)M,NELMAT(M) ,NEL, (NP{I ,M),I=1,MNEL} ,Q{(M)
303 NELND(M) = NEL
60 WRITE(6,80)M,NELMAT(M) ,NEL, (NP(I ,M),I=1,MNEL)
80 FORMAT(I3,14,14,1X,20(1X,13))
70 FORMAT(I5,5%,1015,E10.5}
71 FORMAT(I5,5X,1015/1215,E10.5)
50 FORMAT(///1X,' ELEMENT DATA'//
$50X, '"NODE NUMBERS'/'ELMT MSET NEL',
$2X,'1 2 3 4 5 6 7 8 g 10 11 12 13 14°
$," 15 16 16 18 19 20'/)

READ AND WRITE BOUNDARY CONDITIONS

DO 90 J = 1,NUMNP

90 1D{J) =0
WRITE(6,120)
IF{NTP.EQ.0)GO TO 121
DO 130 J = 1,NTP
READ(03,7100)N,ID(N)
WRITE(6,110)N,ID(N)

130 CONTINUB

110 FORMAT(15,18)

100 FORMATI(215}

120 FORMAT(//1%,' BOUNDARY CONDITION CODES'//
$1X, 'NODE',5X, 'CODE')

READ AND WRITE CONVECTION AND RADIATION B.C'S

121 DO 240 1 = 1,MNEL
DO 240 3 = 1,6
DG 240 K = 1,NUMEL
NFCON(K}) = ©
NFRAD(K) = ©

IFACE(J,K)=0
IRFACE(J,K)=
NNCON(1I,J,K)

240 NNRAD(1,J,K)
WRITE(6,230)
Do 200 11 = 1,NBEL
READ(03,2271)M,NFCON(M} ,NFRAD(M}
LL = NFCON{M}
IF(LL.EQ.0)GC TO 202
READ((03,222) (IFACE{J,M),J=1,LL}
Do 885 3 = 1,LL
KK = IFACE(J,M)

885 CALL CONRAD({J,M,KK,NNCON)

202 LL = NFRAD(M)
IF(LL.EQ.0)GO TO 200
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DO 204 J = 1,LL
READ(03,223)1IRFACE(J,M},ANG(T,M)
KK = IRFACE{J,M)
204 CALL CONRAD{J,M,KK,NNRAD)
200 CONTINUE
WRITE(6,340)
340 FORMAT(//1X,' ELEMENT NO.',b5X,'CONVECTION FACES'/)
DO 341 I = 1,NUMEL
IF{NFCON{I).NE.O)GO TO 342
GO TO 341
342 LL = NFCON({I)
WRITE(6,231)1,{IFACE(J,1),J=1,LL)
341 CONTINUE
WRITE(6,351)
351 FORMAT(//1%,' ELEMENT NO.',3X,'RADIATION FACE',2X, 'ANGLE'/)
DO 352 1 = 1,NUMEL
IF(NFRAD(I}.NE.O)GO TO 353
GO TO 352
353 LL = NFRAD(I)
DC 355 11=1,LL
355 WRITE{(6,232)1 ,IRFACE(II,1),ANG{(IT,I)
352 CONTINUE
221 FORMAT(315}
222 FORMAT(6I5)
223 FORMAT(I5,F10.5)
230 FORMAT(//' CONVECTION AND RADIATION BOUNDARY CONDITIONS'//)
231 FORMAT(3X,15,5X,615)
232 FORMAT{(3X,15,5X,I15,5%X,F13.7}

READ AND WRITE MATERIAL DATA

0oo0on

Do 11 1 1,NPROP
Do 11 J 1,NUMAT
11 pl(1r1,J3) = 0.0
DO 12 J = 1,NUMAT
READ{(03,13)MA,IELB
13 FORMAT(2I5)
MEL(MA} = IELB
WRITE(6,14)MA,IELB
14 FO??AT(///' MATERIAL SET NO ',15,9X, 'ELEMENT LIB NO ',
$15
CALL ELMLIB(D{(1,MA},NEL,XL,SL,RL,CL,HCL,SQRL,SHCL,
$NFCON ,NFRAD,NNCON ,NNRAD ,HC ,NFACE,1,IELB,Q}
12 CONTINUE
CALL BANDW{MBAND,NELND,NP}
CALL BOUNDT(X,T,HC,ID,1)
RETURN
END

C
C*************************************************************
C
SUBROUTINE CONRAD(J,M,KK,NCON}
IMPLICIT REAL*4 (A-H,0-Z)}
COMMON/ BLK1/NUMNP , NUMEL ,NDM ,MNEL ,NUMAT ,NEQ,NTP ,MBAND ,NPROP
$ ,NBEL,NNEF , IELMT
DIMENSION NCON(MNEL,6,1)
IF(KK.EQ.1}G0 TO 12
IF(KK.EQ.2}GO TO
IF(KK.EQ.3)}G0O TO
IF(KK.EQ.4)G0O TO
IF(KK.EQ.5)G0 TO
IF(KK.EQ.6)GC TO
GO TO 30t
11 L = 1
DO 20 I = 1,4
NCON{1,J,M)=L
20 L = L+1
IF(IELMT.EQ.1)GO TO 301
L =9
Do 21 1 = 5,8
NCON{(I,J,M}=L
21 L = L+1
GO TO 301
12 L =5
DO 22 I = 1,4
NCON(I,J,M}=L

1
3
4
5
6
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22

23
13

14

15

16

301
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L = L+1
IF(IELMT.EQ.1)GO TO 301
L = 17

DO 23 1 = 5,8
NCON(I,J,M)=L

L = L+1

GO TO 301

NCON(1,J,M)=1
NCON(2,J,M)=2
NCON(3,J,M)=6
NCON(4,J,M)=5
IF(IELMT.EQ.1)GO TO 301
NCOR(5,J,M)=9
NCON(6,d,M})=14
NCON(7,d,M}=17
NCON(8,J,M)=13

GO TO 301

NCON{1,2,M)=2
NCON{2,J,M)=3
NCON(3,J,M)=7
NCON{4,J,M)=6
IF{IELMT.EQ.1)GO TO 301
NCON(5,J,M)=10
NCON{(6,J,M)=15
NCON{7,J,M)=18
NCON{8,J,M})=14

GO TO 301

NCON{1,J,M)=4
NCON(2,J,M}=3
NCON(3,J,M)=7
NCON(4,J,M)=8
IF({IELMT.EQ.
NCON(5,J,M)
NCON(6,J,M)
NCON(7,J,M}
NCON(8,J,M)
GO TO 301
NCON(1,J,M
NCON(2,J,
NCON(3,J,
NCON(4,J,
IF(IELMT.

GO TO 301
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GO TO 301

STpolll

NCON(7,J,
NCON(8,J,
RETURN
END
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SUBROUTINE BOUNDT{X,T,HC,ID,IC)

IMPLICIT REAL%*4 (A-RB,0-Z)

REAL AN,BN,A0,DTT,TD,WIND
COMMON/BLK1/NUMNP ,NUMEL ,NDM,MNEL ,NUMAT ,NEQ, NTP ,MBAND , NPROP
$ ,NBEL ,NNEF , I ELMT
COMMON/BLKS5/IPHR,NSYR,NSMO,NSDAY ,NCYR,NCMC,
$NCDAY ,ND,NHOUR,IHOUR,ICDAY,IPDAY,IPC,IDAY
COMMON/BLK6/TINF{24) ,DT,EMS,EMA

DIMENSION T(1),ID(1),AN{6)} ,BN(6)},TD(24),TEMPZ(15)}
$,HC(1) ,WIND(24),NDAY{12),X(NDM, 1)

DATA AN/-10.919,1.157,-0.091,0.031,0.519,0.027/
DATA BN/-5.129,0.574,0.119,-0.365,0.332,0.068/
DATA NDAY/31,28,31,30,31,30,31,31,30,31,30,31/
A0 = 4.894

GO T0(1,2,3),IC
READ{(03,20)DIA,AIRK,AIRRO,AIRVIS,SK,SROW,SCP,CK,
$CROW,CCP,EMS,EMA,CT,NNIEL
FORMAT(5F10.5/5F10.5/3F10.5,1I5)

AIRVIS = AIRVIS/i1000000.0
WRITE(6,21)DIA,AIRK,AIRRO,AIRVIS,SK,SROW,SCP,CK,
$CROW,CCP,EMS,EMA,CT,NNIEL

FORMAT{//
$ ' DIAMETER OF THE BIN ....euic... = ',F10.5/
$ ' CONDUCTIVITY OF AIR..... eeeene.= ", F10.5/

$ ' DENSITY OF AIR t:.vvvvannannon ee= '",F10.5/



$ ' VISCOSITY OF AIR vvveveecvccneena = ',F10.5/
$ ' CONDUCTIVITY OF SOIL ..... vees.= ', F10.5/
% ' DENSITY OF SOIL .iuvveascenansns = ', F10.5/
$ ' SPECIFIC HEAT OF SOIL ..uieceven = ', F10.5/
$ ' CONDUCTIVITY OF CONCRETE ...... = ' ,F10.5/
$ ' DENSITY OF CONCRETE ....cie--0.- = ',F10.5/
$ ' SPECIFIC HEAT OF CONCRETE ..... = ',F10.5/
$ ' SHORT WAVE EMISS OF BIN WALL ..= ',F10.5/
$ ' LONG WAVE EMISS OF BIN WALL ...= ',F10.5/
$ ' THICKNESS OF CONCRETE ........- = ',F10.5/
3 ' NUMBER OF NODES IN EACH LAYER .= ',I5)
RETURN

2 RADIUS = Di1a/2.0
ALFA = 24%3600% (SK/(SROW*SCP))
DO 301 IJK = 1,NUMNP
TZ=0.0
IF{ID(IJK).EQ.1}G0O TC 300
GO TO 301

C 300 z = X{(1,1JK}

300 XC = DIA/2.0
YC = DIA/2.0
DIST = SORT((X{1,IJK)-XC)I**2+(X(2,IJK)-YC)*=*x2)
Z = RADIUS-DIST
IF(Z.GT.RADIUS}Z=DIA-2
IF(Z2.EQ.0.0.0R.Z.LT.0.0)Z2=0.01
po 10 1 = 1,6
A10=8SQRT{(I*3.141593)
A = A10/(365%ALFA)
AA = SQORT(I1%3.141593/{(365%ALFA*Z) )}
B = (2%I%3,141593/365)*ND-A%*2

10 T2 = TZ+ EXP(-AA}*(AN(I)*COS(B)+BN(I1)*SIN{(B))
TZ = TZ+A0+273.0

C T{IJK)=T2Z

J = IJK+NNIEL
IF{(J.GT.NUMNP)IGO TO 301
TEMPT = T(J)
DTT 0.5
INN NHOUR/DTT
cC = {({0.25%xCROW*CCP)/(CK*1800.0))
DO 79 KK = 1,INN
TNEW = (TZ+TEMPT+({CC-2)*T(1JK}))/CC

79 T{IJK) = TNEW

301 CONTINUE

RETURN
3 IF{ICDAY.EQ.1)}GO TO 50
GO TO 60
50 IF{IDAY.EQ.0)GO TO 85
GC TO 86

85 NSSD = NSDAY-1
NSSMO = NSMO
IF({NSSD.EC.0)G0O TO 185
GO TO B8

185 NSSMO = NSMO-1
NSSD=NDAY {NSSMO)

88 READ(16,99)IYR,IMO,IDD,IHR
IF(IYR.EQ.NSYR.AND.IMO.EQ.NSSMO.AND.NSSD.EQ.IDD}GO TO 86
GO TO B8

86 DO 331 1 = 1,24

331 READ(16,599)1YR,IMO,IDD,IHR,TD(1}

99 FORMAT(12,12,12,12)

599 FORMAT(12,12,12,12,F6.1}
IF(IDAY.EQ.0)GO TC 98
GO TC 96

98 READ(18,199)IYR,IMO,IDD

199 FORMAT(12,12,12)
IF(IYR.EQ.NSYR.AND.IMO.EQ.NSSMO.AND.NSSD.EQ.IDD)GO TO 96
GO TO 98

96 IF(IDAY.EQ.0)GO TO 198
GO TO 196

198 READ(14,299}MSTNID,IYR,IMO,IDD

299 FORMAT(18,12,12,12)
IF(IYR.EQ.NSYR.AND.IMO.EQ.NSSMO.AND.NSSD.EQ.IDD)GO TO 196
GO TO 198

196 DO 200 I = 1,24
READ{18,201)WIND(I}
IF(WIND(I).EQ.O0)WIND{I)=1.0
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200 WIND(I) = WIND(1)%0.277778
201 FORMAT{23X,F3.0)

K =1

IN = IABS{24/NHOUR)

DO 70 11 = 1,IN

cC = 0.0

AW = 0.0

KK = K+NHOUR-1

DO BD I = K,KK

TD(1) = TD(1)+273

AW = AW+WIND{I)
80 Cc = Cc+Tbh(I}

TINF(II) = C/NHOUR

WIND(II)=AW/NHOUR

HC(II) = {0.227*AIRK/DIA)*((ATRRO*WIND{(II)

$*DIA/AIRVIS)**0.633)
70 K = K+NHOUR

WRITE{(6,71)}{TINF(1I),I=1,IN}

71 FORMAT(' TINF = ',8F10.3)
60 CONTINUE

RETURN

END

C
C************'k'k***********************************************
C
SUBROUTINE INITEM{(T,ID)
IMPLICIT REAL*4 (A-H,0-Z}
COMMON/BLK1/NUMNP ,NUMEL , NDM, MNEL , NUMAT ,NEQ , NTP ,MBAND , NPROP
$ ,NBEL ,NNEF , IELMT
DIMENSION T(1}),ID{1),TL{1000)
DO 10 I = 1,NUMNP
T{1} = C.0
10 CONTINUE
WRITE(6,20)
20 FORMAT(//' INITIAL NODAL TEMPERATURES'//)
READ(03,50) (TL{I},I=1,NUMNP}
WRITE(6,60) (TL{1),I=1,NUMNP)}
DO 80 II = 1,NUMNP
T(11) = T{11) + TL(II}
80 CONTINUE
50 FORMAT(6E10.0}
60 FORMAT(6E12.3)
51 RETURN
END
C
C****************************'k********************************
C
SUBROUTINE BANDW({MB,NELND,NP}
IMPLICIT REAL*4(A-H,0-2Z)
COMMON/BLK1/NUMNP ,NUMEL , NDM ,MNEL , NUMAT ,NEQ ,NTP ,MBAND ,NPROP
$ ,NBEL ,NNEF , IELMT
DIMENSION NELND(1),NP(MNEL,1)}
MB = 0
Do 10 J = 1,NUMEL
NEL = NELND{(J)
NLAR = NP(1,J)
NSMA = NP(1,J)
DO 20 1 = 1,NEL
IF(NSMA.GT.NP(I,J))NSMA=NP(1,J)
IF{NLAR.LT.NP(I,J) )NLAR=NP(I,J)
20 CONTINUE
MM = NLAR-NSMA+1
IF(MB.GT.MM}GO TO 10
MBE = MM
MEL = J
10 CONTINUE
WRITE({6,30)MB,MEL

30 FORMAT(//' HALF BAND WIDTH = ',I5,5X%,
$'ELEMENT NO = ',I15/)
RETURN
END

C
C**************************************************‘k********

C
SUBROUTINE ASSEMB(X,NELMAT,NELND,NP,D,SL,%L,RL,S,T,ID,
$MEL,CL ,NFCON ,NFRAD ,NNCON ,NNRAD ,HC , IFACE , HCL , SQRL , SHCL
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$,CAP,ANG,F,IRFACE,Q)

IMPLICIT REAL*4 (A-H,0-Z)
COMMON/BLK1/NUMNP , NUMEL , NDM, MNEL , NUMAT ,NEQ , NTP ,MBAND ,NPROP
$ ,NBEL,NNEF ,IELMT

COMMON/BLK2/MA,IBLB,IELG,NST

COMMON/BLK3/111

COMMON/BLK4/QR

COMMON/BLKS/IPHR,NSYR,NSMO,NSDAY ,NCYR,NCMO,
$NCDAY ,ND,NHOUR,IHOUR,ICDAY ,IPDAY,IPC,IDAY
COMMON/BLK6/TINF({(24),DT,EMS,EMA

DIMENSION X(NDM,1)},NELMAT(1),NELND{1),NP{(MNEL,1},
$D{NPROP,1),SL(1),XL{NDM,1),ID{(1),0M(54},5(NUMKP,1) ,RL(1),
$R{1),MEL(1},CL{1),T{(1),NFCON(1) ,NFRAD(1),HCL(1),
$NNCON{MNEL,6,1) ,NNRAD{(MNEL,6,1) ,HC{(1) ,IFACE{6,1)},SQRL(1)
s,s?c%(1),CAP{NUMNP,1),ANG(6,1),F(1),QR(24,500),1RFACE(6,1)
5,001

DO 20 L = 1,NUMEL
MA = NELMAT(L)
IELE = MEL{MA)
IELG = L

NEL = NELND(L)

DO 70 1 = 1,NDM
Do 70 J = 1,NEL
NG = NP{(J,L)

70 XL{1,J) = X{(I,NG)
DO 90 1 = 1,NST
RL(I) = 0.
SQRL(I) = 0.0

90 SHCL{(I) = 0.0

cALL ELMLIB(D(1,MA),NEL,XL,SL,RL,CL,HCL,SQRL,SHCL,
$NFCON ,NFRAD,NNCON, NNRAD,HBC ,,NFACE, 2,IELB,Q)
IF{NFCON{(IELG}.EQ.D)GO TO 200
11 = NFCON(IELG)
DO 205 111 = 1,11
NFACE = IFACE(II1,IELG)
CALL ELMLIB(D(1,MA) ,NEL,XL,SL,RL,CL,HCL,SQRL,SHCL,
$NFCON ,NFRAD,NNCON ,NNRAD ,HC ,NFACE, 3,1ELE,Q)
205 CONTINUE
200 CONTINUE
IF(NFRAD{(IELG).EQ.D}GO TO 201
I1 = NFRAD(IELG)
DO 206 111 = 1,11
NFACE = IRFACE(III,IELG)
ANGLE = ANG(III,IELG)
CALL RADN(NNRAD,NFRAD,IELG,NEL,NNEF ,ANGLE,NP,QR,T)
cALL BLMLIB{D(1,MA),NEL,XL,SL,RL,CL,HCL,SQRL,SHCL,
$NIFFCON ,NFRAD,NNCON ,NNRAD ,HC ,NFACE ,4,IELB,Q)
206 CONTINUE

FORM LOCATION MATRIX

20t DO 30 J = 71,NST
N = NP(J,L)
LM(J) = N

30 CONTINUE

ASSEMBLE

DO 50 I = 1,NST
IF(LM(I}.EQ.0)GO TO 50
IJ = LM{I}
F{IJ) = F(IJ}+RL{I)}-SQRL{I)+SHCL(I)}
Do 60 J = 1,NST
JJ = LM{J}-1J+1
IF{JJ.LE.Q0)GO TO 60
K = NST*{(J-1)+I
S{13,J3) = S{1J,33}+SL{K)+HCL(K)
CaP({1J,33) = CAP(1J,J3) + CL(K)
60 CONTINUE
50 CONTINUE
20 CONTINUE
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THETA = 0.6667

DO 400 I = 1,NUMNP

DO 401 J = 1,MBAND

TEMP = CAP{(I,J)*(1./DT)+THETA*S{1,J)
s(r1,J} =caP{1,J)*(1./DT}-{(1-THETA}*S(I,J)

Cap{(1,J) = TEMP

F{I}) = THETA*F(I) + (1-THETA)*F(I}
RETURN

END
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c

C

SUBROUTINE ELMLIB{DL,NEL,XL,SL,RL,CL,HCL,SQRL,SHCL,
$NFCON,NFRAD, NNCON ,NNRAD ,HC ,NFACE,ICN,IELB,Q)

C THIS SUBROUTINE CALLS THE APPROPRIATE ELEMENT SUBROUTINES

C

C

2

10

IMPLICIT REAL*4(A-H,0-2)

DIMENSION DL(1),XL{(1),SL(1),RL{1)},CL(1),NFCON(1),
SNFRAD(1) ,NNCON{(NEL,6,1} ,NNRAD(NEL,6,1),HC(1) ,IFACE(6,1}
$,HCL(1),8HCL(1),SQRL{1},0(1)

Go TO (1,2),IELB

CALL ELM1(DL,NEL,XL,SL,RL,CL,HCL,SQRL,SHCL,
$NFCON ,NFRAD ,NNCON ,NNRAD ,HC ,NFACE,ICN,Q)

GO TO 10

CALL ELM2(DL,NEL,XL,SL,RL,CL,HCL,SQRL,SHCL,
$NFCON,NFRAD,NNCON ,NNRAD,HC ,NFACE,ICN,Q)

RETURN
END
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C

C

SUBROUTINE ELM1{DL,NEL,XL,SL,RL,CL,HCL,SQRL,SHCL,
$NFCON,NFRAD ,NNCON ,NNRAD ,HC ,NFACE,ICN,Q)

C THREE DIMENSIONAL LINEAR AND QUADRATIC ELEMENT

C

C

IMPLICIT REAL*4(A-B,0-2)
COMMON/BLK1/NUMNP ,NUMEL ,NDM,MNEL , NUMAT ,NEQ ,NTP ,MBAND , NPROP
$ ,NBEL ,NNEF ,IELMT

COMMON/BLK2/MA,IELB, IELG,NST

COMMON/BLK3/111

COMMON/BLK4/QR )
COMMON/BLK5/1PHR,NSYR,NSMO ,NSDAY ,NCYR,NCMO,
$NCDAY ,ND,NHOUR,IHOUR,ICDAY,IPDAY ,IPC,IDAY
COMMON/BLK6/TINF(24) ,DT,EMS,EMA

DIMENSION XL(NDM,1)},SL{NST,3),DL{6),RG(27},8G(27),
sTG(27),wG(27),88HP(4,27),%X8{3,3),rL(1),CcL(NST,1),DB(20,20)},
$NFCON(1) ,NFRAD(1) ,NNCON(NEL,6,7) ,NNRAD(NEL,6,1) ,HC{(1)
$ ,HCNTN(20,20) ,IFACE(6,1),SSHP{5,20),RRG(9),S8G(9),TTG(9),
$WWG(9),XXS8(2,2) ,HCL{(NST,1),SQORL{1},SHCL(1},QRrR(24,500),0Q(1)
$,TINFT(24)

Go 170 (1,2,3,4),ICN

C READ AND WRITE MATERIAL PROPERTIES

C

1
10

11

READ(03, 10)AKX,AKY,AKZ ,RHO,CP,L

FORMAT(BE10.5,15)

WRITE{6,11)AKX,AKY,AKZ ,RHO,CP,L

FORMAT(' THERMAL CONDUCTIVITY IN X DIRECTION = ',E13.7/
$ ' PHERMAL CONDUCTIVITY IN ¥ DIRECTION = ',E13.7/
S ' THERMAL CONDUCTIVITY IN Z DIRECTION = ',E13.7/
s ' DENSITY = ',B13.7/
s ' SPECIFIC HEAT = ',B13.7/
$ ' NO OF GAUSS POINTS IN EACH PLANE = ',15)
DL{1) = AKX

DL{2) = AKY

DL{3) = AKZ

DL{4) = RHO

DL{5) = CP

DL{6) = L

RETURN

DO 20 I = 1,NST

DO 21 J = 1,NST

HCL{1,J) = 0.0
cL{1r,J) = 0.0
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21
20

430

433
432
431

76

SL{1,J) 0.0
SHCL (1)} 0.0
IF{IELG.EQ.1)
L = DL(6)}
IF(L*L*L.NE.LINT)CALL PGAUSS{(L,LINT,RG,SG,TG,WG)

DO 30 K = 1,LINT

CALL SHAPE{RG{K),SG{(K),TG{K),XL,SHP,XS,XSJ,NEL,IELMT)
DV = XSJI*WG(K)

PO 430 KK = 1,3

LINT=0

DO 430 I = 1,NEL

DB{KK,1) = DL{KK)*SHP{KK,I)*DV
DO 431 1 = 1,NEL

DO 432 J = 1,1

DO 433 KK = 1,3

SL(I,J) = SL{(I,J) + SHP(KK,I)*DB(KK,J)

CL(1,J3) = cL(1,3) + SHP(4,1)*SHP(4,J)*DL{4)*DL(5)}*DV
RL{I) = RL{1I} + SHP(4,1)}*Q{IELG)*DV

COMPUTE UPPER TRIANGULAR MATRIX BY SYMMETRY

80
70
30

3

34
35

31
32

33
S0

92

91

93
5S4

B1
71
40

702

J o= 1

DO 70 JJ = 1,NST
1 =1

po 80 11 = 1,33

SL(1,J) = sL{(J,1)
cL{1,J3) = cL{(J,1)
1 =1 + 1

J =3 + 1
CONTINUE
RETURN

CALL QUAD(L,LLINT,RRG,S5G,TTG,WWG,NFACE)
TINFT(IHOUR)=TINF{IHOUR)
IF{NFACE.EQ.1)GC TO 34

GO TO 35
IF{TINFT{IHOUR).GT.TINF{IHOUR))}GO TC 35
TINFT(IHOUR)=TINF({IHOUR)+5.0

CONTINUE

DO 40 K = 1,LLINT

CALL SURF{RRG(K),SSG(K),TTG(K),XL,SSHP,XXS,
$XXSJ,NEL,NFACE)

IF{NFACE.EQ.1)GO TO 31

GO TO 32

DV1 = 1.0%*WWG(K)}*XXSJ

GO TO 33

DV1 = HC{IHOUR)*WWG(K}*XXSJ

DG 90 1 = 1,NEL

SSHP(5,1) = 0.0

DO 91 I = 1,NEL

IF{I.GT.NNEF)GO TO 92

LL = NNCON(I,III,IELG)

SSHP(5,LL) = SSHP{(4,I}

CONTINUE
CONTINUE
DO %4 1 = 1,NEL
DO 93 J = 1,NEL

HCL(I,J) = HCL{(1,J) + SSHP{5,I)*SSHP(5,J)*DV1
SHCL{I) = SHCL{I}+SSHP(5,1)*DV1*TINFT(IHOUR)
CONTINUE
J =1
Do 71 Jagd
1 =1
DO 81 11
HCL{I,J)
I =1+ 1
J =J + 1
CONTINUE
RETURN
CALL QUAD(L,LLINT,RRG,SSG,TTG,WWG,NFACE)
DO 701 K = 1,LLINT
CALL SURF(RRG(K},SSG{K),TTG(K) ,XL,SSHP,XXS,XXSJ,NEL,NFACE)
DV1 = WWG{K)*XXSJ*QR{IHOUR,IELG)
DO 702 1 = 1,NEL
SSHP{5,1) = 0.0
DO 703 1 = 1,NEL
IF(I.GT.NNEF}GO TO 704
LL = NNRAD(I,III,IELG}

It

1,NST

1,33
HCL(J,1)

non
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704
703

705
701
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SSHP(5,LL) = SSHP(4,I)

CONTINUE

CONTINUE

Do 705 1 = 1,NEL

SORL{I) = SQORL{I)+SSHP(5,1}*DV1
CONTINUE

CONTINUE

RETURN

END
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C

ann

20

100
40

39

41
42

45

43
44

46

SUBROUTINE SHAPE(RR,SS,TT,X,SHP,XS,XSJ,NEL,IELMT)

IMPLICIT REAL*4 (A-H,0-Z}

DIMENSION SHP({(4,1},Xx(3,1}),rR(20),5(20),T7(20),%5(3,3)},
$8X(3,3)

DATA R/-1.0E00,1.0E00,1.0E00,-1.0E00,-1.0E00,1.0E00
$,1.0B00,-1.0E00,0.0E00,1.0E00,0.0E00,~1.0E00,-1.0E00
$,1.0E00,1.0E00,-1.,0E00,0.0E00,1.0E00,0.0E00,-1,0E00/

DATA T/-1.0E00,-1.0E00,-1.0E00,-1.0E00,1.08E00,1.0E00,
$1.0E00,1.0E0GO0,-1.0E00,-1.0E00,-1.0E00,~1.0E00,0.0E00,
$0.0E00,0.0E00,0.0E0C,1.0E00,7.0E00,1.0EQ0,1.0E00/

DATA S/-1.0E00,-1.0E00,1.0E00,1.0E06,-1,0E00,~1.0E00,
$1.0E00,1.0E00,~-1.0E00,0.0E00,1.0E00,0.0E00,~1.0E00,
$-1.0E00,1.0E00,1.0E00,-1.0E00,0.0E00,1.0E00,0.0E00/

IF(IELMT.EQ.1)GO TO 20

GO TO 40

Do 100 1 = 1,20

SHP{4,I) = {(1.4R(1)*RR)*{1.+8S{1)}*SS)*(1.+T(1}*TT)}/8.
SHP(1,I1) = R{I)*x(1.+S{1)*s88)*{(1.+T(1)*TT)/8B.
SHP(2,1) = S{I1}*{(1,+R(I}*RR}*{1,+T(1)*TT)/8B.
SHP{3,I) = T{(I}*(1,+R{I}*RR)*({1,+S(1)*85)/8.

GO TO 30

DO 391 = 1,8
SHP(4,I)={1.+R{IJ*RR)* (1, +S(I1}*SS)*(1.+T{I1)*PT)*
$(R{I)*RR+S(I)*SS+T(I)*TT-2.)/8.
SHP(1,I)=R{I}*(1.+8(I1)*SS}*{1,+T(I}*TT}+*{(2%R(I)*RR+
$S(I1)*SS+T(I)})*TT-1.)/8.
SHP(2,1)=S{(1}*(1.+R(I)*RR)*(1.,+T(I1}*TT)*(R(I)*RR+
$2.*%S{(1)*SS+T{(1}*PT~-1.)/8.
SHP(3,I}=T{(I}*(1+R{I}*RR)*(71.+S(I}*SS)*(R{I))*RR+S(I}*
$S8S+2.*T(1)}*xTT-1.)/8.

DO 41 1 = 13,16
SHP{4,I)=(1.-TT**2)}=(1,+R{I)*RR)*{1.+5(1)*58)/4.
SHP(1,I1 )=R{I)*x(1-TT**2)*{1.+5(I)*55)/4.
SHP(2,1)=S(I)*(1-TT*%x2)*{1.+R(I)*RR)}/4.
SHP(3,I}=-TT*{1.+R(I}*RR)*(7.+S(1}*SS)/2.

1 =9
SHP(4,I)=(1.-RR**2)*x(1.45{(1)*8S)*(1.+T(1)*TT)/4.
SHP(1,I)=-RR*{1.,+S(1}*SS)*x{1,.+T{(1}*TT)/2.
SHP{2,I}=S{I)*x{1.-RR**2)}*{1.+T7(1)*TT)/4.
SHP(3,I}=T(I)}*x (1, -RR**2)*(1.+5(1)*SS8)}/4.

1 = I+2

IF(I.GT.11)GO TO 45

GO TO 42

IF(I.EQ.T19)GO TO 42
IF(I.GT.19)GO TO 43

I =17
GO TO 42

1 = 10
SHP(4,I)=(1.-8S**2)%x{(1.+R{I}*RR)*(1.+T{(I)*TT)/4.
SHP(1,I)=R(I)*(1,.-8S**x2)*{1,+T(I)*xTT}/4.
SHP(2,I)=~SS*(1,.+R{IJ*RR}*(1.+T{1}*TT})/2.
SHP(3,I)=T(1)*(1.-88**2}*x{1.+R{(I)*RR)}/4.

I = I+2

IF{I.GT.12)G0O TO 46

GO TO 44

IF{I.EQ.20)GO TO 44
IF{(1.GT.20}GO TO 30
I =18

GO TO 44

CONSTRUCT JACOBIAN AND ITS INVERSE

30

DO 130 1
Do 130 g

1,3
1,3
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X5(1,J3) = 0.0
DO 130 K = 1,NEL
130 XS8(1,J) = XS(I,J)+SHP(I K}*X(J,K)

A1l = XS§(2,2)*XS(3,3)-XS8(2,3)*Xs5{3,2}

A2 = —{XS{2,1)}*X8(3,3)-Xs(2,3)*Xs(3,1))
A3 = XS(2,1)*X8{(3,2}-%X58(2,2)*X5(3,1)

Bl = ~(X%S8(1,2)y*%5(3,3)-X%8(1,3)*%5(3,2))}
B2 = XS(1,1)*XS{3,3)-X8(1,3)*Xs(3,1}

B3 = —(XS(1,1}*X5{3,2)-X5(1,2)*Xs(3,1))
C1 = XS(1,2)*XS(2,3)-XS(2,2)*%8(1,3}

C2 = ~(XS8{1,1)*%5(2,3)-X5(1,3)%xX5(2,1))
C3 = XS{1,1)*XS(2,2)-X8{(1,2)*%Xs(2,1}
X8J = XS{1,1)*A1+XS{1,2)*xA2+X5(1,3)*A3
Ssx{1,1) = A1/XSJ

sx{1,2) = B1/X8J

sx{1,3) = Cc1/%88J

SX{(2,1) = A2/XS8J

sX(2,2) = B2/Xsa

SX(2,3) = c2/Xs8J

sX(3,1) = A3/XsJ3

sx{(3,2) = B3/XsJ

sx{(3,3) = Cc3/48g

DO 140 I = 1,NEL
TEMP1=SHP(1,I1)*SX(1,1)+SHP(2,1)*5X(2,1)+SHP(3,I)#*s8X(3,1)
TEMP2=SHP(1,I1)*SX(1,2)+SHP(2,1)*8X(2,2)+SHP{(3,1)*SX(3,2)
SHP(3,1)=SHP{1,I)*SX{1,3)+SHP(2,1}*SX(2,3)+SHP{3,1)
$*SX{(3,3)

SHP{(2,1) = TEMP2

140 SBP{1,1) = TEMPT
RETURN
END

o
C********************************************************
o

SUBROUTINE SURF(RR,SS,TT,X,SSHP,XS,XS8J,NEL,NFACE}

IMPLICIT REAL*4 {A-K,0-2)

COMMON/BLK1/NUMNP , NUMEL , NDM, MNEL ,NUMAT ,NEQ, NTP ,MBAND ,NPROP
$ ,NBEL,NNEF , I ELMT
DIMENSION SSHP{5,1),%(3,1),RrR{9},81(9},82(9)},
gT(9),X8(2,2),8X(2,2)

DATA R/-1.0E0,1.0EC,1.0E0,-1.0E0,0.0E0,%1.0E0,0.0E0,-1.0E0,0.0EG/,
sT/-1.0E0,-1.0E0,1.0E0,1.0E0,-1.0E0,0.0E0,1.0E0,0.0EO0,C.0EOQ/,
$s1/-1.0E0,-1.080,1.0E0,1.0E0,-1.0E0,0.0E0,1.0E0,0.0E0,0.0E0Q/,
$s2/-1.0E0,1.0E0,7.0E0,-1.0E0,0.0E0,1.0E0,0.0E0,-1.0B0,0.0E0/

IF{NFACE .EQ. 1 .OR. NFACE .EQ. 2)GO TO 200

IF(NFACE .EQ. 4 .OR. NFACE .EQ. 6)}GO TO 210

IF{NFACE .EQ. 3 .OR. NFACE .EQ. 5)}G0O TO 220

200 IF{IELMT.EQ.2)G0O TO 300

DO 100 I = 1,NNEF

SSHP(4,I) = {(1.0+R{I)})*RR}*{(1.0+4S1(I)*85)}/4.0
SSHP(1,I) = R{I}*{(1.0+81(1)*S5}/4.0

100 SSHP{2,1) = S1{I})*(1.0+R{(I)*RR}/4.0
GO TO 230

300 DO 311 1 = 1,4
SSHP(4,I)=(1.+R(I)*RR}*{7.+51(I1)*SS)*x{(R(I)*RR+51(1)
§*%§S-1.)/4.
SSHP{1,I1)=R{I}*(1.+81(1}*SS)*(2.*R{I}I*RR+S1(1)*SS)/4.

311 SSHP(2,1)=S1(1)*(1.+R(I})*RR}*(R{I}*RR+2,*S1{(1)*SS8}/4.
1 =5

313 SSHP(4,I)=(1.-RR**2)*(1,+51(1)*S5)}/2.
SSHP(1,I)=-RR*(1.+S1(1)*85)
SSHP(2,1)=81(1)*{1.-RR**2) /2,
I = 142
IF{I.GT.7}G0 TO 312
GO TO 313

312 1 = 6

314 SSHP(4,I1)={(1.+R(I)*RR}*{1.-8S8*%2)/2,
SSHP{1,I)=R{I)*(1.-88*%2)/2.
SSHP{2,I)=-58*(1.+R(I}*RR)}

I = I+2
IF{(1.GT.8)G0 TO 230
GO TO 314

210 IF{IELMT.EQ.2)GC TO 320
po 110 I = 1,NNEF
SSHP{(4,1) (1.0+T{E)*TT)*(1.0+82{I)*88)/4.0
ssHP(1,1) S2(1}*(1.0+T(T)*TT)/4.0
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110 SSHP{2,1) = T{I)})*(1,.0+52{1)*SS)/4.0

GO TO 230
320 PO 321 1 = 1,4

SSHP{4,1)=(1. +s2(1)*ss)*(1 +T{I)*TT)*{(S2(1)*SS+T{(1)

$*xTT-1. )/4

ssnp(1,1)= S2{I)* (1. +T{I)*TT)*(2.%S2(1)*SS+T(1)}*TT}/4.
321 SSHP(2,I)=T(I1)*(1.+S2{1)*SS)*(82(1)*85+2.*T(1}*xTT)/4.

1 =65
323 SSHP{4,I)=(1.-8S**2)*{1,+T(I1)}*TT)/2.

SSHP(1, I)=—SS*(1 +T(I)*TT)
SSHP(2, 1)= T(I)*(1.—SS**2)/2.

I = I+2
IF(I.GT.7)GO TO 324
GO TO 323
324 1 = 6
325 SSHP{4,I)={(1.4S2(I)*S8)*(1.~-TT*x2)/2.
SSHP(1,1)=S8S2(I)*x{(1.~TT**x2)/2.
SSHP(2,1)=-TT*{1.4+52(1)*8S)
I = 142
IF{(1.GT.8)G0O TO 230
GO TO 325

220 1IF(IELMT.EQ.2)GC TO 330
DO 120 1 = 1,NNEF

SSHP(4,1) = (1, 0+4R(I}I*RR)*(1+T(I1}*TT)/4.0
SSHP(1,1I) = R{(I)*(1.0+R(I)*RR)}/4.0
120 SSHP(2,1} = T{I})*(1.0+R(I)*RR)}/4.0
GO TO 230
330 po 331 1 =1,
SSHP{4,1)={(1.+R(I}*RRI* (T.+T(1}*TT)* (R(I)*RR+T{(1)
$*TT-1.}/4.
SSHP{1,I)=R(I)*(1.+T(1)*TT)*x(2.*R{I}*RR+T(1)*TT}/4.
331 SSHP(2,I)=T(1)*{1.+R(I1)*RR}*(R(I}*RR+2.*T(1)*TT) /4.
I =5
333 SSHP(4,1)=(1.-RR**2)%{1.+T(1)*TT)/2,
SSHP{1,1)=-RR*{(1. +T(I)*TT)
SSHP(2,I)=T(I)*(1.—RR**2)/2.
I = I+2
IF(I.GT.7)G0 TO 334
GO TO 333
334 1 = 6
335 SSHP{4,I)})=(1.+R({II*RR)*(1.~-TT*%x2)/2,
SSHP(1,1)=R(I)*(1.-TT**x2}/2,
SSHP(2,1)=-7T*(1.+R(I)*8S)
I = 42
IF{I.GT.8)G0O TO 230
GO TO 335
230 po 130 1 = 1,2
DO 130 J = 1,2

Xs{1,J) = 0.0
DO 130 K = 1,NNEF
130 X8{1,J) = XS{I,J)+SSHP(I ,K)*SSHP{J,K)
X8J = XS{1,1)*XS(2,2)-XS(1,2)*XS5(2,1}
RETURN
END
C
C*************'k*******************************************
C
SUBROUTINE PGAUSS{L,LINT,R,S,T,W)
IMPLICIT REAL*4 (A-H,0-Z)
DIMENSION LR(27),LS{27),LT{(27),LWw{27),R(1),5(1
DATA LR/-1,1,1,-%1,-1,1,1,-1,0,1,0,-1,-1,1,1,-1
$0,0,0,0,-1,1,0/, LS/—1 =1, 1,1, -1,=1 1,1,—1,0,1,
§1,1,-1 0,11030: »0,0,0 ,O!O/ LT/ 1 1,-1,-1,1,1
$-1,-1,0,0,0,0,1,1,1,1,-1.1, 0 0,0, o,o/
DATA Lwls*zs i2%a0,7%0/
LINT = L*xLx*L
Go T0{(1,2,3),L

w{1}
1,

ST
0,1
-1

1

1)
, 0
s E
T,1,-

) s
3 [
0 1,
? 1,-1,

c

C 1*%1%1 INTEGRATION

c

1 R{(1) = 0.0

s{1) = 0.0
T(1) = 0.0
w{1) = 8.0
RETURN
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2%2%x2 INTEGRATION

G = 1.0E00/SQRT{3.0E00)
DO 21 1 = 1,8

R(1) = G*LR(I)
s(1) = G*LS(I)
T(1) = G*LT(I)
w(i) = 1.0E00
CONTINUE
RETURN

3%x3*3 INTEGRATION

G = SQORT(0.6E00)
H = 1.0B00/145.8
DO 22 1 = 1,27
R(I) = G*LR(I)
S(r) = G*xLS({(1)
T(I1) = G*LT(1)}
W({I) = B*LwW(I)
CONTINUE

RETURN

END

(2222 S22 A2 R AR LSRR R AR R EREEEEE LR R EE R LR EEEEEEEEEE RS S XL

C

1% 1

onoO

2%2

[eXele]

10

20

30

SUBRCUTINE QUAD(L,LLINT,R,S,T,W,NFACE)
IMPLICIT REAL*4 (A-H,0-2)
DIMENSION LR{9)},LSs1{(9),Lw(9),R(1),8{(1),T(1}),w(1)},

$LT(9),Ls82(9)

DATA LR/-1,1,1,-1,0,1,0,-1,0/,L7/-1,-1,1,1,-1,0,1,0,0/
paTa LS1/-1,-1,1,1,-1,0,1,0,0/,L82/~-%,1,1,-1,0,1,0,-1,0/
DATA LW/4%25,4%40,64/

LLINT = LXL

Go T0(1,2,3),L

INTEGRATION
rR{1) = 0.0
s{1) = 0.0
T{1) = 0.0
Ww{lt) = 4.0
RETURN
INTEGRATION

G = 1.0D00/SQRT(3.0ED0)

DCc 11 1 = 1,4 .

IF{NFACE .EQ. 1 .OR. NFACE .EQ. 2)GO TO 10
IF{NFACE .EQ. 4 .OR. NFACE .EQ. 6)}GO TO 20
IF(NFACE .EQ. 3 .OR. NFACE .EQ. 5)GO TC 30

T{1) = 0.0

R(I) = G*LR(I)
S§{I) = G*LS1(1)
w{l) = 1.0B00C

GO TO 12

R(I} = 0.0

S(1) = G*Ls2(1)}
T(I) = G*LT(1)
w(I1) = 1.0B00

GC TO 12

s(1) = 0.0

R(I) = G*LR{I)}
T{(1) = G*LT(I)
w(i) = 1.0B00
CONTINUE

CONTINUE

RETURN
INTEGRATION

G = SQRT{(0.60E00)
H = 1.0E00/81.0E00

DO 31 1 = 1,9
IF(NFACE .EQ. 1T .OR. NFACE .EQ. 2}G0O TO 40
IF(NFACE .EQ. 4 .OR. NFACE .EQ. 6)GO TO 50
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CE .EQ. 3 .OR. NFACE .EQ. 5)GO TO 60
0.0

G*LS1(1)

G*LR(1I)

H*LW{I)

N
40 )
}
)
}
TO 22
)
)
)
)
T
)
)

I R | I -

50 0.0
G*LS2(1)
G*LT(1I)

H*LW(I}

LA (1

60

TNOEAnTOT DN I
o o () o o o () o o, e o= 1T

Y3

o~

bt bt by
e
wouwonon
7]

* .
[

-3

~

-

—

22 CONTINUE

31 CONTINUE
RETURN
END

LA AR AR R R 2 AR R R AR R R R AR T Y L X T ]

o0

SUBROUTINE RADN (NNRAD,NFRAD, IELG,NEL,NNEF ,ANGLE,NP,QR,T)
IMPLICIT REAL*4 {A-H, 0-2)

REAL*4 ANGLE,QR,T, TINF ,DT,GR,EMS ,EMA

CHARACTER F*1

DIMENSION AMH{(24),F(24),MS(24),HD(24),HB(24),
SHV{24),R{24) an(24) QQ(24) NP(NEL iYy,T(1),
$NNRAD(NEL 6, 1) NFRAD(1) QR(24 500) NDAY(12) JAPMH(24)
COMMON/BLK3/111

COMMON/BLK5/1IPHR,NSYR,NSMO,NSDAY ,NCYR,NCMO,

$NCDAY ,ND,NHOUR, IHOUR ICDAY IPDAY,IPC,IDAY
COMMON/BLKS/TINF(24) DT, EMS EMA

DATA NDaAY/31,28,31, 30 31 30,31,31,30,31,30,31/
IF{IDAY.EQ. O)Go TO 7%

GO TO 76

75 DO 77 1 = 1,24

77 APMH(I)=0.

76 TT = 0.0
HM = 0.0
IF(ICDAY.EQ.1.AND.IHOUR.EQ.1}GO TO 49
GO TO 222

49 IF({IELG.EQ.1.AND.III.EQ.1)GO TO 50
GO TO 222

50 READ(14 102)MSTNID,MYR ,MO,MDAY ,MELM, (MS{I),AMH(I},
$F(1),1=1,24)
WRITB(S 103)MSTNID MYR,MO,MDAY
102 FORMAT(I? 13,12,12,13, 24(11 F5.0 A1))
103 FORMAT(2X,17,5X,13,5%,12,5%X,12)
DO 211 = 1, 24
IF(AMH(I).NE.99999.)APMH(I)=AMH(I)
IF(AMH(I).BQ.99999.)AMH(I )=APMH({1)
AMH(I)})=AMH(1)*0.277778
HM = HM+AMH{1I)}
27 CONTINUE
ND = ND+1
IF(ND.GT.365}ND=ND-365
PI = 3.141593
ALAT = 49.9%2.%xpP1/360.
AA = ALAT-PI/2Z2.
DECL = 23.45*SIN(2*PI*{(2B4.+ND)/365.))
DECL = (2*PI*DECL)/360.0

SC = 1353

A1 = TAN(ALAT)
A2 = TAN(DECL)
A3 = -AT*A2
WS = ARCOS(A3)

A = (2.%¥PI*ND/365.)
1 + 0.033*c0osS(Aa)

HO (24, /P1)*SC*(RR*{COS{ALAT)*COS(DECL}*SIN{WS) }+

S$(WS*SIN{ALAT)*SIN(DECL}})

B = HM/HO

C = 0.8710458 + 1.,12281*B-(7.962557*(B**2,5))

$+(6.55845%(B*%x3,.5))
222 po 111 J = 1,24

IJK = 13

o)
o]
o
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1190 = 1JK-J

W= (I1J%15.0)}*2.0*PI1/360.0

IF(F(J).EQ.'W'.OR.F(J).ED."2')GO TO 51

GR=0.2

GO TO 53

51 GR=0.7
53 GAMA = (ANGLE*2xP1)/360.0

THETAZ = SIN(ALAT}*SIN(DECL) + COS{DECL)*COS(ALAT)*
$Ccos(w}

THETAT = COS{DECL)*COS(GAMA)*COS(W)*SIN{ALAT)
$+COS(DECL)*SIN{GAMA)*SIN(W)~-SIN{DECL)*COS (GAMA)
$*COS(ALAT)

RB = THETAT/THETAZ

IF{RB.GT.5.0.0R.RB.LT.~5.0)RB=0.0

HD{J) = AMH(J) » C
HB(J) = aMH{(J)-HD(J)
BV{(J) = (2.*RB*AMH(J)+2.*RB*HB{(J)+HD(J)+GR*AMH(J))}/4.0

STEF = 5,.6697E-08
OSN(J) = HV{J) * EMS
0o(J) = QsSN{J)
111 CONTINUE
K = 1
IN = IABS(24/NHOUR)}
DO 70 11 = 1,IN
TEMP = 0.0
KK = K+NHOUR-1
DO 80 I = X,KK
80 TEMP = TEMP+QQ(I)
OR{I1,IELG}) = TEMP/NHOUR
QE = 0.5*STEF*EMA*{TINF{(II)*x%4)
QS = 0.5*STEF*EMA*{(210%%4)
OR(I1,IELG) = OR(II,IELG)+QE+QS
70 K = K+NHOUR
60 CONTINUE
DO 20 1 1,NNEF
DO 30 J 1,NEL
30 IF(J.EQ.NNRAD(I,III,IELG))NNG=NP{(J,IELG)
20 TT = TT+T(NNG}
TT TT/NNEF
00 STEF*EMA* (TT* %4 )
OR({IHOUR,IELG}=QR(IHOUR,IELG)}-QO
RETURN
END

Cc
C*********************************************************
C
SUBROUTINE DECOMP (GSM,NP,NBW)
IMPLICIT REAL*4 (A-H,0-Z)
DIMENSION GSM{NP,NBW)
DATA EPS/1.E-20/
DO 12 1I=1,NP
M=NP-1+1
IF {(NBW-M) 1,2,2
1 M=NBW
2 Do 12 J=1,M
N=NBW-J
IF {1-1-N) 3,4,4
3 N=I-1
4 SUM=GSM{I,J}
IF () 7,7,5
5 DO 6 K=1,N
IK=I-K
JK=J+K
KK=K
6 SUM=SUM-GSM{IK,K+1)*GSM(IK,JK}
7 1Fr (J-1) 8,9,8
8 GSM(1I,3)=SUM*TEMP
GO TO 12
9 IF (SUM-EPS*GSM(1,1)) 10,10,11
0 WRITE (04,13) 1
STOP
11 TEMP=1./SQORT(5UM)
GSM(1,J)=TEMP
12 CONTINUE

RETURN
13 FORMAT (/////10X,32HDECOMPOSITION TERMINATED ON ROW ,13,30HPOSSIBL
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1E ERROR IN ELEMENT DATA)
END

Chhikhhkkhhkdd kb kA e Al h AR A AR A A A IR AR A AT A T AT TR AT AR AR

C

C

SUBROUTINE BANSOL (GSM,GF,X,NP,NBW)
IMPLICIT RBAL%*4 (&-H,0-2)
DIMENSION GSM(NP,NBW),GF{NP) ,X(NP)

C REDUCE LOAD VECTOR

Cc

M mt

DO 5 I=1,NP
J=1—-NBW+1
iFr (I+1-NBW} 1,1,2
Jd=1
SUM=GF({1)
iF (1-1) 5,5,3

3 IT=1-1

C

DO 4 K=J,IT
IKK=I-K+1
SUM=SUM-GSM(K,IKK)*X(K}
X(1)=SUM*GSM(1,1)

C BACKWARD SUBSTITUTION

C

C

Chkkk

C

32
31

567

i0

97

20

DO 10 I1T=1,NP
I=NP-IT+1
J=1+NBW-1
IF (J-NP) 7,7,6
J=NP
SUM=X(1)

IPLI=I+1
iIF (IPL1-J) 8,8,10
DO 9 K=IPL1,J

KII=K-1+1

SUM=SUM~GSM(I ,KII}*X(K)

X{I)=SUM*GSM{(1,1)

RETURN

END

AR A AR AT AT L A AT A A A KA A A A A A AT A AT AR AR TR AR A A AT A AT A AT AR A kR hdkR

SUBROUTINE TRANS (GCM,GHM,TR,F,RF,NP,NBW,NPP,FT,ID)
IMPLICIT REAL*4& {(A-H,0-2)
COMMON/BLK1/NUMNP ,NUMEL , NDM,MNEL , NUMAT ,NEQ,NTP ,MBAND , NPROP
$ ,NBEL ,NNEF ,I ELMT
COMMON/BLK5/IPHR,NSYR,NSMO,NSDAY ,NCYR,NCMO,
$NCDAY ,ND,NHOUR, IKOUR,ICDAY ,IPDAY,IPC,IDAY
COMMON/BLK6/TINF(24) ,DT,EMS ,EMA )
DIMENSION GCM{NP,NBW) ,GHM{(NP,NBW} ,TR(NP) ,F(NP)} ,RF (NP)
$,NPP{MNEL,1)},FT(1},1D(1},AVETMP{100) ,TEMP1(900,300}
DO 31 I = 1,NUMNP

DO 32 J = 1,NBW

TEMP1(I,J)=GCcM(1,J)

FT(1) = TR(I)

SDT=DT

NIT = NHOUR*3600/DT

DO 510 KK=1,NIT

CALL MULTBD {(GHM,TR,RF,NP,NBW}

DO 507 I=1,NP

RF{1)=F(I)+RF(1)

DO 511 I = 1,NUMNP

IF(ID(I}.NE.1}GO TO 511

DO 10 J = 2,NBW

I1 = I-J+1

12 = I+J-1
IF{I1.GE.1T)RF{I11)=RF(I11)}-TEMPT1(11,J)*FT(1)
IF{I2.LE.NP)RF(12)=RF(12)-TEMP1{(I ,J}*FT(1}
RF{(1)=FT(I)}

IF{KK.EQ.1)}GO TO 97

GO TO 511

DO 20 J = 1,NBW

11 = I-J+1

IF(I11.GE.1)GCM(11,3)=0.0

GCM(1,J)=0.0

GCM(1,1)=1.0
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CONTINUE
IF{KK.EQ.1)CALL DECOMP(GCM,NP,NBW)
CALL BANSOL{GCM,RF,TR,NP,NBW)

DO 53 I = 1,NUMNP

IF{(ID(I}.NE.1)GO TO 53

TR{(1)} = FT(I}

CONTINUE

CONTINUE

IPC = IPC+NHOUR

IF(IPC.GE.IPHR)GO TO 61

GO TO 62

IPDAY = IPDAY+IABS(IPHR/24)

IPC = 0

WRITE{(6,63)IPDAY

WRITE(6,64)
WRITE(6,60)(1,TR(I)},I=1,NUMNP)
FORMAT(3(3X,14,3X,E12.6)}
FORMAT(3X,' NODE',4X,'TEMPERATURE',3X, 'NOBE",4X,
$'TEMPERATURE',3X, '"NODE' ,4X, ' TEMPERATURE'//}
FORMAT(' DAYS ELAPSED = ',15//}
RETURN

END
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SUBROUTINE MULTBD (GSM,GF,RF,NP,NBW)
IMPLICIT REAL*4 (A-H,0-2)

DIMENSION GSM(NP,NBW) ,GF(NP),RF{NP}
DO 503 I=1,NP

SUM=0.0

K=I~1

DO 502 J=2,NBW

M=J+I-1

IF {M.GT.NP) GO TO 501
SUM=SUM+GSM(1,J)*GF (M}

IF (K.LE.O) GO TO 502
SUM=SUM+GSM(K,J)*GF(K)

K=K-~1

CONTINUE

RF{I)=SUM+GSM(I,1)*GF(I)

RETURN

END
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SUBROUTINE ELM2(DL,NEL,XL,SL,RL,CL,HCL,SQRL,SHCL,
$NFCON ,NFRAD ,NNCON ,NNRAD,HC ,NFACE ,ICN)

RETURN

END



Appendix D
FE3DHT - 3D finite element heat transfer program
Main Program
This program reads and writes control informations. It
assigns location for each of the matrices and wvectors in a large omne
dimensional array A. It calls the subroutine DAYCAL, READ, INITEM,
BOUNDT, ASSEMB, and TRANS. Organizes the flow of the whole program.
NHOUR 1is the number of hours after which the boundary
conditions are read and the element matrices are calculated again.

Subroutines BOUNDT, ASSEMB, and TRANS are called 24/NHOUR times each

day and the Do loop extends for the total number of days simulation is. -

required,
Subroutine DAYCAL

Calculates the total number of days the simulation is to be run.
Total number of days are calculated based on the starting day, month,
and year and the closing day, month, and year.
Subroutine READ

Reads and writes the following information:

(1) Node data: Node number and the X, Y, and Z coordinates of
each node.
(ii) Element data: Element number, material set number, number of

nodes in the element, global node number of each node in the

element and the internal heat generation in the element.

(iii) Boundary condition codes: Node number and its boundary

condition code. (set equal to 1 for the bottom nodes).

85
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Convection and radiation boundary conditions: Element number,
number of faces in the convection boundary and the number of
faces in the radiation boundary. Then the number of each
boundary face in the convection boundary and the angle
between the normal to face and the south for each radiation
boundary.

Material data: Material set number and the element type
number are read. For each material set it calls the
subroutine EIMLIB, which directs the control to the first
part of the appropriate element subroutine. In the element
subroutine the material data are read and written iIn the..

ocutput file.

Subroutine READ also calls the subroutine CONRAD for each of

the convection and radiation boundary faces of every boundary element,

and the subroutine BANDW once. Also it calls the subroutine BOUNDT

with the control information directed to the first part of the BOUNDT.

Subroutine CONRAD

It assigns the local node number for all the nodes in each of the

convection and radiation faces of every boundary element.

Subroutine BOUNDT

This subroutine has three parts. The value of IC passed on by the

calling argumént activates the corresponding part of the subroutine.

IC=1:

IC = 2 :

Called by the subroutine READ. Reads the thermal properties
of the soil, concrete, bin wall material, air, diameter of
the bin. This part of the subroutine is called only once.

Calculates the soll temperature using the model of Singh et

al, (1977). Based on the predicted soll temperature of the
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day, the bottom temperature of the grain bulk is calculated
using the finite difference method. Finally the calculated
soil temperature is assigned to those nodes for which the
boundary condition code ID is 1. After every 24 hours of
simulation the control is passed on to this part of the
subroutine by the main program.

IC = 3: Reads the hourly values of the ambient air temperature and
the local wind velocity averages these wvalues over the time
interval NHOUR. Calculates the convection coefficient HC
using Fennigan and Longstaff (1982) model. Called by the main
program once in every 24 hours of simulation.

Subroutine INITEM

Reads and wfites the initial temperature of each node and stores

these values in the vector T.

Subroutine BANDW

Calculates the half band width by scanning through the global node
numbers of each node in all the elements in the domain.

Subroutine ASSEMB

Matrices CAP, S, F, RL, and SQRL are initialized in this
subroutine. For each element, ASSEMB calls the element subroutine ELM1
thrice (once for calculating the wvolume integrals, once for surface
integrals involving the convection boundary faces and the third time
for evaluating the surface integrals over the radiation boundary
faces). After the element matrices are calculated and passed from the
element subroutine they are assembled in the global matrices and

vectors.,
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Before return, the capacitance matrix will be divided by the time
increment DT and added with the stiffness matrix S, after multiplying
the stiffness matrix by a factor THETA. Depending on the value of
THETA the finite difference scheme used for the time domain can be

changed.

When THETA 0 Forward difference scheme
= 0.5 Crank Nicholson method

0.667 Galerkin method

1.0 Backward difference scheme
Similarly the stiffness matrix will be multiplied by the factor (1-
THETA) and added with the capacitance matrix CAP after dividing the.
CAP by the time increment DT, before the return.
Subroutine EIMLIB

This directs the control to the appropriate element subroutine
depending on the value of IELB, passed on by the calling argument. IELB
is an input data, read in the subroutine READ. The operator has the
control over the value of IELB. The program can be easily extended for
one and two dimensional heat transfer problems by adding separate
subroutines which can be called by assigning different values for IELB.
Presently, for the three dimensional subroutine the value of IELB is 1.
Subroutine ELM1

Thié handles the 1linear and quadratic three dimensional
quadrilateral elements. It is comprised of four parts. Depending on the
value of ICN, passed on by the calling argument, the control is
directed to the different parts of the subroutine.
ICN = 1: Called by the subroutine READ. It reads and writes the

thermal conductivity of grain in X, Y, and Z coordinates,
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density and specific heat of the grain, and the number of
Gauss points in each plane. It stores these values in the
array DL.

ICN = 2: Invoked by the subroutine ASSEMB. Initializes HCL, CL, SL and
SHCL. Calls the subroutine PGAUSS once, to get the Gauss
points and calls the subroutine SHAPE once for each of the
Gauss points. It evaluates the matrices SL, CL and the wvector
RL, at each Gauss point and adds over all the Gauss points.

ICN = 3: Called by the subroutine ASSEMB, It calls the subroutine QUAD
to get the Gauss points in the plane of the convection face
and calls the subroutine SURF for each of the Gauss points.:
Matrix HCL and the vector SHCL are calculated at each Gauss
point and added over all the Gauss points.

ICN = 4: Does the same operation as in the case of the third part but
the vector SQRL is calculated by this part of the subroutine.

Subroutine SHAPE

For each of the Gauss points, shape functions Njy are stored in
SHP(4,I), BNi/ar are stored in SHP(1,I), dNy/ds are stored in SHP(2,I)
and 3N1/at are stored in SHP(3,I). It also calculates the Jacobian, its
inverse and the determinant of the Jacobian. On return 4Nj/8x are
stored in SHP(1,I), BNi/ay are stored in SHP(2,I) and dNj/8z are stored
in SHP(3,I).

This subroutine is capable of handling both linear and quadratic
elements. Depending on the value of IELMT (=1 for the linear element
and =2 for the quadratic element), 1t calculates the shape functions
for the corresponding element.

Subroutine SURF
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Calculates the shape functions for the face in the convection or
radiation boundary. The control is directed to three different parts of
the ‘subroutine depending on the wvalue of NFACE, passed on by the
.calling argument. Each part can handle both linear and quadratic
elements. SHP(4,I) stores the shape functions (Ny). 8Ny/dr (for r-s ox
r-t plane or BNi/as (for s-t plane) are stored in SHP(1,I). 39N;i/ds (for
r-s plane) or aNi/at (for s-t plane or r-t plane) are stored in
SHP(2,I). It also calculates the Jacobian and the determinant of the
Jacobian.

Subroutine PGAUSS

The Gauss points and the weights are calculated and transferred-

to the calling program. The value of L directs to either of the three

parts of the subroutine.

IF L =1, 1 X1X1 integration
L= 2, 2 X2 X 2 integration
L =3, 3 X3 X3 integration.

Subroutine QUAD

Gauss points and weights for each plane in question are calculated
and transferred to the calling program. Can handle 1 X 1, 2 X 2 and 3
X 3 integration.
Subroutine RADN

Reads the radiation on the horizontal surface of the location and
the ground cover. Calculates the radiation on the strip of the bin wall
where the element is located, following the procedures described under
the chapter "Model development”. On return, QR will be the radiation
coefficient for the time of the day on the bin wall segment where the

element 1s located.
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Subroutine DECOMP

Decomposes the combination of capacitance and conductance matrices
passed in by the main program using Choleski’s decomposition method.
Subroutine BANSOL

Solves the equation {CAP} {TR}¢41 = (RF) for TR at time t+A,
by reducing the load vector RF and using backward substitutioen.
Subroutine TRANS

This subroutine modifies the capaclitance matrix and the load
vector to take care of the prescribed nodal temperatures. The method
given in Rao (1980) is wused. The subroutines MULTBD and BANSOL are
called by TRANS. After calling MULTBD and BANSOL once, the values on.
the load vector TR of the nodes for which the temperature is
prescribed are replaced by the prescribed temperature values, before
calling them again.

Finally when the number of hours after which the information to be
printed (IPHR) 1is reached, it prints the node numbers and the
corresponding temperature values in the output file,

Subroutine MULTBD

Multiplies the conductance matrix and the lcad vector.



Appendix E

Variables used in the program

AQ, AN and

BN = Constants in the soil temperature model
AIRK = Thermal conductivity of air (W m-1 K'l)
ATIRRO = Density of air (kg m3)

AIRVIS = Viscosity of air (N s m"2)

AKX = Thermal conductivity of grain in x-plane (W m-1 K'l)

AKY = Thermal conductivity of grain in y-plane (W m-l k1)

AKZ = Thermal conductivity of grain in z-plane (W m-1 K'l)

CCP = Specific heat of concrete (J kg'1 K'l)

CK = Thermal conductivity of concrete (W m-1 K'l)

CROW = Density of concrete (kg m-3)

CP = Specific heat of grain (J kg'l K'l)

DIA = Diameter of the bin (m)

DT = Time step (h)

EMA = Absorptivity of the bin wall material

EMS = Emissivity of the bin wall material

GK = Thermal conductivity of grain in y-plane (W m-1 K'l)

GR = Ground reflectance

IELB = Element type number in the library (1 for three dimensional
gubroutine)

IELG = Current element number

IELMT = Element type number (linear or quadratic)

IHOUR = Time of the day (h)

IPDAY = Number of days elapsed after the start

IPHR = Number of hours after which output to be printed

L =~ Number of Gauss points in each plane
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MBAND
MNEL
NBEL
NCDAY
NCMO
NCYR
NDM
NEL
NHOUR
NNIEL

NPROP

NSDAY
NSMO
NSYR

NST

NUMEL
NUMNP
NUMAT
RHO
scp
SK

SROW
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Material characteristic set number

Half band width

Maximum number of nodes connected to an element
Number of boundary elements

Closing day

Closing month

Closing year

Number of dimensions

Number of nodes connected to the current element
Number of hours before recalculation

Number of nodes in each layer.

Maximum number of material characteristic sets associated

with the element type

Starting day

Starting month

Starting year

Total number of degrees of freedom in an element
Number of nodes for which temperature is specified
Number of elements in the grid

Number of node points in the grid

Number of material characteristic sets

Density of grain (kg m3)

Specific heat of soill (j kg'l K'l)

Thermal conductivity of soil (W m-1 K'l)

Density of soil (kg m"3)



ANG (6 ,NUMEL)

CL(MNEL,MNEL)

D(NPROP,NUMAT)

DL(NPROP)

F(24)

FT (NUMNP)

HCL(MNEL,MNEL)

ID(NUMNP)

IFACE(6,NUMEL)

IRFACE(6,NUMEL)

AMH(24)

MEL(NUMAT)

NELMAT (NUMEL)

NFCON (NUMEL)

NFRAD (NUMEL)

1D
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Arrays in the program

Angle that the normal of the outer face of an
element bears with the south (+ towards east
and - towards west)

Local array of capacitance matrix
Material data for each material set
Local array of material data

Stores the information regarding whether the
soil surface is covered with snow or not (read
from the data file R7477)

Temporary array of final temperature values

Local array of surface integrals involving the
convection terms

Boundary condition code for each node in the
grid

1, nodes at the bottom of the bulk
(temperature is calculated using the soil
temperature model) ID can be set to other
values 1If any other wvalues are to be
prescribed for nodes lying in the boundary.

Face number in the convection boundary (Refer
Fig.El) (top = 1, bottom = 2, front = 3, right
- 4, rear = 5, left = 6)

Face number in the radiation boundary Refer
Fig.El} (top = 1, bottom = 2, front = 3, right
= 4 rear = 5, left = 6)

Radiation on a horizontal surface for the
given location and day (read from the data
file R7477)

Element
element

type number corresponding to each

Material set number of each element

Number of faces of an element in the
convection boundary (all six faces of a
quadrilateral element can be in the convection
boundary)

Number of faces of an element in the radiation



NNCON(MNEL, 6 , NUMEL)
NNRAD (MNEL, 6 , NUMEL)
NP (MNEL,MNEL)
QR(24,NUMEL)

RF (NUMNP)

RL(MNEL)

S (NUMNP , MBAND)
SHCL(MNEL)

SL(MNEL, MNEL)
SQRL(MNEL)

T(NUMNP)

TR {NUMNP)

TD(24)

WIND(24)

X(NDM, NUMNP)

XL (NDM,MNEL)

IC
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boundary (all six faces of an element can be
in the radiation boundary)

Local node numbers in a given convection face
Local node numbers in a given radiation face

Element nodal connectivity array. It stores
the global node numbers corresponding to local
node numbers of each element)

Radiation coefficient of the given element at
any time of the day

Temporary vector storing the nodal
temperatures

Local array of integrals involving the heat
generation term

Global array of summation of matrices SL and-
HCL (global stiffness matrix)

Local array of surface integrals involving
convection terms, both along the circumferenc
and the top of the grain bulk) :

Local array of element conductance matrix

Local array of surface integrals involving
radiation term

Vector that stores the current temperature of
each node. At time t = O, T stores the initial
temperatures

Array of temperatures that are printed in the
output file

Hourly ambient temperature for the given day
and location (read from the weather data set
file WIN7477)

Hourly wind velocity for the given day and
localtion (read from the data set file
WINN7477.CMBND)

Coordinate array

Local array of global coordinates of element
nodes

switch wused to direct the control to the
appropriate part of the subroutine BOUNDT .



ICN

A(N1)
A(N2)
A(N3)
A(N4)
A(NS)
A(NG)
A(N7)
A(NS)
A(N9)
A(N10)
A(N12)
A(N13)
A(NL4)
A(N15)
A(Nle)
A(N18)
A(N19)
A(N20)
A(N21)
A(N22)
A(N23)

A(N24)

- Switch wused to
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direct the

control to the

appropriate part of the element subroutine

one dimensional array A

X (NDM , NUMNP)
NELMAT (NUMEL)
NELND (NUMEL)
NP (MNEL, NUMEL)
D(NPROP, NUMAT)
ID(NUMNP)
MEL(NUMAT)
SL(MNEL, MENL)
CL(MNEL,MNEL)
XL(NDM, MNEL)
RL(MNEL)

NFCON (NUMEL)

S (NUMNP , MBAND)

CAP (NUMNP ,MBAND)

NFRAD (NUMEL)

NNCON(MNEL, & ,NUMEL)

NNRAD (MNEL, & , NUMEL)

HC (6, NUMEL)
IFACE(6,NUMEL)
HCL(MNEL , MNEL)
SQRL( (MNEL)

SHCL(MNEL)

Location of matrices and vectors in a large
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A(N25) - ANG(6,NUMEL)
A(N26) = F(NUMNP)
CA(N27) - IRFACE(6,NUMEL)
A(N28) - RF(NUMNP)
A(N29) = FT(NUMNP)
A(N31) - Q(NUMEL)

A(N32) - T(NUMNP)

Note: Njs are the location number in the array A.
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APPENDIX F

INPUT DATA FOR FE3DHT LISTED IN ORDER OF LINES

Columns Format Variable Description
Heading
1-60 1544 HEAD Title to be printed (in one line)

Control information (in one line

1-5 I5 NUMNP Number of nodes in the grid

6-10 Is NUMEL Number of elements in the grid

11-15 I5 NDM Number of dimensions

16-20 IS5 MNEL Maximum number of nodes per element

21-25 I5 NUMAT Number of material sets

26-30 15 NTP Number of nodes for which temperature is
prescribed

31-35 is NPROP Number of material data

36-40 15 NBEL Number of boundary elements

41-45 15 NNEF Number of nodes in each face

46-50 15 IELMT Element type number

(= 1 for linear element and
= 2 for quadratic element)

Information regarding the time (in one line)

1-5 I5 NSYR Starting year

6-10 I5 NSMO Starting month

11-15 I5 NSDAY Starting day

16-20 I5 NCYR Closing year

21-25 I5 NCMO Closing month

26-30 I5 NCDAY Closing day

31-35 15 NHOUR Number of hours before recalculation

36-40 15 IPHR Number of hours after which the
information to be printed

41-50 F10.5 DT Time step (hrs)

Coordinate info n (one line for each node

1-5 15 M Node number

11-20 F10.5 (1,1 X-coordinate of the node M

21-30 F10.5 X2,M Y-coordinate of the node M

31-40 F10.5 X(3,M Z-coordinate of the node M

Element data (one line for each element)

1. If linear element :

1-5 15 M Element number
11-15 I5 NELMAT (M) Material set number of element M
16-20 15 NEL Number of nodes in element M

99
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21-60 815 NP(I,H) Global node number of each node in the
element
61-70 F10.5 Q(M) Internal heat genearaion in the element M

(= 0 if no internal heat gneration)

2. If quadratic element :

1-5 I5 M Element number

11-15 F10.5 NELMAT (M) Material set number of element M

16-20 15 NEL Number of nodes in the element M

21-60 815 NP{I M) I = 1 to 8. Global node number of the
first 8 nodes of the element (next line)

1-60 1215 NP(I, M) I = 92 to 20. Global node number of the
next 12 nodes of the element

61-70 F10.5 Q(M) Internal heat generation in the element M

(= 0 if no internal heat generation)

Boundary condition codes (one line for each boundary node)

1-5 I5 N Node number for which the temperature is
prescribed :
6-10 15 ID(N) ID = 1 for bottom nodes

(if NTP = 0 above informations should not be given)

Convection and radiation boundary conditions

1-5 15 M Element number

6-10 15 NFCON(M) Number of faces 1in the convection
boundary

11-15 I5 NFRAD(M) Number of faces in the radiation boundary

(above three data are entered in one line)

1-30 615 IFACE(I M) Faces in the convection boundary
(= 1 for top face, = 2 for bottom
face = 3 for front face, = 4 for
left face = 5 for rear face, and = 6
for right face)

{above informations are given in one line. If NFCON(M) = 0, this
information should not be given)

1-5 I5 IFACE Face in the radiation side

31-40 F10.5 ANG(I,M) Angle that the face makes with the
south (+ towards east and - towards
west)

(above data are entered in one line per NFRAD. IF NFRAD(M) = O,
the above line can be omitted in the input file)

Convection and radiation boundary conditiomns should be entered in the
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order given above for each of the boundary mnodes.
Material characteristic data

1-5 I5 MA Material set number
6-10 I5 IELB Element type number

Each material set card must be followed immediately by the material
property data.

1-10 F10.5 AKX Thermal conductivity in X-direction
11-20 F10.5 AKY Thermal conductivity in Y-direction
21-30 F10.5 AKZ Thermal conductivity in Z-direction
31-40 F10.5 RHO Grain density

41-50 F10.5 CP Specific heat of grain

51-55 15 L Number of Gauss points in each plane

If L = 2, Volume integral =2 X 2 X 2
Surface integral = 2 X 2

Other data required (in three lines)

1-10 F10.5 DIA Diameter of the bin

11-20 F10.5 AIRK Thermal conductivity of air

21-30 F10.5 AIRRO Density of air

31-40 F10.5 ATIRVIS Viscosity of air

41-50 F10.5 SK Thermal conductivity of soil

1-10 F10.5 SROW Density of soil

11-20 F10.5 SCP Specific heat of soil

21-30 F10.5 GK Thermal conductivity of grain
31-40 F10.5 CK Thermal conductivity of concrete
41-50 F10.5 CROW Density of concrete

1-10 F10.5 CCP Specific heat of concrete

11-20 F10.5 EMS Emissivity of bin wall material
21-30 F10.5 EMA Absorptivity of bin wall material
3i-35 I5 NNIEL Number of nodes in each layer.
Initial nodsl temperatures

1-60 6F10.5 T(I) Initial temperature of node I. 6 values

are typed Iin one line. Should be given
for all the nodes.



APPENDIX G

11 12

Fig G1: A rectangular domain discretized into
two linear elements. (not to scale)

102



MODEL INPUT DATA FOR THE GRID IN FIG G.1
6

12 8 4 2
7é 02 20 75 02 24 12 2¢
1 0.0 0.0 0.0
2 1.0 0.0 0.0
3 0.0 1.6 0.0
4 1.0 1.0 0.0
5 0.0 0.0 1.0
6 1.0 0.0 1.0
7 0.0 1.0 1.0
8 1.0 1.0 i.0
8 0.0 0.0 2.0
10 1.0 0.0 2.0
11 0.0 1.0 2,0
12 1.0 1.0 2,0
1 0 1 8 1 2 3 3
2 0 1 8 5 6 8 7
1 1
2 1
3 1
[ 1
1 5 2
2 3 & B 6
3 10.0
& 20.0
2 5 2
1 3 4 5 &
3 10.0
& 20.0
1 1
0.12 .12 0.12 700.00
£5.56 0.0251 1.1640 18.240
1600.0 840.00 0.7600 2600.00
0.89 0.28 0.15 4
293.0 293.0 293.0 293.0
283.0 293.0 293.0 293.0
/%
NOTE :
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wum
—
=]
—_
[g8]
—t
-

1700.00 2
0.690

960.00
283.0 293.0
253.0 293.0

1. ALL THE FACES IN BOTH THE ELEMENTS OTHER THAN THE ONE
JOINING THE TWO ELEMENTS ARE ASSUMED TO BE IN THE
CONVECTION BOUNDARY

2, FACES 3 AND 4 OF BOTH THE ELEMENTS ARE ASSUMED TO BE IN
THE RADIATION BOUNDARY. THESE ARE ASSUMED TC BEAR THE
MENTIONED ANGLES WITH THE LOCAL MERIDIAN

3. INTERNAL HEAT GENERATION IN BOTH THE ELEMENTS IS ASSUMED

TO BE 0

4. TEMPERATURES IN THE BOTTOM LAYER OF THE GRID ARE PRESCRIBED
BY THE TEMPERATURE CALCULTED BY THE SOIL TEMPERATURE MODEL

Lon N }
.« .

DO
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Fig G2: A rectangular domain discretized into
two gquadratic elements. (not to scale)



MODEL INPUT DATA FOR THE GRID IN FIG G.2
6

32 2 3 20 1 8 2 B 2
74 32 01 75 12 02 3 24 1.50
1 0.6 0.0 0.0
2 0.5 0.0 0.0
3 1.0 0.0 0.0
4 0.0 0.5 0.0
5 1.0 0.5 0.0
[ 0.0 .0 G.0
7 0.5 t.0 0.0
8 i.0 1.0 0.0
9 0.0 0.0 0.5
10 i.0 0.0 0.5
11 0.0 1.0 0.5
12 1.0 1.0 0.5
13 0.0 0.0 1.0
14 0.5 0.0 1.0
15 1.0 0.0 1.0
16 0.0 0.5 1.0
17 1.0 0.5 1.0
18 0.0 1.0 1.0
19 0.8 1.0 1.0
20 1.0 1.0 1.0
21 0.0 0.0 1.5
22 1.0 0.0 1.5
23 0.0 1.0 1.5
24 1.0 1.0 1.5
25 0.0 0.0 2.0
26 0.5 0.0 2.0
27 1.0 0.0 2.0
28 0.0 0.5 2.0
29 1.0 0.5 2.0
30 0.0 1.0 2.0
31 0.5 1.0 2.0
32 1.0 1.0 2.0
1 1 20 1 3 8 6 13 15 20 18
2 5 7 [ 9 10 12 11 1& 17 19 16 0.00000
2 1 20 13 15 20 18 25 27 32 30
14 17 19 16 21 22 24 23 26 29 3 28 0.00000
1 1
2 1
3 1
L3 1
5 1
6 1
7 1
8 1
1 5 2
2 3 4 5 6
3 iG.0
& 20.0
2 5 2
1 3 & 5 6
3 i¢.0
4 20.0 .
0.12 0.12 0.12 700.00 1700.00 2
5.56 0.0251 1.1640 18,240 0.690
1600.0 840.00 0.7600 2000,00 960,00
0.88 0.28 0.15 i2
293.0 293.0 293.0 293.0 2%3.0 293.0
293.0 293.0 293.0 293.0 293.0 293.0
293.0 293.0 293,90 293.0 293.0 293.0
293.0 293.0 293.0 293.0 293.0 293.0
293.¢ 293.0 293.0 293.0 293.0 293.0
283.0 293.0
/*
NOTE :

1. ALL THE FACES IN BOTH THE ELEMENTS OTHER THAN THE ONE JOINING
THE TWO ELEMENTS ARE ASSUMED TO BE IN THE CONVECTION BOUNDARY
CONVECTION BOUNDARY

2. FACES 3 AND 4 OF BOTH THE ELEMENTS ARE-ASSUMED TO BE IN THE
RADIATION BOUNDARY. THE FACES ARE ASSUMED TO BEAR THE MENTIONED
ANGLES WITH THE LOCAL MERIDIAN

3. INTERNAL HEAT GENERATION IN BOTH THE ELEMENTS IS ASSUMED TO BE 0

4, TEMPERATURES IN THE BOTTOM LAYER OF THE GRID ARE PRESCRIBED
BY THE TEMPERATURE CALCULTED BY THE SCIL TEMPERATURE MODEL
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Table H1 : Measured and predicted temperatures (K) in a 5.56 m diameter bin containing rapeseed
to a depth of 3.2 m, located near Winnipeg.
Radius
Centre 1.0m 2.0m Wall
DATE H Mes PLE PQE Mes PLE PQE Mes PLE PQE Mes PLE POE
0 286.0 287.2 288.6 2B6.8 2B7.2 28B.4 2B9.6 2BB.0 2B8,3 291.6 285.% 2981.,5
hug13/74 1 287.0 287.7 288.2 289.5 2B8.6 290.5 294.4 2%1.,4 295,0 297,7 295.9 298.0
2 296.0 291.5 293.3 296.4 292.2 2%95.6 297.3 283.7 297,3 29B.0 2%6.1 298.0
3 295.0 296.5 297.2 295.8 296.6 2%6.6 295.9 287.5 297.3 29B.0 2%6.4 297.3
0 288.0 286.9 288.6 287,3 287.6 2B8.8B 287.3 287.5 288.1 287.3 2BB.4 2BB.6
Sepl17/74 1 292.0 28%.3 290.3% 292,5 2%90.3 282.5 292.3 2%0,1 295.,2 289.4 2BB.6 290.0
2 295.0 291.4 295,3 294,9 292,1 297.2 293.5 2%1.3 297.5 290.3 2BB.9 289.8
3 290.0 289.8 28B.6 291.,1 290,3 288.6 290.t 289.7 288.2 2B9.8 282.1 288.9
0 285.0 286.1 286.1 284,88 2B5.8 2B6.6 2B2.5 2B4.4 284.7 2B4¢.B 2B1.8 2B2.2
Oct21/74 1 291,0 289.6 290.0 290.6 2BY9.6 2%1.2 2B6.9 2B6.6 286.8 2B80.1 2B1.% 284.2
2 291.0 2892.8 291,88 290.,5 2B9.B 292.8 2B6.8 287.0 287.8 2BO.6 2B2.1 284.1
3 281.0 284.,7 282.7 282.3 284.7 282.8 281.0 2B3.4 282.6 279.6 281.9 282.8
0 2B4.0 2B83.2 283.8 283.0 282.5 283.,7 279.,2 28B0.9 28t1.6 276.9 272.5 276.2
Nov20/74 1 290.0 287.3 291.4 288.8 286.9 290.5 283.4 283.7 283.5 271,22 272.6 276.9
2 28B8.5 286.9 292.3 287.8 28B6.6 2839.3 263.0 283.8 28&,5 271.5 272.6 275.3
3 273.5 279.3 275.4 275.7 279.2 274.9 273.9 278.2 276.4 269.9 271.8 276.6
0 28B2.0 280.9 281.7 280,0 280.¢4 281.5 275.9 278.3 279.2 274.8 271.2 263.0
Dec11/74 1 288.0 285.7 288.7 286.1 2B85.6 2B8B.0 278B.6 278.9 276.3 270.5 271.3 267.2
2 285.0 283.6 286.6 284.,3 2B3.5 2B4.3 277.9 277.9 275.4 270.9 271.4 266.6
3 272.0 275.6 265.5 272.4 275.7 266.7 270.7 273.6 264.3 270.6 270.9 265.3
0 279.0 278.9 279.7 278.1 278.4 279.5 273.9 275.6 276.2 273.6 268.9 268.0
Jan03/75 1 285.0 283.9 286.6 282.9 282,5 2B85.8 275.0 276.0 279.5 268.9 269.1 268.1
2 2B2.0 281.2 284,4 280,1 279,9 281.,9 273.,1 274.7 278.7 267.7 269.1 268.8
3 268.0 272.3 267.4 268.7 272.3 267.4 267.6 270.2 267.4 26B.1 269.7 266.7
0 278.0 277.7 278.4 276.6 276.9 278.1 272.7 274,2 275.1 266.4 268.9 260.2
Jan16/75 1 283.0 281.6 283.,9 280.8 2B0.1 2B2.9 272.9 274.4 277.9 255,7 254.6 257.0
2 280.0 279.6 281.9 27B.4 278.2 279.4 271.9 273.9 277.2 255.9 254,2 258.6
3 261.0 266.7 256.8 263.5 266.4 257.0 259.9 264.8 256.8 253,0 253.9 256.1
277.0 275.8 276.8 276.0 275.2 276.3 272,2 272.1 273.1 266.7 260.,8 272.0
Feb03/75 1 281.0 279.1 277.2 278.0 278.3 277.3 270.7 268.8 272.4 262.5 260.5 267.7
2 278.0 275.2 274.7 276.4 274.6 273.3 269.2 267.1 271.3 262.2 260.9 269.8
3 262.0 263.9 267.4 261.9 264.3 267.0 260.1 260.8 267.9 263.2 262,8 267.0
0 276.0 274.5 275.4 274.3 274,0 274.8 270,99 270.3 271.3 266.7 259.8 264.3
Feb18/75 1 279.0 277.7 282.8 276.8 276.6 278.9 267.4 265.2 268.4 258.9 259.7 264.5
2 275.0 272.3 277.5 273.3 271.4 272.5 265.0 262.5 266.4 259,0 259.3 265.¢
3 260.0 264.5 262,9 261.9 264.4 263.0 259.7 261.4 262.5 259.0 260.4 262.5
0 274.0 273.7 274.6 273.8 273.1 274.0 271.5 269.1 270.2 268,1 260.1 267.7
Mar04/75 1 277.0 276.6 278.2 274,5 273.3 276.1 268.2 265.6 268.2 266.,1 260.1 267.7
2 273.0 272.4 275.4 271.2 269.5 272.4 266.4 263.9 267.2 265.9 259.8 268.1
3 265.0 267.1 266.6 265.1 266.1 267.1 264.2 264.8 265.7 267.1 265.9 266.5
0 273.0 272.9 273.8 273.0 272.2 273.1 270.9 268,7 270.6 275.0 273.6 278.6
Mar18/75 1 275.0 273.1 275.4 272.5 271.8 272.7 268.2 262.6 265.9 274.5 273.6 280.2
2 271.0 268.9 273.5 269.2 267.8 270.0 265.1 260.8 265.% 275.8 273.7 1280.6
3 275.¢6 270.3 278.6 271.0 270.2 278.6 270.9 267.8 1278.,2 280.0 274.,7 278.6
0 273.0 272.t 273,77 273.0 27M.2 272.9 270.9 26%5.2 271.2 272.6 262.3 278.7
Apr04/75 1 273.0 270.4 269.4 271.7 269.5 270.1 26B.6 264.6 26B.5 268.5 262.6 275.8
2 271.0 268.8 271.8 269.6 267.7 271.0 267.5 264.6 271.,1 270.6 263.2 277.4
3 268.0 266.8 275.0 267.2 271.8 274.6 267.0 265.6 275.8 271.4 266.4 275.1
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Table H1

Apri17/75

May15/75

May29/75

Jun12/75

Jul03/75

AugD1/75

Aug12/75

Aug28/75

Sep04/75

Sepl18/75

0ct03/75

Oct15/75

0ct30/75

Nov13/75

Nov28/75

Continued vsevvernsne

W = O Wh = O Wy By = D Wty =D Wk =D W =D Wby = O W B - O

W = O WD 2O

WD e O WA - O W = O W — O

IR - O

271,0
270.0
268.0
276.0

273.0
272.0
274.0
284.0

274.0
272.0
277.0
289.0

276.0
273.0
2789.0
296.0

279.0
275.0
283.0
297.,0

283.0
280.0
289,0
298.0

285.0
282.0
290.0
296.0

286.0
285.0
291.0
290.0

287.0
286.0
291.0
290.0

287.0
287.0
290.0
290.0

287.0
289.0
290.0
286.0

286.0
289.0
290.0
280.0

285.0
289.0
289.0
278,90

285.0
289.0
288.0
270.0

283.0
287.0
285.0
26%.0

271.8
270.0
267.8
270.8

271.9
268.¢
270.6
284.0

272.8
268.2
272.6
285.5

274.4
269.1
273.9
286.5

277.1
272.2
277.17
282.0

280.3
276.7
282.8
294.8

281.2
277.6
283.7
293.2

282.5
280.0
2B5.3
285.3

283.2
281.6
286.2
290.6

2B83.6
282.7
2B6.4
288.4

2B3.9
2B¢.8
287.5
287.7

283.7
285.5
287.9
287.1

283.1
285.5
287.4
282.4

282.2
286.0
287.2
273.3

281.2
284.7
285.5
274.0

273.1
270.,7
272.1
274.1

272.4
275.4
282.7
283.0

274.1
268.4
278.4
285.8

275.4
277.7
287.4
2%1.0

278.0
271.2
282.4
287.0

280.8
280.1
280.7
305.7

282.6
282.0
2%3.5
283.6

284.4
285.7
283.0
290.1

285.1
283.5
281.,7
286.7

285.3
284.8
291.6
291.6

285.1
287.0
293.0
284.7

284.7
285.8
281.1
283.3

284.1
289.7
292.¢
275.4

283.2
287.8
289.¢
270.3

281.8
283.6
285.7
270.6

270.5
268.7
268.1
275.0

273.1
271.6
273.9
283.3

274.9
272.6
276.5
287.9

27€.9
273.8
27%.5
290.8

280.5
276.,8
283.1
296.5

285.0
282.0
289.1
298.9

286.0
284.,0
290,.5
296.9

286.8
286.9
291.6
290.8

287.3
287.8
291.8
28%9.1

286.8
282,14
291.0
290.5

286.5
289.6
290.8
287.3

286.0
289.6
290.1
282.6

285.3
289.0
289.0
280.8

283.9
288.6
287.9
272.7

281.5
286.8
285.4
269.6

107

271.1
269.5
267.3
271.8

271.7
267.3
269.9
283.7

272.9
268.2
272.6
288.4

274.9
270.,6
275.2
287.0

2777
273.¢
278.6
282.3

281.1
278.2
284.0
2%4.9

281.9
279.7
285.4
293.8

283.8
282.5
287.2
291.8

283.8
283.5
287.8
291.1

284.2
285.1
288.2
289.1

284,2
285.7
288.1
287.8

283.8
285.7
288.9
287.1

283.0
285.9
287.8
282.0

282.1
285.4
286.7
274.¢

280.8
284.9
285.7
274.5

272.5
269.9
270.4
2741

273.0
272.6
278.7
284.2

274.9
271.0
279.2
286.7

276.6
276.9
285.3
292.4

279.6
276.3
285.3
296.9

282.6
281.6
290.0
306.2

284.,1
284.9
293.9
293.4

285.4
286.8
291,5
289.6

285.9
286.7
291.8
287.1

286.1
287.9
292.4
291.7

285.8
289.7
292.8
284.8

285.3
288.9
291.4
283.8

284.5
289.9
290.1
275.1

283.4
288.8
287.9
270.9

282.1
285.8
285.5
270.5

270.0
267.4
267.1
270.5

276.4
275.1
2771
283.9

279.3
278.4
281.6
289.0

281.0
280.3
283.5
2891.6

285.9
284.5
288.6
287.1

2%0.1
280.5
284.5
289.8

289.6
281.6
285.3
287.6

288.5
252.1
2584.8
281.1

288.8
292.4
294.4
290.8

287.1
291.0
292.3
280.8

285.9
289.9
2580.5
287.0

285.0
289.5
289.6
281.8

282.1
286.8
286.9
278.9

282.1
285.4
285.3
272,6

277.3
281.8
281.3
268.1

269.2
263.8
262.5
272.2

272.2
270.6
272.3
285.1

275.1
274,6
277.5
287.6

277.8
276.7
279.56
2BB.6

280.7
283.3
2B4.5
294.4

284,42
284.7
280.2
297.8

285.7
287.7
2%1.0
295.8

286.1
288.4
291.2
293.3

286.1
288.7
291.2
293.3

285.9
287.7
289.2
289.2

284.9
287.8
289.3
288.5

284.1
287.5
289.1
287.4

283.1
286.6
287.8
282.7

281.6
285.6
286.4
282.0

200.3
283.3
284.1
273.3

270.9
267.3
26%.0
274.3

272.8
274.6
279.9
281.,2

276.5
274.6
28¢.8
285.2

278.7
275.1
282.8
290.5

280.7
281.3
285.2
297.6

284,2
288.2
293.4
305.8

286.0
290.3
295.4
282.4

287.4
295.8
297.6
290.9

287.7
290.4
293.9
286.6

286.9
289.5
292.6
291.8

285.9
291.2
293.2
285.0

285.0
288.4
291,2
283.3

284.0
2921
291.4
276.0

282.4
287.4
287.4
270.6

281.0
285.4
286.2
271.2

271.2
275,3
275.6
271.5

287.9
284,3
285.6
287.6

295.6
290.0
291.4
291.5

298.
296.
298.
30¢4.

w0 O w o

304,
298.0
300.6
303.5

287.7
298.4
299.6
298.6

295.7
297.6
298.7
299.6

290.8
291.0
292.4
292.9

273.3
273.2
273.5
275.1

287.8
287.6
287.9
289.0

291.3
291.4
291.6
291.9

290.0
290.0
290.6
298.¢4

296.4
296.2
296.9
298.6

294.,4
294.2
293.9
293.9

294.,1
294.2
295.,6
295.6

290.2
290.2
290.3
280.3

273.1
275.9
275.¢
274,71

288.¢
285.4
285.¢
281.7

28¢4.4
286.7
286.¢
284.5

294.,7
294.3
292.5
290.8

295.6
298.7
298.9
297.3

303.7
308.1
307.1
306.5

290.8
292.5
292.7
296.0

295.4
293.3
293.3
292.3



Table H1 Continued

Dec17/75

W =

Jan15/76

WK = O

(=]

Feb12/7661

w o

Mar17/76

WP e O

Apr21/76

WM —=O

May11/76

Jun16/76

WL = O W = O

Juliz/76

Augl13/76

(VAL S =) Wy = O

Sep08/76

Wt = O

Sep13/76

W= O

Oct12/76

Wt = O

Deci14/76

W = O

Jani8/77

Wb — O

281.0
287.0
284.0
252.0

278.0
283.0
287.0
256.0

276.0
279.0
274,06
263.0

274.0
274.0
271.0
265.0

274.0
273.0
273.0
279.0

275.0
273.0
275.0
284.0

278.0
275.0
283.0
28%.0

282.0
279.0
287.0
294,0

285.0
284.0
291.0
295.0

287.0
287.0
293.0
294.0

285.0
286.0
291.0
287.0

284.0
287.0
288.0
282.0

278.0
284.0
281.0
266.0

274.0
279.0
274.0
258.0

-----

278.6
284.6
282.9
252.9

277.6
281.8
277.2
265.3

274.8
277.9
272.6
269.3

271.7
271.3
268.7
266.2

271.3
269.7
270.9
279.4

271.¢4
267.7
270.6
28t.6

275.6
270.8
277.3
288.86

278.5
274.6
280.6
292.1

281.9
278.9
284.3
293.3

283.8
282.2
286.7
293.6

281.9
283.3
287.9
2927

283.8
285.2
288.1
286.1

280.1
284.5
281.7
265.1

277.0
280.3
274.7
258.1

279.8
285.6
283.3
258.1

276.9
280.6
277.3
259.6

274.9
276.4
2721
263.5

273.9
272.9
269.6
265.2

274.0
272.0
272.7
278.0

274.9
272.9
275.1
283.3

280.6
276.0
282.8
288.3

283.6
280.9
287.5
294.4

286.6
286.90
29i.3
294.1

288.1
289.1
293.1
293.9

286.1
287.3
292.1
291.3

284 .4
288.6
289.9
282.4

277.0
282.8
280.3
264.5

272.4
275.6
272.2
254,5
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279.6
284.4
282.6
253.1

276.9
280.3
275.9
264.7

273.9
275.6
270.7
268.4

2711
270.6
268.2
266.4

270.7
266.7
268.5
278.3

271.¢
268.¢
271,2
281.8

275.8
2711
277.5
288.5

279.5
276.2
281.8
292.4

282.7
281.1
286.0
293.9

284,2
284.,5
288.6
294,2

284.3
284.9
289,2
292.2

284¢.1
286.9
289.4
286.9

279.8
284.8
281.8
265.2

276.1
278.6
273.3
258.0

280.6
284.3
280.5
255.3

277.2
283.0
276.4
252.8

274,2
276.9
269.5
263.8

272.4
274.9
273.6
260.7

272.0
272.5
277.2
281.1

272.7
272.1
278.5
279.0

277.5
275.6
285.0
283.2

281.3
280.6
290.3
294.4

284.4
286.1
290.8
295.8

285.9
287.3
292,2
292.9

286,1
286.6
292.¢
295.5

285.7
290.1
293.0
281.5

280.1
285.9
279.4
271.3

276.6
278.6
272.3
258.7

275.1
276.5
275.9
255.5

272.7
270.2
268.0
256.7

272.0
267.9
264.9
262.9

271.4
268.0
266.4
264.2

274.0
273.6
274.9
278.0

277.5
276.6
278.3
284.0

284.9
284.5
288.8
289.0

288.3
2891
292.9
295.4

289.8
292.6
295.8
295.0

290.3
294.4
296.3
293.9

287.9
292.4
294 .4
291.8

283.6
288.4
289.1
282.5

272.1
273.3
272.1
262.7

266.4
264.,1
262.1%
252.6

277.8
278.8
278.1
252.8

273.1
270.5
268.5
262.5

262.7
265,9
263.4
266.9

269.1
264.3
263.3
264.5

269.8
268.9
270.4
280.0

273.0
271.2
273.2
282.8

278.1
281.3
285.2
292.1

282.8
284.2
287.6
294,17

287.8
293.3
295.1
296.9

289.5
297.5
298.3
297.3

286.4
289.9
292.5
293.9

285.1
287.9
289,5
286.2

277.4
276.6
275.2
262.6

267.7
267.7
264.9
254.6

278.3
279.8
278.5
255.4

273.4
272.5
26%9.9
251.6

270.6
268.1
265.8
26¢.1

276.9
270.8
270.8
25%9.9

271.4
280.4
274.7
280.7

273.4
278.3
273.3
275.3

278.8
283.6
288.9
281.6

282.9
290.2
2896.7
293.7

285.7
290.1
254¢.2
295.6

287.3
285.5
288.2
2%6.2

287.2
291.9
295.2
286.2

286.0
293.2
295.8
281.7

276.8
276, 1
272.8
271.5

272.7
267.5
263.6
245.2
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Table H1 Continued.sssivssnosarss
0 273.0 273.8 274.3 272.0 272.6 273.2 269.5 268.1 269.4
Feb17/77 1 275.0 275.4 274.3 272,2 271.8 273.0 264.9 264.2 273,0
2 271.0 270.6 272.4 268.7 267.7 210.0 262,7 262.2 272.%
3 263.0 267.6 274.¢ 263.1 266.7 273.8 262.0 265.1 276.0
0 271,00 271.7 272.6 271.4 270.7 2711.8 270.4 268.0 269.8
Mar10/77 1 272.0 270.8 271.9 270.0 269.5 269.4 265,99 262.9 265.8
2 268.,0 267.6 270.3 266.6 266.6 267.5 264.5 261.7 265.¢4
3 275,0 271.0 278.7 272.0 271.0 278.7 272.2 269.2 278.8
0 273,0 270.3 27t.0 272.0 270,00 271.2 272,989 269.9 2M1.2
Apr13/77 t 271.0 267.9 270,2 270.4 267.5 269.6 271.2 266.9 270.6
2 27,0 268.2 275.0 270.6 267.9 272.9 271.6 267.5 273.9
3 287.0 278.2 2B6.1 280,0 278.2 2B4.0 280.3 278.4 283.2
0 273.0 273.6 272.0 273.6 2711.1 272.7 277.4 273.4 274.1
May10/77 1 272.0 267.5 265.7 272.0 267.6 269.2 277.5 273.3 277.3
2 276.0 271.6 276.6 275.6 271.8 277.9% 27¢.9 275.8 283.¢9
3 297.0 28B3.6 295.3 290.92 287.1 295.4 29t,4 2B4.9 296.8
0 279.0 275.7 277.¢ 280.1 276.B 278.6 283.1 280.8 281.7
Jun20/77 1 276.0 271.6 276.0 277.1 274.0 278.2 284,9 281,9 279.3
2 283.0 278.2 288.5 283.5 280.0 288.1 288.3 285.5 28k.7
3 302.0 288.8 292.t% 293.6 289.4 290.4 293.4 291.4 287.6
0 281.0 283.1 28B0,5 282,1 282.,7 281.9 286.0 2B2.6 28B3.%
Jul13/77 1 278.0 27%.9 280.8 280.1 279.9 284.8 287.6 289.7 289.3
2 286.0 290.6 2%92.¢ 2B86.0 2%1.1 293.8 291.1 291.0 296.1
3 291.0 292.1 289.4 292.5 292.2 290.2 293.1 292.4 287.¢6
0 284.0 287.6 283.6 2B4.5 287.4 284.9 286.8 287.4 286.1
Augle/77 1 283.0 288.3 279.2 285.1 288.9 284.5 291.3 290.3 286.4
2 290.0 291,1 287.9 2%80,3 291.6 290.6 293.6 2%92.,2 289.9
3 292,0 292.1 291.3 288.5 292,3 291.3 288.9 292.3 290.7
0 285.0 287.,8 285.8 285.1 287.5 286.3 285.7 2B6.8 287.3
Sep13/77 1 286.0 28%.,1 285,0 287.5 289.3 288.1 290.0 2B9.4 287.0
2 290.0 290.8 291.2 280,3 291.1 291.5 291.0 2%80.5 289.4
3 287.0 290.9 285.9 286.9 291.0 286.6 287.1 290.B 286.1
0 283.0 285.5 284.3 282.6 285.1 284.7 282.0 2B4.2 284.¢
Oct21/77 1 287.0 288.4 286.7 287.0 288.3 288.5 285.1 286.9 283.7
2 287.0 288.9 28%.6 287.0 285.3 288.¢9 285.0 287.2 284.1
3 277.0 276.7 278.3 278,3 286.9 279.5 278.3 286.1 278.2
0 283.,0 283.3 282.6 282.0 282.7 282.%9 279.5 2Bi.8 282.0
Nov17/77 1 287.,0 287.0 285.6 286.,5 2B7.0 287.2 283.8 285.3 284.3
2 286.0 2B7.B 288.4 285.8 287.7 2B7.6 283.1 286.1 2B5.9
3 274.,0 281,2 275.4 274.8 274.9 275.% 274,0 272.3 274.8
0 279.0 2B0.5 2B0.¢ 277.5 280.4 280.5 273.¢4 278.1 278.3
Deci5/77 1 284,0 285.4 2B4.2 283.4 286.5 284.2 274.4 276.3 276.4
2 281,0 2B2.2 279.3 280.6 283.0 277.¢ 273.0 274.6 271.9
3 265.0 267.0 263.,5 265.6 267.7 263.2 264.4 263.8 264.5
Note : Mes ~ Measured temperatures
PLE - Temperatures predicted by linear element
PQE - Temperatures predicted by guadratic element
H - Height from the flcor: 0 - Near the floor

1 - 3.0 m £rom the floor
2 -2.0m from the floor
3 -2,7m from the foor
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Table H2 : Measured ang predicted temperatures {K) in a 5.56 m diameter bin containing barley
to a depth of 3.2 m, located near Winnipeg.
Radius
Centre 1.0 m 2.0m Wall
DATE H Mes PLE POE Mes PLE PQE Mes PLE POE Mes PLE PQE
¢ 285.0 2B5.0 285.0 286.0 286.0 286.0 288.6 288.6 2BB.6 291,33 291,3 291.3
1 28%.0 2B89.0 2839.0 290.6 290.6 290.6 293,89 293.9 293.8 296.4 296.4 256.4
Augl13/74 2 293.0 293.0 293.0 294.4 25¢4.4 294.4 295,9 285.9 295.9 295,9 295,9 285.9
3 295.0 285.0 295.0 295,.6 255.6 295.6 297.0 287.0 287.0 295.9 295,9 295.9
4 295.0 285.0 295.0 297.3 287.3 287.3 296.8 2%6.8 296.8 2%98.8 298.8 298.8
0 287.0 2B8.1 290.7 286.9 288.0 289.1 286.9 287.5 28B.6 2B7.3 290.4 289%9.1
1 291.0 290.6 2%92.9 291.3 291.2 2%2.4 290.4 289.5 290.3 2%1.1 2%0.7 293.3
Sepl17/74 2 293.0 293.0 294.6 293.8 293.4 294.1 292.1t 2%0.9 290.9 290.6 251.0 292.¢4
3 294,0 292.3 2%2.8 293,3 292.6 292.0 291.5 289.% 289.0 290.4 297.9 293.1
4 291,0 291.5 2390.3 2%2,0 291.8 290,89 2%80.6 290.2 289.8 290.8 292.3 291.5
0 284.0 286.1 287.6 283.,1 285.5 286.4 281.8 283.2 285.0 279.0 2B2.3 281.9
1 288.0 289.7 295.5 286.5 288.8 292.9 283.4 2B5.4 284.1% 278.3 2B2.3 280.5
Oct22/74 2 290.0 290.8 294,5 288,88 289.9 292.4 285.2 2B5.%9 284.9 278.9 2B2.4 278.8
3 2B9,0 288.5 292.3 288.4 2B87.8B 289.% 285.0 2B4,4 2B2.6 279.6 282.5 280.1
4 2B3.0 285.5 282.6 278.1 285.2 277.5 279.0 2B3.6 276.3 277.% 282.8 277.5
0 2B3.0 283.2 283.6 282.1 282.4 282.6 278.9 280.8 281.1 273.5 275.8 278.1
1 286.0 286.4 286.4 284.5 286.3 285.6 279.5 282.3 283.6 270.7 276.0 276.0
Nov20/74 2 288.0 287.5 286.9 286.1 2B7.1 286.1 281.6 283.1 283.3 271.0 276.1 276.5
3 286.0 284.6 282.7 284,9 2B4.6 282.0 280.1 279.9 282.0 271.2 276.2 276.9%
& 277,0 27%.8 276.5 272.2 279.9 276.6 271.6  277.7 276.2 269.9 276.5 27t.3
0 280.,0 280.7 280.9 278,3 280,1 279.9 274.9 277.8 277.8 271.2 265.4 265.0
T 282.0 284.4 287.8 279.8 283.8 284.7 273.3 277,717 2781 269.4 26%.7 265.4
Dec11/74 2 2B4.0 285.2 2B6.3 281.6 2B4.1 283.8 275.5 277.7 277.¢6 269.,7 270.1 265.3
3 282,0 280.7 280.8 280.5 28B0,2 278.4 274.4 273.9 274.8 269.7 272.0 265.4
4 275.0 274.9 276.9 271.2 274.8 273.2 270.9 271.6 273.3 269.5 273.0 273.7
0 278.0 27B.2 278.7 276.8 277.4 277.5 273.9 274.,6 275.2 270.2 267.7 276.9
1 279.0 281,7 280.7 276.4 280.1 278.7 270,7 273.6 276.8 267.9 268.%1 273.3
Jan03/75 2 280.0 281.3 279.¢ 278.0 27%.5 277.7 272,84 273.0 274.8 268.5 26B.5 274.3
3 279.0 276.9 274,55 276.9 275.8 273.2 270.9 270.8 274.4 269.7 269.5 274.6
4 275.0 272.,7 273,2 211.5 272,2 273.1 270.,5 269,8 273.1 271.7 270.2 272.1
0 275.0 277.0 277.8 275.1 276.1 276.1 273,0 273.4 274.1 267,7 272,5 264.5
1 276.0 279.8B 279.6 274.4 278.0 277.6 268.6 273.1 276.7 255.4 2B5,3 257.6
Janl16/75 2 277.0 279.2 277.8 275.3 277.2 276.1 270.5 272.9 274.3 255,9 255.2 258.0
3 275.0 275.2 272.5 273.6 274.5 271.1 268.6 269.5 272.3 256.6 255.5 258.4
4 264.0 266.8 256.7 257.4 266.4 256.9 256.6 264.7 256.8 254.1 256.,1 256.5
0 276.0 274.% 275.2 274.9 274.3 273.8 272.1 271.2 271.7 268.1 266.9 266.9
1 275.0 277.6 282.0 272.9 275.8 276.6 265.1 268.3 267.5 261.2 256.9 256.9
Feb03/75 2 275.0 276.6 278.1 273.1 274,55 274.1 266.6 267.7 265.8 261.0 256.7 256.7
3 273.0 2M11,5 271.9 271.4 270.5 267.5 264,2 263.7 262.7 260,0 255.4 1255.4
4 264.0 262.2 267.3 263.7 261.4 263.6 263.0 259,2 261.4 264,0 255,1 255,1
0 275.0 273.4 2741 273.8 272.8 272.4 271.6 269.3 270.2 268.4 264.2 256.4
1 273.0 275.1 279.,2 270.4 273.7 274,2 262.7 263.0 263.3 261.4 264.,1 260.6
Feb18/75 2 273.0 273.5 274.8 270.,5 271.8 271.0 263.9 262.0 260.7 260,99 264,4 260.0
3 271.0 267.5 26B.6 268.% 266.5 264.7 262.1 258.0 257.9 259.9 266.7 261.1
4 264.0 262.9 257.6 261.9 262.6 258.4 261.5 258.8 256.3 263.0 267.7 257.2
0 275.0 272.4 273.2 273.8 271.5 271.5 271.9 26B.1 26%9.4 269,2 258.0 263.9
1 273.0 273.3 272.0 269.5 270.0 26%.9 266.0 264.3 267.5 266,0 258.0 261.7
Mar04/75 2 272.0 270.8 269.5 269.2 267.7 267.4 266.0 262.9 265.4 265,5 257,B 262.4
3 270.0 267.8 267.9 268.1 266.1 266.4 265.5 264.2 267.4 265.4 258.7 262.9
4 265.0 264.9 263.0 266.6 264.1 261.4 266.4 263.7 260.9 267.4 258.,7 260.1
0 274.0 271.2 272.4 273.8 270.6 270.5 271.9 267.9 269.8 272,2 272.3 277.6
i 2711.,0 270.2 273.0 270.90 26B.9 268.7 267.7 261.9 265.1 275.1 272.0 278.8
Mar18/75 2 271.0 268.1 270.6 268.1 266.9 267.2 266.1 260.9 265.5 274,0 271,98 278.7
3 269.0 266.4 269.7 267.5 265.1 266.3 266.1 264.9 265.5 273,9 272,3 279.b6
4 272.0 271.2 272.3 276.4 270.9 277.4 276.4 275.3 276.4 278.6 272.4 276.6
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Apr0&/75

Apri7/75

May16/75

Junt2/75

Jul10/75

Jul25/75

Aug08/75

Aug21/75

Sep04/75

Sep25/75

0ct09/75

Oct16/75

LN O W = O 0 B — O LD R — ) B O = b = O

Wt = O

W G D - O =D O W - O W N - O

Wy = O

274.0
271.0
269.0
268.0
267.0

273.0
269.0
268.0
271.0
278.0

273.0
270.0
271.0
280.0
287.0

276.0
273.0
278.0
285,0
252.0

281.0
278.0
285.0
294.0
294.0

282.0
282.0
288.0
295.0
294.0

284.0
284.0
290.0
295.0
296.0

285.0
287.0
291.0
292.0
291.,0

286.0
289.0
292.0
293.0
290.90

286.0
290.0
292.0
291.0
287.0

286.0
290.0
291.0
291.0
290.0

286.0
290.0
291.0
290.0
282.0

270.6
268.0
266.5
266.3
264.9

270.2
268.2
266.5
268.7
276.0

270.8
267.2
267.2
273.8
283.7

274.3
270.0
271.8
278.4
286.9

278.56
274.9
277.0
284 .4
290.6

280.3
277.0
278.6
286.2
292.9

281.8
279.2
282.0
2881
292.9

283.3
281.7
284.7
288.9
291.2

284.3
284.2
286.8
290.3
291,5

285.0
286.0
288.2
289.2
288.4

284.9
286.6
285.7
288.3
291.0

281.0
286.2
288.1
287.9
285.6

........

280.8

273.
269.
268.
267.
270.

272.
268.
267.
270.
2717.

273.
270,
273,
278,
289,

276,
275.
280,
284,
295,

282.
280.
287.
282,
285,

282,
285,
250.
254,
295,

285.
287.
292.
295,
295,

286,
288.
293.
294,
291,

287.
290.
293,
294,
290.

286.
290.
292.
291,
286.

285,
289.
291.
290.
289.

285.
289,
290.
290,
281.

8
6
1
7
1

D=2 OOy =

6
g
]
6
1

g
1
3
1
8

1
El
0
4
6

5
5
5
4
3

6
0
4
3
8

4
9
4
3
1

0
4
4
1
1

0
&
5
8
]

]
6
3
6
1

8
5
8
1
1
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270.0
266.8
265.5
266.4
264.5%

270.1
266.5
265.2
267.4
275.6

271.5
267.5
268.3
274.2
284.2

275.4
272.2
274.3
279.8
287.8

279.4
276.3
278.7
285.7
291,2

281.2
279.4
282.2
288.0
294.4

282.6
283.3
286.0
290.8
293.9

28¢.1
285.9
287.2
2580.7
292.0

284.9
285.5
288.1
2%0.9
2%0.9

285.3
287.1
289.1
289.8
288.7

284.7
287.1
288.7
288.1
291.4

284.2
286.7
288.4
288.7
286.0

270.4
268.9
267.6
268.9
2721

270.4
266.9
267.1
271.3
283.9

272.5
267.5
270.6
279.8
291.4

276.2
273.9
278.6
285.7
295.8

281.1
2680.1
284.1
294.7
293.8

282.9
282.1
286.8
294.4
293.2

284.5
285.0
289.¢
296.2
292.3

285.5
286.4
290.8
2941
25%0.0

286.1
287.3
290.8
293.6
289.3

286.2
288.3
290.6
290.6
288.6

285.6
286.1
288.6
288.1
288.4

285.3
287.0
289.0

289.0.

281.0

272.2
269.1
268.2
267.7
270.5

271.9
270.5
269.4
272.1
277.6

275.9
278.6
278.9
282.4
289.5

280.1
282.8
284.6
287.0
296.1

287.0
289.8
292.4
296.3
296.1

288.0
291.8
294.6
297.1
295.6

289.1
293.5
295.6
297.4
296.0

288.3
292.9
295.0
295.9
291.5

288.1
292,¢
294,0
294.5
290.1

286.0
28%.3
290.9
290.4
286.4

286.0
288.9
289.8
289.5
288.8

284.6
287.9
289.¢
288.,5
281.0

268.7
265.2
265.2
266.4
265.3

268.9
264.8
264,2
271.9
277.2

273.6
273.4
274.5
282.4
287.5

278.7
282.3
284 .1
287.7
296.9

284¢.7
285.5
287.9
293.5
294.9

284.6
286.9
289.1
293.9
296.3

285.8
288.9
291.2
295.1
286.0

286.8
289.3
291.6
2%2.¢9
292.¢9

286.7
289.7
291.3
293.5
293.5

285.8
287.7
289.1
288.9
288.2

284.6
286.1
287.2
288.2
290.3

284.1
286.8
288.2
286.8
285.1

270.5
270.6
268.3
271.2
271.%

270.8
268.0
267.8
272.3
283.9

2747
278, 1
278.2
285.6
290.8

275.8
276.3
287.%
289.8
297.4

283.4
288.7
290.8
296.4
296.4

285.7
291.7
293.3
297.7
291.6

287.3
284.5
285.6
299.9
290.2

288.3
295.0
296.6
298.6
268.9

288.5
292.7
294.0
295.8
288.8

286.9
289.3
289.9
290.2
287.6

285.7
289.9
290.1
290.9
287.3

285.3
290.5
291.1
290.7
281.1

269.7
269.5
268.6
268.7
272.1

273.9
2771
2771
277.8
278.0

282.8
288.3
288.1
288.4
291.4

287.8
297.9
296.3
295.4
300.5

292.8
294,56
296.6
296.9
297.4

291.6
29¢.5
295.0
295.8
295.3

292.3
294.,4
285.0
285.6
285.0

288.5
289.8
290.1
280.4
280.5

288.0
2%0.1
289.9
280.4
2580.0

285.0
286.1
286.4
286.6
285.6

287.6
288.6
289.3
289.9
287.8

280.8
279.5
280.0
280.4
278.6

270.1
26%.9
270.5
272.2
270.7

279.9
279.3
279.4
280.3
280.1

28%.5
289.3
289,6
290,2
290.9

290.3
294,8
295.1
295.3
294.9

296.5
296.7
286.7
296.9
287.3

286.9
2987.0
297.5
258.8
299.2

295.1
285.3
285.7
297.1
297.7

290.2
290.3
290,5
290.8
291.3

287.4
287.4
287.3
286.9
287.2

286.3
286.5
286.7
286.9
287.1

290.9
291.1
292.2
295.5
286.4

282.9
283.2
283.5
284.3
284.8

265.3
262.9
264.2
266.0
270.6

282.9
285.8
285.2
285.5
2B4.4

281.6
292.3
282.2
292.2
290.0

290,3
300.4
298.8
298.5
298.1

287.0
291.8
292,2
292.2
299.1

291.1
295.1
294.3
295.3
291.8

289.6
294.3
2931.3
295.1
289.5

290.6
290.9
290.9
290.7
288.4

290.0
291.,5
291.4
292.0
289.6

287.7
290.1
290.8
291.1
288.5

286.1
290.3
289.3
290.1
288.3

284.4
281.8
282.3
282.1
281.2
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0 285,0 283.7 285.0 284.8 283.4 284.2 2B2.8 283,0 284.1 279.0 277.0 280.8
1 289.,0 286.2 2B6.8 288.5 286.5 286.9 285,3 285.7 287.7 278.6 277.3 279.1
Oct30/75 2 2%1.0 287,0 288.6 290.0 288,1 288.4 2B7.1 286.9 288.1 278.8 277.3 279.6
3 288.0 286.9 286.5 288.5 287.4 286.1 285.8 2B4.4¢ 287.1 278.1 277.4 280.0
4 280.0 282.,7 278.8 28B0.3 282.9 278.9 279.8 27%.8 278.5 278.8 277.8 278.3
0 2B84.0 282.7 283.% 28B3.0 282.2 282,9 280.5 281.3 12B2.3 273.6 271.7 275.4
i 288.0 286.4 288.1 286.3 285,4 287.3 2B2.5 285.2 287.2 270.6 271.% 274.0
Nov13/75 2 289.0 287.6 288.8 287.5 288.6 287.8 2B4.3 285.8 287.¢ 271.,1 271.7 274.1
3 286.0 286.4 286.9 286.0 286.0 285.6 2B3.1 283.9 285.9 270,9 271.3 273.¢6
4 274,0 280.8 270.7 272.% 280.4 271.1 275.5 278.6 271.3 268.5 271.3 272.2
0 283,0 281.3 282.2 282.1 280,7 2B1.4 277.9 279.8 280.7 271,7 268.3 272.7
1 287.0 284.3 284.1 285.¢ 2B4,8 2B4.1 278.4 280.9 282.8 268.2 268.7 269.0
Nov28/75 2 288.0 285.9 285.,2 286.3 286.1 2B5.0 281,0 2B2.0 2B82.,6 268.5 268.7 270.0
3 285.0 282.2 279.,2 284.4 283,0 279.0 279.3 276.4 27B.9 267.5 268.9 270.0¢
4 272.0 275.2 269.6 211.4 275.7 269.8 269.6 272.6 269.5 268.1 269.2 268.7
Note : Mes - Measured temperatures
PLE - Temperatures predicted by linear element
POE - Temperatures predicted by quadratic element
H - Height from the floor : - Near the floor

LD — O

LI T B |

1.0 m from
2.0 m from
2.7 m from
3.2 m from

the
the
the
the

floor
fioor
fioor
fioor



