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ABSTRACT

. &
A quasi-finite element approach for the deter-

mination of the steady state thermal field in a tool-
chip-tiorkpiece system in orthogonal cutting is presented.
The three mechanisms of heat transmission are considered
in the analysis of the mathematical model. Only a few
temperature measurements at certain discrete points in the
continuum are needed to sexrve as boundary conditions.

A FORTRAN program based on the mathematical model
is prepared and tested. The model and the analytical |
technique are verified for rectangular plates with given
boundary conditions. Results agree with the known closed
form solution and the maximum error is found to be less
than one percent.

The method has been applied to the real problem of
determining the isotherms in a tool-chip-workpiece of
single point cutting operation. The results compare very
well with the available experimental measurements under
similar cutting conditions.

The technique presented here can be extended to
include temperature fields of multi-point cutting tools

under steady and transient heat transmission.
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NOMENCLATURE

Area of heat flow for an element, in.

=d for M=1, ho for M=2 and E for M=3, where M
indicates the mode of heat transfer as
explained below.

=h, for M=2

=hp for M=2

Heat flow path between the centroids of two
adjacent elements, in.

Emissivity coefficient.

View factor.

An NUxNU square matrix.

Coefficients of best curve fit for convection.
Thermal conductivity BTU/(in.sec.F°)
Coefficients of the best curve fit for conduction.
Total number of nodes connected to the i'th node.
Basic node number.

Node number to which basic node is connected.
Number of heat connections.

Total number of unknown nodes in the idealized

thermal field.



NOMENCLATURE (cont'd)

M Mode of heat transfer.
M=1, convection
M=2, conduction

M=3, radiation

MC Machine code vector.

Q Heat flow, BTU/sec.

B An NUx1 vector.

o Stefan-Boltzman constant.

8 Temperature, F°,

Subscripts

i,J Node numbers; A is the area of heat flow

i,
between the i'th and the j'th element; h.l 3
14

is the convective heat transfer coefficient

between the i'th and the j'th elements.

Superscripts
c conduction
r radiation

v convection
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CHAPTER 1 .

INTRODUCTION

In the course of numerous studies, it has been
recognized that the temperature field of a tool-chip-
workpiece system is an important factor in determining
the causes of tool wear [1, 2, 3]*. Sadek [4], showed
that the crater topography and the temperature dist-

ribution on the rake face are closely interrelated.

Different research groups have been formed with the
main objective to provide reliable and relevant techniques
for determining the temperature distribution of the tool-
chip-workpiece system, as well as to relate the cutting
temperature fields, machinability, tool wear, surface

finish and other machining parameters.

The existing methods for temperature measurement in
metal cutting fall into five categories:
a) Thermoelectrical methods.
b) Colorimetric methods.
c) Electrical analogy methods.
d) Radiation methods.

e) Analytical methods.

*Numbers in brackets [] designate references at end of text.



1.1 Thermoelectrical Methods

Y

In this category, the cutting temperature is deter-
mined either by measuring the thermal e.m.f. of the tool-
chip-workpiece couple [5,6,7,8,9,10] or by the aid of a
thermocouple attached to the rake face near the cutting
edge [11,12,13] or inserted in fine holes in the cutting
tool [14]. The reliability of these methods are doubtful
since the measured thermal e.m.f. depends not only on the
temperature 2ut also on the state of stress of the thermo-

couple.

1.2 Colorimetric Method

The most significant characteristic of this category
is the application of the thermosensitive paints utilizing
their property for colour change at certain temperature
[15,16]. This method is only practicable to measure the

average temperature of accessible surfaces up to 500°C.

1.3 Electrical-Analogy Methods

Maximum temperature zone is determined through the
analogy between the electric and thermal fields [17]. The
major drawback of this method is the fact that the effect
of the temperature change on the heat conductivity of the
tool as well as the heat losses to the surroundings are

not taken into consideration.



1.4 Radiation Methods
P

This category is only applicable to obtain the

temperature distribution of accessible surfaces. The main
measuring device used here is the total pyrometer [18, 19]
which differs from one method to another depending on its
construction. Infra-red photography are also classified

under this category [20].

1.5 Analytical Methods

Due to the obvious limitations of experimental metﬁods,
extensive attempts to solve the problem analytically have
been made. These include the finite difference method [21],
heat balance cf the cutting process [16], and closed form
solutions [22] with the assumption of constant thermal
material properties and negligible heat losses. The draw-
backs of these methods lie in the fact that the heat losses
and the influence of temperature changes on the heat con-

ductivity of the tool are not taken into consideration.

A review of measuring and calculating methods leads to
a conclusion that none of the existing methods is universally
applicable. The need for a reliable and practical technique
is therefore evident. The well known finite element method
[23] should provide a reliable computerized technique for
the determination of the thermal field in the cutting tool

with the aid of only a few measured points as boundary



condition. However, in this method ﬁhe geometry of the
element is .2 determined factor. Therefore, the nodes have
to be exactly defined with reference to a system of axes.
Moreover, convection and radiation which appear as boundary
conditions are not easily implemented. In this work, a
gquasi-finite element approach is introduced. 1In this
approach the elements are represented by their centroids,
where as in the classical finite element the elements are
visualized as connected to each other through nodes.
Therefore, the geometry of the element is not a determined
factor and the compatibility is not necessarily satisfied.
For practical applications, the quasi-finite element
approach offers the advantage of a considerable reduction
in the memory and computing time requirements as well as

the consideration of the three modes of heat transmission.



CHAPTER 2 .
o

THE QUASI-FINITE ELEMENT APPROACH

The classical finite element method permits almost
all problems of structurél stress analysis, or the analysis
of such field problems as heat transfer and fluid flow, to
be represented in a mathematical form suitable for solution
on a digital computer. Complicated structures or systems
as shown in Fig. (l), can be visualized as an assemblage of
structural elements interconnected at a discrete number of
nodal points. If the various relationships for the
individual elements are known, it is possible to derive the
properties and study the behaviour of the assembled

structure.

2.1 Méthematical Model

Fig. (2) shows an element 'i' connected to an element
'j' such that it receives heat in the three modes of heat

transfer: a) conduction, b) convection and ¢) radiation.

In the case of radiation, the two elements are phy-
sically apart from each other. 1In the case of convection,

one of the elements is usually a fluid.



The heat flow into the i'th element from the
surrounding,elements is given by:

of + oV + oFf

where, Qc Conductive heat flow from N elements.
QV Convective heat flow from NV elements.

Qr Radiative heat flow from N® elements.

The different modes of heat flow are given by:

N Aij Kij
of =1 a5 7%
i=1
NV
V —
oV =z Piy Big (857 %)
j=1
Nr
r r 4 4
= A,. E 6.+460) %~ (0,+460) "}
ot Al oy (gt

NC

Q% = 1) cf5 (85 - 8y)
NV

oV =j£l cgj (65 - ;)
Nr

ot =j§:l Cij (9j - 91)

(1)

(2)

(3.a)

(3.b)

(3.c)



where,

&
c  _ c
cY. = Ay

r r 2 2
C,. = A,. E.. 6.4+460)+(06.+460 + 8.+460
i3 i i {( 3 )+ ( i ) M {( 3 )
+(ei+460)}
Kiy = (2 K Kj)/(Ki + Ky)

For a steady state condition:

o + oV + oF =0 (4)

*

hence, the heat flow into the i'th unknown nodal element

can be formulated as follows:

NC . NV y NT
)X C .(e.—ei) + I Cij (ej—ei) + X
j= j=1 j=

r .
. c.(6.-6.) =0 5
R lJ( J l) ()

1
which can be rearranged to read:
xV v r c v r

N hey N C
cl.+ I Cij}= r C ej+
=] j:



As the subscript 'i' indicates aﬁ unkown node, while
the 'j'! (whére j # i) can indicate an unknown as well as a
known or a boundary node, whose temperature is known at all
times. Therefore, the total number of nodes 'N' could be

written as:

N = N + NV + NT (7)
where, N© = N€ + K€
n u
NY = nY + NV
n u
N = nY 4+ NF
n u

Nn represents the total number of known nodes.

Nu represents the total number of unknown nodes.

Substituting in Egn. (6),

NS NY N
6.{ £ C’. + ¢ C..+ ¢ C..}
i 5=1 ij j=1 3521 ij
NS NX Ni
-{z c. 6.+ c’. 6.+ cF. p.}
j=1 13 ] j=1 B | j=1 13 3
Ng NX N;
={ 3 c{,6,+5% C/.6.+I Ci. 0.} (8)
©4=1 1] 3 j=1 i3 3] j=1 i3 3]



The right hand side of Egn.(8) is presumably a known

valuve if the Cij's are not functions of the temperature.

An equation similar to Egn. (8) can be written for every
unknown node. This leads to an 'NU' equation for the 'NU'
unknown nodes. These equations could be written in the
following matrix form:

[(H]1-{6} ={B} (9)

The H-matrix is symmetric with strong positive

diagonal entries. It is a sparsely populated matrix.

The H-matrix is assembled together with the B-vector
as shown in the block diagram of Fig.(3), and by using a
direct or an iterative technique, the temperature of the
unknown nodes can be obtained.

If the entries of the H-matrix and the B-vector are
dependent on the values of the unknown temperatures, the
computational procedure starts by assuming approximate
values for the 6-vector from which the H-matrix as well as
the B-vector can be determined. Solving Egn.(9), an
improved 6-vector can be obtained. 1If this improvement is
not within an acceptable tolerance, a second iteration is

performed.
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The initial entries of the 9-vector for the unknown
nodes may be taken as the average temperature based on all

the given known temperatures.

2.2 The Variation of the Coefficients of Heat Transfer

Due to a Change in Temperature

In evaluating C¢., ng and CY¥., the effect of

1] i]
temperature changes must be taken into consideration,
since their values as given in Egn. (3) are functions of

temperature. For the conduction mode, the ith and the jth

are represented by a second order polynomial as follows:

The combined effect is therefore:

Kij + (2 Ky Kj)/(Ki + Kj) (10)

In the same manner, the combined coefficient of con-

vective heat transfer is given by:

2
6. + h. 0. o (11)

In practive, the coefficient hij varies from one point

to the other on the surface depending on the pressure,
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velocity, density and the temperaturé of the adjacent
fluid. It.is a function of Reynold's, Nusselt's and
Praudl's Numbers. The variation from point to point is
usually rapid and it becomes necessary to read in a
coefficient for every node.

k, and h h

17 72 o "1’

are obtained from experimental data using a curve fitting

Usually, the coefficient kO’ k h

2I
technique.

Appendix I shows the curve fitting technique used for
Egqn. (10) and Egn. (11), the flow chart, the computer
program and the material characteristics used to obtain

these coefficients.

For the radiation mode, the emissivity factor is
given by:
Eij = oeij Fij (12)
where, 1is the Stefan-Boltzman constant
-8 2 y
egual to 0.173x10 BTU/ (ft ) (hr) (degree Rankin)

I 2 Iy
or 0.333718x%10 BTU/(in -sec.degree Rankin)
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Referring to Fig. (4), Fij Ai = Fji Aj
o
where, F 1 S 7 COSQ; COsa

i3 A. A, A, A. AL
ij i By By 3 d i d 3

Fig 7 Fyy

1 s y Coso; coso.
Fii =&, a, A, 3 day da
J 1 J r

The coefficient €4 5 should be treated the same way as
the coefficient of conductivity. Due to the low range of
temperature dealt with in the tool-chip-workpiece system,
the combined effect of convection and radiation are
considered to obtain the coefficients of the best curve fit

for convection.

2.3 Restriction Due to the Configuration of the Element

The basic concept of the finite element method is to
replace the actual complex structure by an equivalent
model made up from discrete structural elements -having known
properties that can be expressed mathematically. For a
three-dimensional system, elements with a rectangular cross-
section would facilitate the calculation for: a) exposed
areas between élements, b) the length of the path between
the centroias, c) location of the centroids of different

elements within the body with respect to the defined axes.
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Therefore, there is a maximum of three heat connections
for convection in the case of a rectangular element located
at the corner of a body. There is a maximum of six heat
connections for conduction in the case of a rectangular
element located within the body and surrounded by elements
on each side. There is a maximum of eight heat connections
for radiation assuming that those elements are the ones
that are directly exposed to the Tradiation circle, and any
element beyond that region will receive a negligible

amount of radiational heat.

Furthermore, elements within a body, need not be of
the same size all through the system. Areas of concentration
such as forces, heat, stresses, etc., require smaller

element sizes than other elements in the body.

2.4 Restriction Due to the Method of Numbering Nodes

In the finite element approach, a node represents the
centroid of an element. Numbering of nodes will identify
the elements as related to the system under study. Thus,
for any element, all other elements that are connected to
it by a heat connection can be identified by their label or

by a certain number assigned to them.

No sequential ordering is reguired for adjacent
elements, but the following rule for numbering the nodes

should be followed: Start first by numbering the unknown

’
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nodes. Then continue by numbering thé known nodes. For
example, ifthe system is composed of 48 unknown nodes and

29 known nodes or boundary nodes, for a total of 77 nodes

in the system, then, the nodes that carry the numbers

from 1 to 48 are all unknown nodes or elements, and the nodes
that carry the numbers from 49 to 77 are all boundary or

known elements.

This rule or constraint is considered to facilitate

the programming logics in the formation of the H-matrix.

2.5 Test Problem

The steady state thermal field in a thin rectangular
plate is considered. Two sets of.boundary conditions are
investigated:

a) The plate is subjected to a heat source of 100°F on one
edgé, while the other edges are kept at 0°F.
b) The plate is subjected to a heat source of 500°F at

its center, while the edges are kept at 0°F.

In both cases, the coefficient of thermal conductivity

is assumed constant.

To investigate the validity of the mathematical model
for the quasi~finite element approach, the closed form
solution and the finite difference method for the same

boundary conditions are also considered.

’
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Case 1 ) R
For the closed form solution, Fig.(5), the equation
governing the thermal field in a steady state condition
is given by:
ve =0 (13)

The boundary conditions are expressed by:

6(0,y) =0
6(a,y) =0
8(x,0) =0
8(x,b) = T = 100°F

In this case, the solution is given by:

oo

2T ¥ 1
O (xy)== oy &

{1-(-n)n} coshggg sin 3IX

sinh Y (14)
a

For the finite different method, the approximation at
the it mesh point is described by:

+0. +0, ) -40.. =0 (15)

+ei,J+l i-1,J i,J-1 ij

(ei+1,J
For the quasi-finite element approach, the‘plate is
divided into elements as shown in Fig.(6). The temperature

distribution field is shown in Fig. (7).

The computer results obtained using the three approaches:

the closed form, the finite difference and the quasi-finite
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element, are shown in Appendix II. Close agreement is
noticed, Table (1). The maximum error is found to be of

the order of 0.5%.

Case 2

The quasi-finite element approach is applied in the
second case. The plate was divided into elements, Fig. (6).
The results are plotted in Fig. (7). It is noticed that
the finite difference relation given in Egn. (15) is
satisfied at every unknown element except for the elements
surrounding the central heat source. This discrepancy is
due to the discontinuity of the function 6(x,y) at that

point.
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CHAPTER 3 .

& THE ALGORITHM METHOD

This chapter discusses the procedures and steps
required for the solution of the gquasi-finite element
approach. It also considers the maximum permissible
nunber of elements as related to indexing methods and the

size of the computer's memory.

3.1 Computational Procedure

The block diagram in Fig.(3) illustrates the
computational procedure. The input data layout records,
the flow chart, and the FORTRAN program for the test
problem are given in Appendix III. The procedure involves
the preparation of input data information, validation rules,
the preparation of the H-matrix and R-vector, storing the
data in the computer's memory, and the solution of the

H-matrix.

3.1.1 Preparation of Input Data

The system under consideration is divided into
elements. The elements are identified as known and urnknown
elements according to the boundary conditions of the system.
The nodes are labeled following the numbering rule mentioned
in Chapterhz. This has been manually processed for this

problem.
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For each heat connection to an uﬁknown node, a record
(set of data information) is assigned. Additional records
are necessary to indicate the areas and lengths of path
between the centroids of the adjacent elements as well as
the modes and the coefficients of heat transfer. Appendix III
shows the suggested record layout of heat connection per
unknown node that is to be used as input information.
Initial values for the unknown nodes temperature, i.e. the
assumed 6-vector, are computed as the average temperature

of all known nodes,

3.1.2 Validation Rules

Validation rules are considered to fulfil the
following conditions:

a) Any number in the system should not exceed the total
number of nodes prescribing the system.

b) Any number assigned to an unknown node should not exceed
the total number of unknown nodes.

c) The total number of heat connections per unknown node
should not exceed 3 in the case of convection, 6 in the
case of conduction and 8 in the case of radiation.

d) The entries in the field representing the mode of heat

transfer should be either 1, 2 or 3.

Any violation of these rules will force a print-out of an

appropriate message and an immediate job termination.
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3.1.3 Preparation of the H-Matrix and the B-Vector

. 8incde the formation of the H-matrix and the B-vector
are dependent on the 68-vector, the solution of Egn. (9)is
obtained iteratively. An initial vector 8 is assumed to
construct the [H] and the{B8}. The solution for [H]1{6}={B}
is obtained using the Gaussian elimination method. If the
deviation of{6}-{0} is within an acceptable tolerance, the
solution is considered satisfactory. Otherwise, the {8}
is replaced by {6}and the [H] and {8}are recalculated.

The process is repeated until the tolerance is acceptable.
More attention should be given to the method of data
storage since the calculation of the[H] matrix might be

repeated several times.

3.1.4 Data Storage

No special seguential rule is required for numbering
the elements. In order to facilitate the scanning operation
in the 'DO LOOP' statement, special locations in the
memory should be considered as follows:

a) Two-dimensional array N stores the identification of all
elements attached to element i, which are classified
according to their mode of heat transfer. The accumulated
number of heat connections per node are also stored for
data validation and various steps of computation.

b) Two-dimensional array C stores all other data
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information in their different shape for each unknown
element i. The data is grouped for each heat

transfer mode.

The data storage in this form ensures the best

retrieval of input data.

3.1.5 Solution of the H-Matrix

The Gaussian elimination method is applied to solve
the matrix Eqn.(9). The flow chart in Appendix III shows

the method of soclution.

3.2 Memory Allocation and Capacity Constraint

It is preferable to determine the capacity of the
computer memory in terms of number of unknown elements in
the complex under study. For N unknown elements, the
requirements of the quasi-finite element mathematical model

for storing are as follows:

Two{6} vectors - 2N

[N] array +20N
[C] array +40N
[H] array > N2
{M} vector > N

where, {M} is the material code vector.
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For a computer that requires two words for a floating
variable dhd one word for a fixed variable, the total

requirement of thes computer memory is:

( 2N + 105N ) words (16)

Denoting the total available storage space in the memory
by 'n', thus,

2N° + 105N = n

-105 + {(105)°% + 8n}!/2

which gives, N = 7
1/ 2
or N = (n/2) , for n>10,000 (17)
For an average machine with n = 15,000, the maximum

permissible mumber of unknown elements is equal to 65.

These points are sufficient for the determination of
tempe;ature distribution in two-dimensional problems.
However, the number of elements required for a three-
dimensional problem is largely increased and therefore, the
indexing and partitioning techniques should be so
considered to overcome the capacity constraint of the

computer memory.

3.3 Indexing and Partitioning Techniques

In the tool-chip-workpiece system, the greater part of

calculations are carried out to obtain the exact solution
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of the [H] matrix. The number of elements in the system
are thereggre limited by the size of the computer's
memory. Under normal conditions the maximum number of
elements (unknown) is given by Egqn.(l17). Indexing, data
manipulation and partitioning techniques are integrated
in the main FORTRAN program given in Appendix IV to
increase the number of unknown elements in the tool-

chip-workpiece system.

3.3.1 Indexing
An NXN matrix requires N? locations to be stored
sequentially in the computer's Memory . Considering
different sizes of square matrices with their associated
vectors, the elements of the upper triangle are stored
sequentially as shown in Fig.(8). Two relations can be
derived:
a) The maximum number of elements that exists in the upper
triangle and its associated vector are equal to:
N(N + 3)/2 (18)
b) An element Aij in a matrix can be located by the
intersection of its corresponding row 'i' and column 'j'
for i, j=1, 2, 3, ....N. Therefore, the location of

any element in the upper triangle of a square matrix is a

function of its row and column as follows:

Hij = (N+ 1)(T -1) - I(I - 1)/2 + J (19)
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where I and J are the location of the row and the column

in the ma%xix.

Due to the symmetry of the H-matrix, only the upper
triangle is required to obtain a solution. Introducing
the two relations given in Egns. (18) and (19), the

requirements of the model for storage are reduced to:

One {6} vector - N
[N] array +20N
[C] array +40N
[H] array+{6} > N(N+3)/3

{M} vector + N

Hence, Egn. (17) becomes:

- 2 1 42

Thus, for an average machine with n = 15,000 words, the
maximum permissible number of unknown elements is equal

to 80.

3.3.2 Manipulation of Data

Data manipulation permits further increase in the
maximum permissible number of unknown elements. Input
information can be stored on tapes or discs. The required

portion for calculation is only read and located in the
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memory of the computer. The required modifications for the
[C] and thie [N] arrays are shown in the flow chart given
in Appendix IV. In this case, the main requirements of

memory locations are as follows:

One {6} vector -~ N
[N] array > 3N
[C] array > 0
[H] array +{6} -~ N(N+3) /2
{M} vector > N

Hence, Egn. (17) becomes:

and therefore, the maximum permissible number of elements
is increased to 118 unknown elements for the same memory
size. Appendix IV shows a flow chart illustrating the

\

required modifications.

3.3.3 Partitioning

Partitioning is a well known technique used in
solving large matrices. The matrix is divided into
segments. Each segment is called for separately from its
storage location to perform the different steps of
calculations. This concept is applied to solve the H-matrix.

The upper triangle of the matrix is divided into segments.
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The size of each segment does not exceed. the maximum
available memory allocations. Considering the data
given in Section 3.3.2, the maximum permissible size of

any segment should not exceed:
(n - 5N)/2 (22)

This is considered in the main program in Appendix IV.
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CHAPTER 4

THE QUKSI—FINITE ELEMENT APPROACH FOR THE DETERMINATION

OF THE TEMPERATURE DISTRIBUTION IN A SINGLE POINT CUT-

TING TOOL IN AN ORTHOGONAL CUTTING OPERATION

A tool-chip-workpiece system as shown in Fig. (9), is
considered. The system is sliced into nine layers of
different thicknesses. Each layer is mainly broken down
into rectangular elements while the shape of the surface
elements follow the boundary of each corresponding layer.
The various elements are numbered as shown in Fig. (10)*
_following the same concept described in Chapter 2. The
thermal properties of the different material in the system
are calculated. A curve fitting technique is applied to
obtain the coefficients of the polynomial passing through
these data giving the thermal properties of the different
material at specified temperatures. Appendix I shows
an éxample of the calculated coefficients for the work-

piece material.

In the quasi-finite element approach, the determination

of the temperature at a few locations in the system is

* The dimension of the insert and the numbering of the whole
system representing the tool-chip-vvorkpiece are shown in

Appendix V.
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required to serve as the boundary céndit}ons. The best

loca;ion of the points where temperatures are measured is

in the contact zone area and depends on the nature of the
cutting operation. Kueéester's [14] experimental results
are considered as a guide line to estimate the temperature
at different boundary locations. Consequently, the
boundary conditions of the tool-chip-workpiece system can
be considered as follows:

a) The temperatures of the tool shank elements nearest to
the insert are taken as 200°F.

b) The temperatures of the workpiece elements may then be
considered to vary between 200°F and 550°F depending
on their respective distances from the cutting edge.

c) The temperature of the surrounding atmosphere as
represented by the layers such as 1 and 9 are assumed
to be ambient.

d) Temperature at central element of contact area is 900°F.

The coefficients of the polynomials giving the thermal
properties of the different material, the temperatures of
the boundary elements, areas and path lengths between the
adjacent elements, and the mode of heat transfer represent

the input data shown in Appendix V.

4.1 Solving the Algorithm

The main program given in Appendix IV is used to

solve the problem. Minor changes are introduced to conform
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to the computer CDC 3300. Such chaﬁges affect only the
speed of data manipulation in the computer. In spite of
these modifications, the computation time is relatively
long. The use of the existing software packages for
solving huge matrices is suggested. The IBM package
"MATLAN" is used only to solve the H-matrix. The MATLAN

program is shown in Appendix V.

For practical purposes, the solution is limited to
two iterations. The difference in nodal temperatures -at
the end of the second iteration varies between 0° and
5.75°F. Additional iterations are expected to improve the
results only approximatley 1%. The computation time for
the IBM computer model 75 is approximately 58 minutes per
iteration. Therefore, the tolerance reached at the end of
the second iteration is considered acceptable.

4,2 Discussion of Results

Figs.(ll) to (15) show the computed isotherms in the
tool-chip-workpiece system. Although in the quasi-finite
element approach the maximum cutting temperature and its
location are estimated from previous experimental results,
more accurate and reliable temperature distribution can
be achieved if the temperature at several points are known

experimenfally within the tool-chip-contact area as well as
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on the surface. Also, accurate information is required
regardingﬁthe effect of temperature changes on the heat
properties of the cutting tool and workpiece. A detailed
knowledge of the dynamics of the surrounding media such
as air or coolant and their boundary layer behaviours

would make the results more exact.

The following observations are made from the analysis

of the results shown in Figs. (11) to (15):

a) The highest temperature gradient occurs in the contact
zone, approximately at a distance of 0.046 inches from
the cutting edge. This agrees well with the established
results that the maximum crater depth occurs at the
point of maximum cutting temperature. This may be
referred to in Fig.(17) (after [3]) where the location
of the maximum crater wear is measured at a distance of
0.04 inches from the cutting edge.

b) The isotherm contours in the tocol-chip-workpiece system
agree in general with Kuester's experimental results
shown in Fig. (16).

c) The egual temperature lines follow the same features of
the contour lines of equal crater depth measured on
carbide inserts [3]. The rate of temperature decrease
along the cutting edge is much lower than that in the

normal direction as seen in Fig.(15). The same feature
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may be observed in Fig.(l17), also where the crater wear

-

decreases .at a much greater rate in the direction
. &

normal to the cutting edge than along the edge.

The above observations lead to the conclusion that
the temperature distribution in the tool-chip-workpiece
system does not depend on the intensity or the prog-
ression of the crater wear. This statement is qualified
by the fact that there is a close interrelationship
between the crater topography and the temperature
distribution on the rake face [4], and further the
location of the deepest point of the crater is independent
of time [3] as shown in Fig.(18). Hence, it may be stated
that the temperature distribution as calculated by the
quasi-finite element approach is also time independent.
This is of significant importance in the study of tem-
perature in metal cutting operations and its relationship

to the topography of crater wear and tool life.
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CONCLUSIONS .

&

The problem of obtaining the temperature distribution
in single point orthogonal cutting operations was
considered and a quasi-finite element technique was
employed to obtain reliable results. The results
presented agree well with the available experimental data
and also relate closely to the topography of the crater

wear and tool 1life.

In the classical finite element approach [23], the
elements are visualized as connected to each other through
nodes. The temperature at these nodes are determined so
that the heat balance and the compatibility requirements
for each element are satisfied. The nodes have to be
exactly defined in reference to a convenient system of
axes. Convection and radiation appear as boundary
conditions and usually they are not easily implimented in
the classical approach. In the quasi-finite element
approach, however, the geometry of the element is not a
determined factor and the compatibility is therefore not
necessarily satisfied. Furthermore, the quasi-finite
element approach offers the following advantages:

a) For the same number of elements, a considerable reduc-
tion ié achieved regarding the memory and the computing

time requirement.
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b) The temperature dependence of the heat properties of
the material and its isotropic characteristics are

easily accounted for.

In order to provide the industry research laboratories
with a reliable routine for the determination of the
temperature fields in cutting tools, the following areas

of future investigations are recommended:

a) The study of the dynamics of the surrounding media of
the cutting action such as air and commercial coolants

and their boundary layer behaviour.

b) The study of the time dependancy of the cutting tool
isotherms and their relationship to crater wear
progression.

c) The implementation of the method to multi-point

cutting tools.

e) Development of computerized procedure for automatic

preparation of input data cards.
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Centroid

Fig. 1 -~ The definition of centroid, element

and node in an arbitrary ccmplex surface.

Fig. 2 -— The relation between adjacent elements

[¢]

in the three rcdes of heat transfer.
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Fig. 3 —— The Block Diagram
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One edge of a rectangular plate exposed to a temperature of lOOoF,

while, the other edges are maintained at zero degree.

Fig. 5 —— The test problen
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CA?E 1 Cast 2
. o
TL| 721737 |75 76 TLLT2 [ 73 | Th | 715 !76 [
7o | b3 uk | ks |6 w7 lugléa 7o |k2 !l u3| Ly uslué‘w 48163
69 | 37| 38|39 40 b1 k2|6l 6935|3637 |38(39]ko!Ll|62
68131 32|33| 3435|3660 68|28129]30 31 32133 {3h 61
67(25| 26| 27| 28 29? 30 | 59 67|22 23] 24 [L9] 25 :26 §27 60
66|19 20| 21| 22 23; 2k | 58 66 115]16 )17 18 19 ‘20 521 59
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6s| 7| 8| 9(10]11112|56 6u| 1| 2 32 sy 6! T|sT
63| 1| 2| 3| 4 5| 6]55 | 50| 51 52| 53| sk 55’ 56 |
Lo| 50l 51| 52| 53| 5k
Boundary conditions for case 1:
a) Temperature of nodes from no. 49 to 54 are equal to 100°F
b) Temperature of nodes from no. 55 to 76 are equal to zero
Boundary conditions for case 2:
a) Temperature of nodes from no. 50 to 77 are equal to zero

b) Temperature of the central ncde is equal to 5OOOF

Fig. 6 -- Nurmbering of nodes for the test problem.
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CASE 1

CASE 2

Fig. T -- Computer
results and tempera-
ture distribution in

test probler.
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From the analysis, the following relations could be derived:-
a) An element Hij is represented by
(N+1)(I-1) - I(I-1)/2 + J

b) Total number of elements of the upper triangle plus the associated
vector is given by :-
N(N+3)/2

Fig. 8 -- Sequential allocation of elerents in symmetrical matrices
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Fig. 10 ~- Slice sample for numbering of nodes

for the tool-chip-workriece systen.




Fig. 11 --

bl

Temperature distribution -- layer no.2 & 8
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Fig. 12 -- Temperature distribution -- layer no. 3
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Fig. 13 -- Temperature distritution -- layer no.b & 6




Central layer

Fig. 14 -- Temperature distribution -- layer no.S
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TABLE 1

-

Comparisgn between results obtained byj;quasi approach, close form

and finite difference methods.

node * %% ®H¥ node | ¥ *% xR

1 47,8 47,7 L7.7 25 5.9 5.7 5.9

2 65,5 65.8 65,5 26 10,5 10,3 10,5

3 71.0 71.6 71,0 27 13,0 12,7 13,0

L 71.0 71.6 71.6 28 13,0 12,8 13,0

5 65.0 65,8 65.0 29 10,5 10.3 10,5

6 47,8 47,8 L7.8 30 5.9 5.7 5.9

7 26,2 25,4 26,2 31 3.6 3.5 3.6

8 L1,4 41,4 L1 4 32 6.4 6.3 6.4

9 Lg,0 48,3 Lg,0 33 8.0 7.8 8.0

10 48,0 48,3 L8, 0 34 8.0 7.8 8.0

11 Ll.4 Ll,4 Ll,4 35 6.4 6.3 .k

12 26,2 25,5 26,2 36 3.6 3.5 3.6

13 15,5 15,0 15,5 37 2,1 2,0 2,1

. 1h 26,3 26,0 26,3 38 3.7 3.6 3.7

15 31,5 31,5 31.5 39 L,6 L,5 L,6

16 31,5 31.5 31,5 40 L,6 L,5 L,6

17 26,3 26,1 26,3 L1 3.7 3.6 3.7

18 15,5 15,1 15,5 L2 2,1 2,0 2,1

19 9.5 9.2 9.5 43 0.9 0.9 0.9

20 16,7 16,4 16.7 Lb 1.7 1.6 1,7

21 20,4 20,2 20,4 L5 2.1 2.0 2,1

22 20,4 20,2 20,4 Le 2,1 2,0 2.1

23 16,7 16,4 16,7 L7 1.7 1.6 1.7

24 9.5 9.3 9.5 L8 0.9 0.9 0.9
]

¥ gquasi approach, ¥*¥% close form solution, *¥*¥¥ finite difference
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APPENDIX I

s

CURVE FITTING

Contents

1- Material specification
2- Flow chart for curve fitting
3- The coefficients of the polynomial, for

the workpiece

Page

54

55

56
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Material gpecification.

Material Steel ,AISI 10L0O

Chemical composition C  0.37 - 0.4h4 %
Mn 0.60 - 0.90 %
P 0.040 % mex.

S  0.050 % max.

Thermal conductivity ¥

Material tested  0.415 C, 0.643 Mn, 0.063 Ni, 0.12 Cu, tr Cr

Temp. range BTU/sec/ft#°F/in

32 .100
212 .098
392 .093
572 .088
752 .081
932 .073
1112 .065
1292 .058
1472 .0L8
1832 .052
2192 057

¥ ASM, Metal Handbook, data from the national Phisicsl Lab. Jour.
Iron and Steel Inst., 1946 N° II.



Flow charf for curve fitting

READ N,M
M1=M+1

READ X(I),Y(I)

1=1,N
I B(1)=0. |
A(1,3)=0.0
J=1,M1
I=1,M1

B{I)=B(I)+Y(K)#*X(K)**¥I-1

A(T,3)=A(T,d)+X(K)**(I+J-2)

SOLUTION OF MATRIX

see appendix III
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APPENDIX II

&
RESULTS OF THE TEST PROBLEM

Contents Page

1- Results obtained using the quasi-finite

element approach 58
2- Results of the close form solution, for

case 1. 67
3- Results of the finite difference method,

for case 1. 69



INPUT DATA {Case 1)

e s W o D A T e wr wp

 TOTAL NUMBER QFLINKNOWA__MODES. = 48

TOTAL NUMBER OF KNOWN NODES

= 28

TOTAL NUMBER OF HEAT CONNECTIONS = 110

___I071Ad NUMBFER _OF MATERIAL CODES _= 1
TOLERAMCE LIMIT = ,001000

THERMAL CONDUCTIVITY (RTIU/HRSFTIRNEGREE_F)

“r s W e G M GO w we T 30 45 w3 B U 3 om0 KD I WD e PP 3 AW e am FD AN WD V) OB TB D ae wy 20 3 6D 6 = ap

MATERTIAL
CODE ' (K1) (K2}
1 8,000008 00 0
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DATA OF NODES

St iy T T e W % e e v o S
b i iriie il oo et

A) INITIAL TEMPERATURES

B wE B BB T Y ey s B mm W SA T oy S B WS BN AW SE ST mE o 6B -

UNKNOWN MACHINE KNQuN MACHINE
NODES TEMP CODES NODES TEMP CODES
1 214 1 49 10040 1
—_ 2 2144 ] 5.0 10040 1
3 2le4 1 51 100,.0 1
4 2l e 1 57 100,.0 1
5 2la4 1 53 100,0 1
6 2le4 1 - 54 100.,0 1
7 2144 1 55 0 1
a A B A 1 56 n 1
9 2le4 1 57 n 1
10 2ls4 1 58 0 1
11 21:4% ] 59 0 1
12 2la4 1 61 n 1
13 2le4 1 61 0 1
14 214 1 ! §9-3 n ) I
15 2le4 1 63 0 1
16 2let 1 Gy 0 1
17 2ls4 1 5 0 1
18 2124 1 56 0 1
19 2144 1 o 1} 1
20 21ah | HRa. n 1
21 2144 1 59 0 1
2 2le4h 1 n 0 1
23 214 1 71 0 1
24 21:4 1 72 0 1
L 25 21s4 1 73 f 1
— _PA. 1"}“ o & ] —_ T4 N 1
27 ~ 214 1 75 0 1
28 2ls4 1 76 0 1
29 215(9 1
30 21a4 1
31 le o’ l
,,,,, 32 21k ] ——
33 2las4 1
3% ) W 1
35 214 1
36 21 94 l
37 (31 P l
——— 2R 2) 54 1 — —
39 2lek 1
40 gla4 1
41 2la4 1
v 21q4 1
43 214 ]
—— S 21 4 R R




— —zf Y
45 219"4‘ 1
46 2144 1
47 2le4 1
48 2144 1
\\\ ]




bl

RY HEAT CONNECTIONS

- ER TS e T s e GR o ON S T 3 G D NP G W WS

A = AREA IN SQUARE INCH FOR HEAT CONNECTYION

81 = PATH LENGHT (INCH) IN CASE OF CONDUCTION
= EEMISTVITY FAGTOR IN-CASEOF-RADIATION

B19B2sH3 = HEAT.TRANSFER CONVECTIVE COEFFICIENTS

NA = BASIC NODE NUMBER (UNKNOWN)

NR s NODFE NUMRER T0 WHICH NODFE 1S CONNECTED
Mo = 1eCONVECTION
= 2,CONDUCTION
= 3, RADIATION
A B1 12 B3 NA NB M
1 26 23 0 0 1 2 2
2 2B e 3 0 Q. 1 —T- P
3 2 O s 3 0 0 1 53 2
4 2 6 : + 3 0 0 1 49 2
Y ) s 3 0 0 2 50 2
6 & e 3 0 0 2 3 2
7 0 6 +3 0 0 2 8 2
8 o6 3 .0 0 3 5)o D
9 06 23 0 0 3 % 2
10 26 23 0 0 3 9 ?
11 6 23 0 ] 4 52 2
12 ) 23 0 0 4 o) ?
13 o b s 3 0 0 4 10 2
- 14 B o3 0. I 9 573 t
15 56 . 53 0 0 5 6 2
1 6 - @ (J ‘ Y 3 O D 5 1 1 2
17 26 3 0 0 5 54 o
18 s 6 : 23 0 0 &) 55 2
19 . ) 23 ) 0 6 12 P
#0 - 28 23 0. 0 i & 2
21 26 a3 0 0 7 13 2
Qe o6 @3 0 0 7 64 2
23 . ) 03 0 0 8 9 2
24 S ) s 3 it} ] A 14 2
25 6 23 ) 0 9 10 2
_ 56 . 6 -3 0 . 0 8] 1.5 - I
27 ) e3 0 0 10 11 2
28 ) o 53 0 0 10 16 2
29 -] 23 0 0 11 12 2
30 26 23 | ] 11 17 2
31 s O 23 0 0 12 6 2
S, 92/ - o S NS | SRR | EESRNS 1= ﬁgfL“wMMR",



62

33 o) +3 0 0 13 14 2

34 6 03 0 0 13 19 2

35 06 3 0 0 13 65 2

36 0 + 3 0 0 14 15 2

37 26 3 0 0 14 20 2

38 +«5 3 8 G 15 16 7

39 6 3 0 0 15 21 2

40 - 6 +3 0 0 16 17 2

41 00 o3 0 0 16 22 2

42 ) 03 0 0 17 18 2

43 o6 3 0 0 17 23 2

by 5 -3 0 4——18 57 2

45 ) 03 0 0 18 24 2

46 6" 3 0 0 19 20 2

47 6 3 0 0 19 25 2

48 - 6 3 0 0 19 66 2

49 6 03 0 0- 20 21 2
_—50 +5H +3 8 0 2——2 55— 22—

51 6 3 0 0 2l 22 2

52 6 3 0 0 21 27 2

53 ° 6 03 0 0 22 23 2

54 - Y] +3 0 0 22 28 2

55 ' 6 »3 0 0 23 24 2
_ 56 5 ~3- 0 0 23 29 22—

57 ) 3 0 0 24 58 2

58 00 23 0 0 24 30 2

59 e 6 23 0 0 25 26 2

650 N 9 0 0 25 31 2

61 2 6 o3 : 0 0 25 A7 2

62 S T o3 S 0 -0 26 27 2

63 ) » 3 0 0 26 32 2

64 6 .3 0 0 27 23 2

65 ) o3 0 0 27 33 2

66 ) @3 0 0 28 29 2

67 20 +3 0 0 28 3% 2
N oty .3 .0 e DP9 30D

69 ) ] 0 0 29 35 e

70 .6 »3 0 0 30 59 2

71 26 o3 0 0 30 36 2

72 Y 23 0 -0 31 32 2

T3 ) 23 0 0 31 37 2
74 o0 POt 0 Q Rl .88 2

5 0 O 23 0 0 32 33 2

76 ) *3 0 0 32 33 2

7 7 ] 6 L] 3 0 0 3 3 R 3 4 2

78 26 +3 0 0 33 39 2

79 oH 3 - 0 0 34 35 2

— 20 +H NG T 0 0 24 40 2

81 06 "3 0 0 35 26 2

a2 6 » 3 0 0 35 41 2

83 26 23 0 0 36 a0 2

B34 eH 23 0 0 36 42 2

85 00 23 0 0 37 38 2
KA 2.0 P -5 .0 a7 43P

a7 N 3 0 0 37 69 2

88 Y] e3 0 0 28 29 2

39 6O e3 0 0 33 b4 2

20 . o O 3 0 0 39 40 2

91 ) 23 0 0 39 45 2
——2? .6 a3 I 0 _ 049 __‘/.&_1 e
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93

'6 .3 0 0 40 46 >
54 6 .3 0 0 41 42 >
95 6 o3 0 0 41 47 2
a6 O 3 0 0 42 61 2 -
97 6 «3 0 0 42 48 2
93 .o 3 8 gt F——bb 2
99 6 : K 0 0 43 71 2

100 - -~ 6 03 0 0 43 70 - 3
101 .6 .3 0 0 44 45 2

102 6 3 0 0 44 T2 3

103 ) 3 0 0 45 46 2

164 w6 3 0 4453

108 +6 +3 0 0 . 46 47 2

107 6 3 0 0 47 48 2

108 - .6 .3 0 0 47 7 - 2

109 6 .3 0 0 48 62 2

110 6 3 0 60— 68— 76—
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SOLUTION S STEPS
ITERATION MAX. UEVIATION PERMISSIRLE
1 49,572771 «001000
2001000

1 : 0
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SCLUTION
FrEELEEE
-1 47,8 49 100.9
— 2 65,0 50-—-100+8
3. 71.0 51 100.0
4 71,0 - . 52 100.0
5 65,0 53 1.00.0.0
6 4748 54 1000
7 26,2 55 0
— 8 41 4% 56 0
9 48,0 57 0
10 48,40 58 0
11 t) ol 59 a
12 26,2 60 0
13 15.5 &1 0
S 14 26,3 — 62 _0 -
15 31,5 63 0
16 31.5 64 0
o MTTs 26,3 ~ 65 0
18 159 66 )
19 9.5 67 0
—_— 20 16,7 _ 68 B —
21 20,4 659 0
22 2044 70 0
— 23 16,7 S val e}
2% 9.5 12 0
25 5,9 73 ]
Y4 RS U X%+ S L. S D e e
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27 13,0 75
28 13,0 76
29 10.5
30 5.9
31 3.6
32 A
33 8.0'
34 8,0
- 35 byt
36 3.6
37 2,1
. 38 3.7
39 beH
40 ol
— 41 3.7 !
42 261
43 09
L4 l.J@ ,,,,,, ~
45 2.1
46 2ol
BT 1,7
48 o9
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SOLUTION

D~ N

s
]
J
a3
i,

-
)
R,
Y
) O

J
7
U1 =~

-983 °©
2 Lr§2b-—5
2 FL.TA )
2 S
= A=Y

AR

U

@]

11

13

14

B3
on

N
N

Nl w0 B
®
i
‘\
AV}

—

B

NN NN NN NN N NS @ U

7
. . . .

17 F.2T77

38 A BAA
19 Se7U?

2N 1r,=279

21 12,749

SERIRYRE - - WU, - B Y B .

23 10,249

.~ 42 SR A .

ot c,2en 7 :
DE 1A _4H21 7

27 20,222 7

28 2002 B T

20 16,605 7

3N, C.r2A.... 0. )
21 15,855 7

32 I

33 31,541 7

e 7 S5 e . .

35 26042 T

R B NS % A0

37 2T LRT 1S

a8 L) AES 18 —
3G 473,354 17

.40 AR ,3481. 17 R s
41 41,474 15

A7 LaB L2 s R oy
43 47 .RPR 21

: o 4Lh AR, 2402 2%

45 71 .60 21

LA Tl.fm401 21 i

47 5,814 721

09 G774 Faly 29
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- Results of the finlte difference method

10040] 10040 10040 [100.0(10040}100.0/100.0]10040
of w7.8 o5.0] 71.0] 71.0| 65.00 47.8 0
0] 26.2] 4l.4| 48.0| 48.0| alat| 2642 0
0] 15.5] 26.3] 31.5] 31.5| 20.3 15.5] 0
of 9.5 16.7] 20.4| 20.6] 16.7] 9.5 0
ol 5.9 10.5| 13.0] 13.0] 10.5] 5.9 0
0] 3.6] 6.5| 8.0] 8.0] 6.5| 3.6 0
0] 2.1] 3.7] 4.6 4.6] 3.7] 2.1 0
0 29 17| 2ol 2.1) 1.7 > 9 0
0 0 0 0 0 0 0 0
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INPUT DATA INFORMATION

Record layout.

Program ALLEGRIZ for the steady state temperature analysis.

1- General:-

Total number of cards one card.
NU NN NHC NMC TOL
I5 I5 I5 I5 I5

where, NU - No. of unknown ncdes.
NN - No. of known nodes.
NMC -» No. of material codes.
NHC » No. of heat connections.

TOL - Acceptable tolerance.

2- Material:-

Total number of cards IMC cards.

AKD 2 AK3
1
2
¥ ¥ ¥ &
NMC
F10 F10 " F10

AK1, AK2, and AK3 are the coefficient of the best curve fit.



Record layouts (cont.)

3- Unknown nodes:-

Total number of cards (NU/25) cards.
123 k07 o0 o 0 e oo ae el ae L. w25
HE N > > > > 1
26 27 28 .. . NU
T 1 N N > > |

These entries are filled with 1, 2, 3, > NMC, depending on the material

of the particular ncde.

L- Boundary Conditions:- (known nodes)

Total number of cards NN cards.

Temp. °F MC

—

NN

F10 I5

where, MC represents the material code.

These entries are filled with the temperatures and the meterial

codes of the particular known node.
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Record layouts (cont.)

5~ Heat connections:-

A Bl B2 B3 NA  NB M
1 - _
2
4 v ¥ " ¥ 4 4 v
NHC

F10 F10 F10 F10 15 15 5
where;

A = Area in square inch for heat connection.

Bl:z Path lenght (inch) in case of conduction.

1"t

View factor in case of radiation.

NAZ Basic node number (unknown) < NU

NB= Node number to which basic node is connected > NA

=
m

Mode of heat transmission.

M=1, for convection.
M=2, for conduction.
M=3, for radiation.

In case of convection, Bl, B2, and B3 are the convective heat transfer

coefficients.
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Storage of data in memory:-

Due to the limitations of number of connections,(3 connections
for convection, %5 connections for conduction, and 8 connections for

radiation), the data cards .are processed in such a manner that the

following N¥-matrix and C-matrix are formed.

N-matrix:-—
Convec. Conduction Radiation :
1
2
N oS Y| B NB NB
'& 3 ] ' l 1 n 3 3 (1 1 1 1 } i 1 "
NU [ 1 [ ] b1 et i1

1 2 3 4 5 6 7 8 910 11 12 -3 14 15716 17 18 19 20

where,
Nr Total number of heat connections in the convection mode for i=1-NU
NC Total number of heat connections in the conductive mode for i=1~NU

Nr Total number of heat connections in the radiation mode for i=1-NU

By implication, they indicate the “unknown node'" number.

Memory allocation 20 NU words.

Dimensioning N(NU,20)
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Flowr chari

START

READ NU,NN,NHC,NMC

,TOL

N1=NU+1
N2=NU+NN
N3=NU-1

S§1=1.929012E-06
$2=0.333719E-1L
S$3=0.213481E-0h

I=1,NU

A

J=1,N1

I=1,MC

READ AK1(I),AK2(I),AK3(I)

I=1,MMC

A

K1(I)=AK1(I)¥53
K2(I)=AK2(1)*83
AK3(I) 3(1)%*s3

©




77

I=1,NU

o

T=N1,82

READ T(I),
T1(I) = T{1

ALi=110
TAV=CU/AN

J=

1,00

¥

I

1,NU

T1(J)=TAV .

J=1,20

B

J=1,40




IN

2

B

i

IS

-

ERROR
DATA

LUX=1

A
LUX

READ A,Bl,B2,B3,NA,NB,M

Y

LUX

NS=

NB=NA
HA

by

NS=NB
NB=NA
NA=NS
\
|
‘ d
C

YAR=1,NH
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I=1.K
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I=1,NU
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Y

J=I,N1
I=18,HiU
K=1,N3
I Sl
T=NU-~-KK+1
I1=I+1
SUM=0.0
I
SUM=SUM+H(TI,J)*T(J)
J=I1,NU

T(I)=(H(INL1)-su)/H(I,T)

®

GAUSSIAN BACKWARDS SUBSTITUTION

4
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v

(o, 1 e s

?MAX=ABSF(T1(1)—T(1);] S

N

TMAX=TT

J=2 ,NU

\ &

T1L(J)=T(J) PRINT '¥' VECTOR

J=1,1U

J=I,N1

I

1,NU
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o e e e e e e

EXCEED
PERMISSIBLE
CORNECTIONS

I
|

i

1

|

| Kl=13+2% (11 (Ka,2)-1
| Ko=K1+1

' C{NA,K1 )=A

z C(NA,¥2)=B1
| .
I

]

|

|

|

|

|

|
|
1
1
[
|
|
I
|
I
[
I
|
[
|
I
|
|
|
|
[
|
l
|
|
|
!
|
[
|
I
I
[
I
I
|
|

M=2
CONDUCTION.
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X

N (NA ,3 ):N (‘NA 23 )'*'l

K=12+11(NA,3)
N(IVA ,K)=N2

Y

EXCEED
PERMISSIBLE
CONNECTIONS

K1=25+2%(N(NA,3)-1)
K2=K1+1

C(NA,KL)=A
C(Ne,K2)=BL¥s2

M=3



r«'}‘mmx(\.:.—u‘z» ¥, s oz sreersiny

J1=3+L
Je=1-+L%(1-1)
J=N(1,J1)

¥

J3=J2+1
Jh=J3+1
J5=Jh+1

\

EE=C(T,d3)+C(1,04 )01 (1)+C(I,J5)*T1(I)*%2
HE=EH*C(1,J2)
H(I,1)=H(I,I)+HH

H(1,J)=H(I,J)-HH H(I,N1)=H(I,N1)+HH*T1(J)

4 . N

— " — ——— . — e ot e = o e w—— o v - e e - — —— —— ——— = m— e e e o — e a — — — — —— = = —— " — i



J1=6+L
Jo=13+2%(L-1)
J3=J2+1
J=N(I,J1)

JJ=MC (1)

A1=AK1 (JJ)+AK2(JJT)¥TL (I )+AK3(JJT)¥TL(T ) **2
JJI=MC(J)

22=AK1 (JJ )+AK2 (JJ )*T1 (T )+AK3(JJ )*¥T1(J)*%2
AK=(2.0%A1%A2)/ (A1+A2)
HH=C(I,J2)%AK/C(I,J3)

H(I,I)=H(I,I)+HH

H(I,J)

H(I,J)-HH H(I,N1)=H(I,N1)+HH*T1(J)

Y 4 Y




-87-

J1=12+L
J2=25+2%(1-1)
J3=J2+1
J=N(1,J1)

]

TBI=T1(I)+L460.0
TBJ=T1(J)+L60.0
U=TBI¥*2+TBJ**2

U=U¥* (TBI+TBJ)
HE=C(I,J2)*C(I,J3)*U
H(I,I)=H(I,I)+H

H(1,J)=H(I,J)-HH H(I,N1)=H(I,N1)+HH*T1(J)




FoRiabh (2,2)/wA5T0ER

CUDLeERSTO (Lol T 0IOL) 95 (50951) 51i(50420) sC(R0540)

88z _ — e e e
PHROGRA ALLLERIA

P STy 20T ol ) enT (D) s ARP (D) yAR3 ()
!

i
-l
<.
N
.
4
i
- B
= K
3
i
:
i
|

r JE——
C Foe AT STalErenis .-
-
Sy Fumishl (alssFian)
w01 FORYAT (3 L Uec)
SUz FURAAT(2512)
503 FURMAT(Fl0a1ly1lY) - e
By FORYAT (4F luedgulB)
LoD Y L RYRAAT(IHLL/ /277770777723 %Ky . .
15uHA FINITE ELoMENT APPROACH FOR THE DETERMINATION QF /23Xy
NQlO(Sh:“---}///<3K9J2HTHE TEMPERATURE DISTRIRUTION '
J10HIN A STNGLE  POINT/Z23Xy10 (She=e===)//7/2TXy
44uHCUTTITNG TOul (STEADY STATE TEMPERATURES) /27X,
S1V4Hem==)/LL/71/7/7/777760X910HA AAZZAWI/60X95 (2H~=)///60X>
. BT UHJAN, . 1GTU/60X 5 (2] ) -
551 FURMAI(IHI///lhAeIGHINPUT UATA/lea5(2H~-)///)
. 952 L FEURMAT(///710&s34HTUTAL  NUMRER OF UNKNODwN  NOGES =5I15//10X»
13+HTOTAL  HUMHER . OF  KNOWN NOOES =4I8//10X.
23+HdT0TAL NumrhR JF «EAT CONNECTIONS =,15//10X,
3341TOTAL NUASER QF ¥MaTERIAL  CODES =,I5//10X,
2 434dHTOLERAMCE LIVIT -,FH 6) £
553 ruwwmr(///]bx,ZPwTrFRMAL CONPDUCTIVITY 2OH(BTU/HR*FT*DEGREE F) .§
A-lll..:).bx;’l‘,""(j“""")‘)///1’1x98HMATERIhL/l?_XQL}HCODES12X’4H(K1)’lf)x, :
2ari{EZ)elbavari(n3)/) -
554 FORMAT(/leansl333X93(5X2E1565))
S50 FURSMAT(IRL///740XK913HDATA  OF NODES/40%X45(3K===))
bBA  FURMAT(///10%s2nHA) INITIAL  TEMPERATURES/ 10X O (4 Hmme=))
557 FURMAT (/10As TaUNKINwN LOXy THIPACHINE s 13X s 5SHKNOWN s 11X 9 7THMACHINE )
55y FORIAT(IIXe5nnwOUES ¢4 X a4HTEMP 44X ¢ 5NCINESe 14X o SHNODES o4 Xy
14MTEMP e 4X 9 OHCUDES// /)
559 FORMAT(12X91304X985,190XeT11al7Xel304XeFSa1shXell)
S i) FURMAT (12Xel384AsFS.19h0%X911)
Xl N FORMAT(1A1///10XA92351) HEAT  CONNECTTIONS/10Xe5(44mmm=))
562 FumaaT(///710Ks4%HA = AREA IN SQUARE INCH FOR HEAT CORNNECTION)
563 FURIAT(/10Ks45nbl = PATH LENGHT (INCH) TW CASF OF CONDUCTION/
11&}94]11 = B ISIVITY FACTOR IN CASE OF AJJATION) i
564 HA«MAT(/IU/(slf*srmlegaoj = UFAT TRaNSFFR CONVECTIVE CNEFFICIENTS |
565 FURMAT (/10X 32HNA = RASIC NODE nUMBER (UNRNOWN) )
566 FURMAT(/10Xe43nNB = ANUDE NUMBFR 10 wiHICH BODE IS CONNECTED)
367 FORMAT(/IUA9LTHIL = 1 4CONVECTION/IZ2X.15F = 23CUMMDMHICTICON/12X
B 112xXe139 = 30 RALTATTON)
56% Ui \v(///cnlnlxmoll!’/f‘ﬁlojl&s/H'*dﬂTKqK’“*?u‘txy
12MiA g 3% g2 e 3Ky Lz /) -
56 F‘RJAT(IOK~I3a4F1?er3IS)
ST0 f—Jrv' AT(/7/1GKy L9msaateivOR IN OATA®%® /10X
1/ AT REAT COoNnNECTT O HiNeelR)
571 FORMAT(///L0Xe 268 aifleROR TIINATAR*® M =g 13)
572 Fme AT(///IUA& o
o 1SUHRERYOU EXCEEDED N0e OF PERMISSIBLE CONNECTIONS FOR M =,13) @
RT3 [ T 1AV /777 LR 6t 1 EPRESENTATLION  OF frAT CONMMNECTIONSZ16X: |

CLYE(BHame) s/ /7 L0 X At 9 3K 0 1 DACONVECTION 7X s 1 DHCONDUC rzosesz..g

-

Y S
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(’—f'-t’l\)I_HT‘(l\J/)
CFURMAAT(/LCA s ldsaXe3]3e 3K’JIJ,JK 6
Forme ATH{LOL//70 08010 SULUTION § STEPS/1A0e8 (PHe=) s //7/710%,
Lyl e <2ty ofesav-ixa DEVIAT

393X+413)

PIOde S e} IHEERMTISSIRLE /)

ST&
577
STt

= A

FL:,E'.;‘&T(/):K;I‘QI& QllUw("QJ“;!i’“ l))
U AT (1Y 7/ oy 8HS0LUT
FQHNLT{/iﬂxs{wsdx*FF.l9ZQXDIQ$F6c1)
FuRvaAT (/luXylae3XeFupeid)

1wPyT DATA

IGH 163tttz td s/ /)

READ (AU sS0U) UGNy M HC 9y NMCy TOL
WEITE(H19550)

W] TE(6le551) . ‘
wh1TE (6] 2552) NUgiuntg N C g emCy TOL
NAN=4 0D

0\)1=1\'U+1

N2 =NU+ NN

3=y

g = (NUR (HD+3) ) /2

Slel 9€9012E~un
Se=0e333715E~14

LD L= I

S3=0e23140815c=04
I=1lsenld
T(I)=0.0

LTI =00

Du 1 J=lewl
H(I!J)=ﬂs“)

ConNT INUE
W ITE (5] 95953)
vy 2 I=191iC

REAN(ED9501) AN (1) 2 Ac2(1)sAK3 (1)

W [TE (A1 9524)
CoowT1 wUF

IsACTI (1) s AK2(T) sAK3{])

U 3 I=l1sliuC

L AKY(I)=AKL ([ #53
ANZ(I)=nR2 (1) %83
An3(I)=AK3([)#S3

COOHTINUE

A (A0eRu2) (MCHLT)sI=1429)

R2aD(n0e202) (MC(I) 3 1226450)

) D,‘J 4 A[:N'l,!‘\)?_

ReAN(ADe533) T(I)yue (1)
Ti(n =Tt :
(,U NTI VR

=y a0

rwa S J=inleiid
SUw=SJdd+ T (U)
Clog I T UE

fNodm N
TavsSas/an
e 6 ou=lsid

o]

To{d)=T4y
(:(l.\l{.rl EISE:

SR e 4 g e e TR Y
£ MR R I'4 e Pt .
LR S RN { Lo L R S T A




FOrkTobed (3,8) /MASTER =90~

A lTE(B)sHa9)
. «HITE(BLra0E)
Sl TELGB L e )
o T10 (nlenn?)
oo b I=lenu
Taz=ote]
Iy (jiwm?)ielynm
L W ITE(OTIe523) LTeTLOL) 2 0C T o TIsTILLLY oiC(IT)
Gy O 9
4 SHRITE(BYsS0) T«T1(I)a4CctD
3 Cu T INUE
R DRI 1l I=levU
DU 10 J=1a20
[T N(Is\” =0
19 CINTIRUE
DY 11 J=lae4d
CilsJd)=040
J1l L CONTIUE

WHTTE(619561) o
e, L ARITE (A 2502) I -

RITE(H18553)
WITE(6]9504)
WEITE(H14995)

o NITE (DL 508)

WRITE(6195a97)
HAITE (H19508) |
du 35 RKaRrR=isendl ;
REAG (005509) ae3)e82,83,NAsNE M :
W LTE(Ble9a9) RAR S 431 9R24B3y1HAynNHyM

hux=l

T (ilh-rdi) Las b2y 16 )
12 vnliLtelsnT0) <AR
GY TO 999
14 =i
RISETNRY
) 1‘1i'\=if'-‘S
15 CuilTITINUE
o Ir (A=Y Lf9l 7910
15 i LTE(BLeD710) KAR
34U 70 999
17 CugTIHHUE
. TH(=1)18¢21s )25
1K T (=2 1942441y
19 1 ({¢r=3)cue2 7120
aL ;r*[’.’f{(,l,iil) ot
Gu TO 999
21 s PY = (idAs 1)+ ]
AP GHA L) 3y 23,23,22
27 JHITE(61s572)
, GuOTO 909
23 KEFeri{niAs])
N ANA ) =iy
Kisleas{v(vd;])=1)
Kemndal




. o -91=- - _ . o
o Fusieet (3,2)7rS1E.

f K Cirpgnd)s £%5) .o
ClUfaray=33%n) ‘
LU TU 3
o4 . by ) =l (Agz) 4]
[F (A2 )Y =D6)ehy 25,25 )
2% LEITE (OIS 12) = B -
GV TO 69
26 N K'H+N(NA9E)
NUNA YK ) =nB
.WKJ"1J+¢“(N(NA!?)'11

- Ke=k1+1
Clraskl)y=A
C(MA,K?)“HIl
i . .. .60 10 390 e e e e o e+ e

271 - Nt*ﬁya)‘N(NA 3)+1 .

o U IE N ASBY =B 2929 2E

23 wR[TE(61e572) M .. .

GL 10 G699 ' ‘ '

29 K=l2+n(NA93)
ST NN A ) mNG

Kl:d3+ #(N(N !3)“1)
e Re= Y Y e
Cl wﬁ l)=Q
36 'CU’?"«‘TI“UF
AP LLUA=1Y 3193135 e .

)| IF(¢J«wU)4 94?y35

MS=NA ' )

NoziNA .
NeizhS '

s . -
. QMWWwLU'TI‘UF — ) .

THE FORMATION UOF THF H~MATRIX

s 2 i e I rLu-q i e o f o e . »
””ITU(51357J)
.5l,u”u«”‘TT‘“F .
0 87 I"'];u\lU
K='i(191} ] :
DG 56 (=1yK T
JVE3eL ’
Jezledt (L=1) o :
JE(leJd 3
J3:J2#1
J“*J?+P
=23
i;;c(x,dg;+c<1?de)wrl({;+cz1,JSJ§T£<y)%*2

et —IL‘ Al K“ '/.

fee b v LR TSI S W Y




. . . e
FURTRAaN (3.2)/7MAS5TER 7=
HO=ERAC (T J2) '
it T e Ty =T L) +HA
Ir (=10 5% 9u245
L 57 LF {d= )2 +yn4ah3 /
4 530 BT =gl il +HEE )L () -
GY TO 1% ’
by Al eu) = ‘7({'1)-4'1"1
BB ConTINUE.
56 CuiT Il
R=Em(le2) ) L ' L
vt Al L=lek ' ’
. Jlseri - - .
JI=J3+2*(L 1)
. e e S EN AL Ty XY . . R .
Jd J2+1
Jd=mC (1)
Al=AKT (DI +ARZ(OI *TI (1) +AKI(JI)#TL (1) #%2
=M C L) ) )
AL—AKI(JJ)+AK/(JJ)*T1(J)+AK (JJ)*Il(J)**E
- . A= (2 0*ATHAS) £ (RL4A2) T e
Hr=C(IyJ2)#ARK/CH Iy 3y
H{Tyl)=H (I D) +HH
. LFtJ=116095TsH7 "
ST I (U= 55957958
53 H(lgs\l)"ﬁ(l9Jl)*Hd*Tl(J)
e BYU TO B0 et e enen e+ e e e
B HTed) ~H(IsJ)~HH
A1 CUKNTI vuE
61 CCINTIHNUE
Jc-as+>%(L -1)
J3z=g2+1
JEn(IsJ1)
e TBIETACIY#AB0 0 T
iLAJ Tl( ')+’46J.U
a U~lw(TuI+THJ)
HP=C (T d2)*C(1ed3) wy
H{TeI)=H (T sI)+rH
e ME (U= 0550890
62 TH(J=J) 62 46%463
63 h(I,l];:dxlywl)+dM*fl(J)
GY 7O 65
G4 Pl Ted) =0T o J) =pirg
hY CONTINUE ‘
L B0 COWTINUE -
bl CONT [HUE \
- Lo N ' _ .
C AFPLY NG TrE GaliSSTan ELEMIMATION METHOD TO SOLVE THE H~MATRIX
— c
DU 81 Keleid3
BELISY




Eusiak

P, I <
) ,f_ i/f S -93-
B 81 1=IS1d
o 31 J=Tal
L) =4 (i e d)=(RIK, [} /H(Ky%

3y FA R e )

- 51 CowTiaUe

) e A3 NK=1e N
I= Jep el
l:=1+]
Sbf’}:bao
DO 92 J=ilanu
Sl =SitieH (1 q.J) %7 (Q)

M CLUmTIuE
- o JEDY = (el ) =SUM) (T e 1) .-

3 C‘JI'JTIJ-!UE

TITTFRA11CH PROCEEDURE FOR TOLERANCE

SUSTIFICATION

T=T1(1)=T(1)

TT=rBSF (Ta) :
Ik (Tw‘r\)(-.‘rf)‘it)oglsgl

TemTiem T e

20 TAx=TT
QLMWWcQﬁnmumm:WWMMW;TWMWWWW
5S¢ CUnT LHUE ;

93 DU Q4 J=1 41U

A IME X =T Ol 9b 0 G009 R

Tl(d):T(J)
NTTHUE

%ITE<51,3/7>_MmMJW“WfMWM
i ‘) 1 1,‘\“.)

II*T 'H\:U

CIF(11-n2)9T7s97 98 - 7
27 e TTE(BL9578) 1sT(I) 2 I14 1 (1)

e e L85 I=1lgnU S -
T‘I)"‘OU -
— SRR £1 200 3= WG L 08 X1 B R
H(I‘JJ):OnU
g5 CONTILUE ’
‘ ITER=1TER+] )
N e EITE(E19576) [TERGTMAXyTOL T
U TO 51 )
N_— Co } . . .
- C OuTEUT
C
Y6 wHITE(B1leD76) ITER, THAX,TOL

GU 1O 99
38 WRITE(&L
39 Cur T InUE
999 Eru

$509) 19T(I)

VART a1 ES

PRUGH AR

e5fas A
266Gl Al
26611 re
Ceirs

Z3AR2H Akl

Ak 26531 11

26004

25764

25764

£9766

Jd

K1
K2
K3
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¢ APPENDIX IV

MODIFICATION OF THE PROGRAM

Contents

l1- Modifications of the flow chart

2- Main computer program

Page

95

99



L4

-95=

,NA,NB,M

B3

READ A,B1,B2,

NS=NB
NB=NNA

NA=NS

H(I,N1)+HH*T1(J)

H(I,N1)

H(I,J)-HH

H(I,J)

2
NB
HA

LUX=

NS

NB=




96

I =1MNA
J = NB

EH=B1#¥S1+R2¥S1¥TL (I )+R3%31 %71 (1)%*%2
HE=EH¥A
H(T,T)=H(I,I)+HH

M=1
CONVECTION .



-97-

e

=1 ERROR ”‘"‘“""

JI=MC(I)
A1=AK1(JJ)+AK2 (JJ )¥T1(T)+AK3(JJ ) *T (1) **2]
JI=MC(J)
A2=AK1 (JJ)+AK2 (I3 )*T0 (T )+AK3(JT)¥TL(J ) *¥2
AK=(2.0%A1%A2)/ (A1+A2) '
HH=A¥AK/B1
H(I,J)=E(I,J)+HH

M=2
CONDUCTION




-98-

Yoo

N(NA,3)=H(HA,3)+1

I =TNA
J = B

-+ ERROR

TBRI=TL(I)+460.0
TBI=T1(J )+460.0
U=TBI#*24TBJ¥¥2
U=U%* (TBI+TBJ)
HH=A¥B1¥52¥%U

\\



S o [ T, - |

F O~ mh

c
c
C

500

e CDIENSION v SEG(20) MILASTL20)

¥(3,2) /MESTER

PROGRAM ALLESHIA (Main precgram)
DICFENSION TUIOL1)YsT1(101) e (1P3U) it (5043)
DL ENSION MCOINL1) 2sAK1(S)Ys4K2 (D) 9AR3 ()

DIERSTION AACC5E6(20) »HACCLST(20)
DIGENSION XROW(101)

FORMAT STATEMENTS

FORMAT (60154 F Tab)

501
U2
503
504
552

B 1o 0
552

B 3 5 J

b

e YBCHA FINITE BLEGENT ARPPROACA _FOR INE DETERAINATION QF /23X

L FOUMMAT (1M1 /)RR 10ATHPUL DATAZLOXK S (2ie=) /L)

FORZAT{3F10.2)

FORKIMAT (2512 )k

FOURMAT(FIDG1915)
FORAAT(FL0,493F1043,319)
FORMAT(YHL/ /777777777777 723X,

21U (HHmmme V// 723X 32HTHE  TECPERATURFE  NISTRIGUTION

3lemIN A SINGLE  PUOINT/23Xy 10 (9He e Y /7727 K

GG OrCUTTING TUUL-_ (STEALY STATE TEMFPERATURES)Y /27X,

SYQ (4w ) S/ /7777 7777777760%310MAe ARZZ2041760005 (24H~=)///60X>
ALOHJAN. 2 70/60Xe5 (2He=))

FORPFAT(///710XKe301T70TAL MNUGEER OF U IKMOWN  HNODES =3215//10X,
L34n7T0TAL  wUinER O OF KriQwn NUDES =4 [2/710X%,
Z34TOTAL NUmstR OF HEAT COHIECTIONS =41%//10%,
S34HTOTAL  dUred 0 OF MATERIAL  CODES =+1I5//710X)
Ga6ATOLERAICE LINIT ! =aFHa0)
RO AT/ A P 2T HE e CONOUCTIVITY 2 20H (3T /HRF THDEGREL _FY .
1/16X3 18 {3 dmme) o // /10K s EHPEATERIALZIZAGAHCOUDE 312296 (X1Y e 1 AX,
Phri{2Y 3 10h 4t (KE) /)

oo

FUr AT (/12091 383Xx93(%5A:F15,5))

H'ah Fio 2 VY /2777 X e VaiNT e, - 0 N0 S/ Y S (Jrpme ) )
blsh Fo a7 0 2y T ET LAl TR oV S/ 008, (e temenm ) )

AT N A AL O A AL LP A G AR S SR I A AL LTS S LR S RSTA R N IR I IS NI SRRV RSB S N 0 ) N
HHa Fe ATLL A S  WDUES AKX e s T D X 500 TSy Ta A 0L S50 X

55
S50

'f)'Fi.I“‘

She

l_.)(—\%

g Yo
5049
Sk 6

Rl A

Jatef b B gan, vdCONES L/ /)
f“('i"'f'\'!'(“?.(ilji’:’(93"',:‘.]-'6‘)(#[1;]I’:‘(,IJ?'}K»F‘-\,'{,(\X‘f.l)
FORAT(IAs 132G 9, 106%9T11)

FOuobY (1l /b Aa 210y rit
PN T/ e = s

LUCT IO SZ00X a0 (4he wmam) )
, Pl it _EoR SEAT coanperTon
FOOCAT(/1e8ns el = Poly LeuontD (10 1 CASE OF CuriuCTToNY
!12‘"“(9‘{5}" = ‘(_'}'I‘Dp(iTY E'.CT(‘,f [N C“f:,L 23 "’;.‘L){"\{{U'J)
FUORAT (/o varind i, g o e T cdevFeiiveE COuFRICIENTS )
O R/ gk 320 IA 2 oG 00 0 g sl (e in ) ) ‘

PO T (2 b s Sy w0 Do et an tu G e Ty Ol CHED)
Fo-ond (/) a2 Vaiv o c [0 /174G s 2anadDuc i iod/s 124
Il = 34 a0 fATION

FORRAT (/7 725% s ThA s LLx s 2080 5 V1A 2He 25 ] L4 289094 X,

Torutt e 3X,2rinvits 3 Ao 10t/ /)

FONTAT(INAeLdsar e, 4,304

FORMAT(///71 0% 19t 0R I OATARR L /10X

ST i AL CHlair CTTOM 11,5 17)

ORGAT(// /71089 843 #BERNGR [T pe%e W mg [3)
FORYMAT (/710X
. <aef




100w ,‘m_ -

mefmaw (3,?)/:«576R

154HE%5YIU EXCEEDED Nne OF PERSISSInLFE CONNECTIONS FOR M =,13)
573 FORMAT(IHAL/Z/7/7 6K 30RPEPRESENTATLION  OF mEAT  CONMECTIONS/16X,
112 (Rrewma) / /7771088600 N 93X, 10MCOECTIONG 7Xe 1 OHCOMDUCTIONS 16X,
PSR SDIATIOND B

B 574 FORMAT(/L10Xs 14, LH\,’H‘%,”«';\ 313,5;(,4;!\3,'3)( H13)

575 FORFAT(IHLI/Z/Z/Z16Xs16HSOLUTION S STLRS/16X38(2Hw==)s//710X,
1IHITERATION DX 14HMaAXe DEVIATION DXy IHPERAISSIRLEY)

576 FORMAT (/10X 00 12X eF1labsl0XsFR,6)

877 FORUATOINML//Z/Z16XsS0SOLUTION /10X sBHEEAEEEEEL 1 /)

B WA FOREAT(ZINX o T493X3FR,1a20x0169FR,1)
’ 579  FORPAT(/10As1493XsF8,.1)

584 FORMAT(LIHL/ZZ/Z10% 9 16HR) PARTITIONING /10X s34 (4 Hemw=)///10X%
17THSEG NO s s X TrHROW/SEGISX s THACC,RDwW a4 X9 9LAST ®WORDy 4 Xy
CEAACCLAST/Z/)

581 FORMAT(IO0XsI%94112)

o BR2 FORUAT(L//EX e unF el T =4 316) .

C .

C INFUT DATA

c -

REAND(HDHD0) WU NN NHC N Cy TOL
v ITE (6] 35%0)
e WEITEA(O1a5DY) N
WERITE (H19502) MUy gNHC, 90, TOL
Pipet= 400
NI:HU*I
=il e Ny
m& uu-}
"
{61
.‘,:. .,,...:;'.,. L._, },,f, AR ¥ O U e e e e — 4 e 38R e e 5 . A i . S e T . 8
REAR RO 501 /«'f",.l,(l) AN I)ssa (I) ¢
WRITE (G ) lsﬂml(xpv?\,<’)“h’3(
O 7 et
> 2
¢ {(1)+53
-~ 7o I I R
R 1)Y%353
[

(1C (L) 5 151525 G
(G LY o [ 2726 5350)

Tk . = ,t




FORT=LN (3,2)/7A5TER

SUr=0,0

D0 s Jz=nil g
SU~=SUm+ T (J)
COTINUE

6

AM=NN
TAV=SUM/AN
00 6 J=lsandU
Tl (W) =Tayv
COHTINUE
YRITE(6]1555)

WRITE(619556)
WRITE(B152F)
WRITE(614558)
PO @ I=1NU
1I=nU+]
LRSS N ENET

200
2]
_ _2uz

L PARTTITIONING

NSRS

GRITE(613909)
GU TO 9
WRITE(BY s900)
CONTINUE

Iy Ty eC L D)

LaTT(I) oY I Lo TYCIDY oC(IT)

k=1
KK=D
=0

DU 0 I=Llyild

I I |
IF(rte G0N 201092012200
Patist e
NSEG(RY ahK
MUAST(R)Y =150
L E - S SR - U . I - o S I
KKl
KK=0
CONTIHUE
risEKKe]
A (T 2053320252003
.
IS S € o 1= S - . e e e e e e e e
NLAGT () =nin
NP aRT=R '
COATINUE
MP=UPART/Z ¢
ML AST (1)Y=l AaST ()
SMLAST CJ) undiv
RN MSEG ()
pSEG DY =NsEG 0)
NBEGO) mN B _ S B - B
COnNTIIUE
Tan=9
|
[

e ==




F(‘Hirﬂu N

Lo 205

(3,2) /HaSTER:

1G=0
I=1 ¢ NPART

Tw=I040+NsS G ()

TH=I0+NLAST ()

-102-

f) ;3

206

c
C
c

1/,

i
L

e WRITE(H)SH2)

NLCCSEG (L) =1QQ

NaCCLST(1:=1Q ’

COnTINUE
WHEITE(619550)

GO 206 1=1s0PART
o WHITE(H1e®s1) 1 eMSEALL) aNACCSEG (1) o/l £ST (1) ¢NACCLST(I)

CONTINUE

PREPARATION"0OF THE

aRITE(614561)

H=1ATRIX

WRITE(619563)
FHLITE(BleDe4)
LRITE(R] s G0%)
WRITE(61eD06) .
WRITE(6levbT)
" r'I!F(ﬁl, 16 R)

107

T e JE (L"J- 2yl

ITEK=

gtuvuo 10
RESIND 11
CONTLIIVE

C 39 Kar=]1e9nC

1ellwslll _,

110 ‘*!:!x[((,ﬂ,)‘,f) Oyt l gy i,,\,e“,,-{
ERITE(BL 250 F) KA e r%}.a %z_q syeNAaTid M g
| e ITE LD eGdn) a3l e R2 g1 atrtiatys gt ‘
GO 10 11
111 READ (105 us) Ayl s 3, NALTIy M ]
Al COUTINUE
Llikz=]) !
IF (1ia=nN3) ioslza 14 ‘
12, SRITE(61570) nAR |
' Co TO 999 ‘
L 1% S = A |
15 CO LT INUE ,
IF (A=) 179175106
16 WRITE(61a57D) KAR
GO 1O 999
ey THave S _WNW______W_«_~M_MWH-"§
IF (hi=1) 18421518 i
1% TF (1=2) 192 7%519 |
19 IF (H=3) 20927520 h
210 ARITE(OLsH71) 1 A
GC T0 999 y
21 Nlhins 1) mN k1) v ) o - #
h_(;(Jl“limj)h’;;i,‘r?.ig;fa ﬂ
22 SHITE(H)e372) H i
:k‘
,1.!
- e et e et — S - - - et = e S e e - e e e — ;fi
- |
| )
s L. h



|_—

-
|

S

-

FORTHAN (159)/’&SI’H -103=~

O TO 999
=1A

J=ti
o 18 Q¢8I a T (1) eR3u8Y®TY (T sn2

= HEA
LOC=nl#(1=1)=(1%(1=1))/2
111=L0C+1

VaLlbE=HH

wRITE(1]) [TlevalUE
6010 30

24

25

26

N(Mase)l=N({lAy2)+1
IF(N(NA,2) =) 26,4,26,25
WRITE(BELsST2) ™

GO0 TO 999

I=nNA

JEidn

Jd= IC(I)
al=AK l(JJ)**‘;(’J T
Jd=ic ()

p=AKL (Id) *AKZ (D) #T1 (J) +AKD (JJ) #TL L) 252
AK:(E.O%AI*AE)/(Ml*AZ)

bt AR AK LB L

AR (JJ)# T 1y #e2

S AU

2

29

32
23

3%

35

LoC=N1"(1-1)=(1®(]~1))7/2
I11=L0C+1 )
VaLUE =HH
[TE (LY LITsvrbllUE
GLU 1O 3y
N(lps W)= had)ye N I
IF (. (e A g 3)~3)20s 7428
WRITE(A1e5/72)
S0 TO Y9y
T=:jA
JE=AN .
TR I=Tld) peen i . o
Tixd=TLl(J)+acUat
=Tl e [
Usus(731+Tod)
HHz AR L S241)
LOC=idls ([l =I5 (1=)1))/2
Tri=Loc=1 R T
VALUE=HH
PRITE(LLY LILsvAaLUE :
COnTINUE
IF(J=1)35%.372232
TF (Jemtid) 3n 934933
IIT=L0CeNL e S
VALUE =gt ‘”l( ))
RITE(LD)Y fIfavalug
G0 TO 3%
[T11=L0C+d
VAl UE mepind
eh [TIRALY) (T Davabtuse - e
'wiTIw“E
TF(LUX=1)309364953
. 1 ]




FORTRAN (3,2) /VASTER -10k4-
36 IF (NBenU)37T437,328
37 LUx=2
N S =i
e hAEMA
“]// NA=NS K
G0 10 17
33 CONTINUE
39 CONTINUE
KEWIND 10
- BELIND 11
12ERO=0
10HE=1 .
Lu=30
VO 61 K=leynPART
DO 49 I=14nNNN A
MUY =000 _
'R 49 CONT InUE '
TGa=NLAST (K)
[P=NACCLST(K) ~10Q+1
TQ=rACCLSTIK)
LOC=Tw=T00
"F 5% WEADCLLY) IIIaValUE . o
IF(EOFCRF (11)~7)59455,50
55 [F(ILIm1P)08957456
56 IF(ITTI=1d)07seb8
57 I1I=111~1.0C
HOITI) = (LI T) #vallUE
| S 15 TEURRS 040 100 (5 N0 1 1 . — SO
20 0 Ha
59 CONT [
B 18D 11
JELOCaTEF (s e TLERD)
GU TO (Slaw+v) U
= S 44y AfFgodbr=iol oo o S
364 WRITE(OYsnu2) [FAULT UK
56 Call. AptURSAL
51 BUFFER OUT (LU LOUEY (11 o5 (1IN )
331 JEURITSTF (LU)
1F(J=2) 30 L2392
- Ch Y EAM Y= 0 _
GO Y0 309
53 CORT INUE !
61 CONMT IR
DO &£66 K=13NWN3
=l
b2 IE (L eNPART) A V0Re 02 - e
63 TEOSMACCSIG L)
IF(F=1001ADsHNHG
6% Les 4]
GO TOQ 62
65 GO TO (67:648) LOCATEF(IL UL TZERD
B e Y R e . -
GU 1O 369
a7 SUFFER L (LU TUSEDY (ML) i {rind))




FORTAR4&N (3,2)/-ASTER

g

0 68 I=1enN1
XEQw ([Y=0,0
68 CONTINUE
LGCENACCLST LY =L AST (LY
JT=rls(K=1)=(K# (K=1}))/2
15S=1ACCSEG (L)
IS=K+1
A9 IF(UNITSTF(LU)=2)69+71570
70 IFAULT=T0
GO_TQ_300
71 CONTINUE
DO 72 I=KyN}
Ih=10+I=~L0OC
AROW L) =H(IN)
72 CONTINUE
D073 1=I1SeISS _
LOCTI=N1®{]=1)=(i%(1I=-1))/2
DO 73 Ju=laeil
Td=1L0CI+Ju~L0C
HUTUY = (D) = (RIOW (1) ZXRO® (K) ) #AROW (JJ)
73 CONT INUE
o 0G0 YO (79 74) LOCATEF (L UslalZ7HRO)
14 IFruLT=174
50 TO 300
75 AUFFER OUT (LU TONE)Y (11 (1) g (NHINY)
16 IF(UHITSTFILU) =2) 7611174
77 CONTINUE .
O 0t T U
1o IF (L =RarT)Y fiie IRal6])
78 GO T0 (5042789) LOCATEFR (Lisl,s ITZRERO)
79 TFALLT=T79
B0 T 309 -
) BUFFER T (LU TONE) (ML) ot (N
SN S0 X1 WA 1 ol 1L 0 B B . a e
IS=raCCshs (L) i
LOC=MNAaCCLST (LY = slLasT (1)
150 TR LUAITSTF (LU) =2)1b0, 152,151
151 TFAULT=151
e O T 300
152 CORELAUE e . o
DO 1953 11121055 . ~ )
L 1=18=158+11 d ,
" LOCTm=tl#{Isl)=({*{I~1))/2
DO 193 JJdmlehil
1J=tCCTeuu-L0OC
LD =T ) e X EO A (L) AR FRRO I
193 COmTIN |
GO TO (199s194) LOCATEF (Lidel ;1 2ER0) !
=X IFAULT=15%
GOOY0 300
195 SUFEER QUT (LU TON) (h
356 TR (UNITSTE (LU) =2} 1564157011
157 ConTlitue
(S|

SRS

e

-




loz

FORT=EN (3.5)/#‘&5%?}? 104

161
6ebH

GO 1O 160
COMTINUE
CCANTINUE
COMTIUE

GO TO (16435163) LOCATEF (LUsHPARTsIZEROD)

163 IFAULT=163
G0 70 390
164 BUFFER IN (LUsTONEY (HIT1) oH (NP )
LOC=NACCLST(NPART)=_AST (HNPART)
Tii=K
165 IF(U“XTSTF(LU)-c)le,167,166
166 IFAULT=166
GO 1O 300
167 COnTINUE
DO 1 KK=JQ,N3
LOCK=MI# (KK=1) = (KK (KK=1)) /2. .
IS=rKs+}
DO #1e I=1S9HU
LOCTI=yl#(I=1)=(I%{]=1))/2
O 81 U=T,.n1
KI=|.OCK+I=L0OC
KIK=LOCK+RK=LOC _ e —
KJd=L OCK+J=-L0OC .
TJd=L0CTI+J-L0C
HITY)=ni{1u) =t (KLY /M (KEK ) )Y #H(KJ)
;31 COnTiMUE
OO TO (1699108) LOUCATEF(LUWNPART s [ ZE M)
dAn  TEaUL T 08 — e ——
GO 1O 300
169 ASUFFER OUT (Lug JOREY (1) o {7 d))
170 Ir(U"I";s?(L“)"‘)l?“ylfﬁyl?l

171

B O -

a5
7 86
~ 87
T

GO (15420 LUCLTLE (L sk, [Z76RO)

[ ”t()'ﬂi 'j . ’Uh

IFntilT=171
GO i) 3090
O I N L
DO £9 leavfuuT
FREmnP AR T ]
JLuslLAST (RKK)
TQA=MACCLST (KAR)
LOUC=T0=-1QQ

sUFFER IR (LU TOMEY (MY s (1t
IF(Uw7r§TF(Lk)"i Hhyeill 450
COMT LIUE

IS=SEG{KRK)

20 w9 I=ls1S

1 =NACCRE G (AR ]) -~ T+l R
LJJC= sl (I l) -1 Ix (I:u’x)) /2
[l=il+1

SUM::U,@U

GO RE J=119idU
[J=1.0CC T+ J=10C
SUSwSURe (I DT (J)

L= 0CT+r] -LuC




r

F QT AR

{3

2) /v ASTER

KI=.0Cl+11LOC

- =107-

TUITY= (= (TJY=SUM)/H(K])

CONTINUE

ITTERATION PROCEEDULE FOR TOLERANCE JUSTIFICATION

) SR
X
[¥2]
sy
—
—
4
A
-

CONMTINUE
CONTINUE

1F (TMAX~-TOL)I€4503193

G eureay

I3

L2895 COMTIUUE. R

995

Gk
C

C
(36

Q7

G
9
5739

GTT55
Lo0gS
tount
1nag1 3
071 7H
o120/
G771
D77 3%
G7 7N

07 ins

U0 abs

00 G4 U=1eiNU
TL(J)Y=T (D

CONT InUE

DO 68 I=] il )
T(I)Y=0.0

DO 645
HJ)y=0,0
COnmTInUE
ITE=1Tr "+l
SRITE(OT e lh)
JIEledl

JL".. 1 3 r\j!;,

SO Uxm1e 3

RIS IR
Ml l»Jdi=0
COTINUR

w0 10 10

WHEITE (AL DTH)
WRITEASLSTT)
U099 Tmlany
TI=1+ "1

C IR 2 9 09T

PRITE (ST sHTaY 1T (Y.

S0 10 99 1
SRITE(HYan )
CONTImUE

(SRRTH]

ProadRaN VAR LAGLES

A

Al

A2
B

L },“7 o

7755
100513
1nnss

0174

10054
13034
orri7
10ce»
looh2

lun27

LS

AR
K1

K

KKK
L
Loc
Locl
LOCK

_Lu

ITEARsTa, TOL
|
TTER, T+ 0, TOL !
1
TTeT(II) B ) - o |
170D 3
|
I
e . o o o




~108~-

APPENDIX V )

SYSTEM

¢
IMPLIMENTATION TO THE TOOL-CHIP-WORKPIECE
Contents

1- Numbering of nodes of the system

2- Imput data information

3- The MATLAN program

4- Tolerance justification
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INPUT DATA (only & samnle is given)
&

TOTAL ~HUZBER OF URKNON™ HODES = 423

TOTAL NUMBER 0OF  KNOW! NODES = 328
TOTAL NUMBER OF HEAT COMNECTIONS = 1462

TTTTTTTTTYOUTALT NUMBER OF MATERIALTCODES = 5T T

TOLERANCE LIMIT

1 ,0700 .2000
(0175 5500

001

(@]
oo

|
!
|
i
i
I

|
cooosooocoo

i

]

s
IS
D W

|
i

I O Y D= X VK I T T T I a6
11 , 1600 0 N £08
12 0700 .2500 0 4
13 ,0200 255090 0 416
14 21400 12590 0 11
15 L0200 0 0 627
T YR T T T U, Te 04T T T T T T T T T Y 6097

17 .
13
19

L0700

,0300 « 5500
,2100
20 0300
21 ,2100

T TR 2T T 0700 T
N 23 L0400
. - 2% L2800
- 25 0400
26 2800

27 0700 L7000

- 28 TTT 0600 T T TeeaaT

R e e R N A == s

!
1
l
i
I
'
|

|
I
!
|
|
!
|
|
|
i
)

i
s 000000

- TTI435 CTeRLTE N T - i ) o B
1457 L0600 21200 0
1458 <0280 « 25090 0
1445' 30200 OPSC’O 0
1730 202090 s 2000 0
) 1461 L0660 21000 0
T pAERTTTTTTUL0400 T TS 850 T g

23500 00DDD DO OD

i
i

1 .
;U‘U'-U‘U'!UTAU”V'-\%‘P&«’—\UTWUL‘J‘QJNNNNN'—"—"“?
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{
i
1

Ay

124
419

623
423
423 424
423 358
0 TTE23° 13

DO 0O OC
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A) INITTAL  Tewpiesiurie  (only a sanple 1s given)
e T 1 TP S o B L (T Fy B S X W o =B R ]

NODES TE -0 Cones MO TEMP CODES

l&"'“‘\;n

42‘1-‘- ‘-7 0 0 o N
. Y‘-"‘ o ;7‘)*' -

4725 RN, 0

\
(™ -

ln
5
190 e 4210 Koo 5
“ 19649 4727 80N 5
5 1970 4723 85040 5
6 1970 4729 B0 D 5
7 197060 43N 3.0 5
T ~ R I W - T43y 0 T ROLN G’
9 19769 432 Ko.0n 5
10 10,0 433 BN, 0 5
11 TG 10 4 34 BN N 5
17 167 en 4735 KN, N 5
13 1971 4 36 80,0 S
o B T4 oo T - i 37T Bn,N 5
15 19% 0 433 Rn 0
16 1G9 0 439 Bo,0
17 1900 G40 n .0
15 19060 441 BN N
19 195N G4 £a 0N
T _'_“'_”‘“"_?T}” T I I;(‘; ﬁ TroTTm e o T T """L’ [§ *'2 T 5 q . 0 I
21 C19n0ed) 444 Bhgn
22 190409 4475 8040

?3 19‘1"40’)
24 190,93

25 19060

444 AN N
447 A0«
443 B0a.N

!
1
{
i
{

N D B EA TR ) B G hq Bn.n 7 o
27 1900 450 BNeN
2R 19049 45) Baen

29 1900
3n 1900
31 lqﬂcﬂ

452 Boe0
453 HKOeD
454 30;0

: : | :
: ¢ ‘ |

s} ﬂ'ﬁ‘ﬁ'ﬁxﬂ.ﬁdid’ﬁ‘ﬁ ﬁlﬂ ﬂ‘ﬁ'ﬁ-ﬂ|ﬁtﬁHﬂLﬂJ1J1w g anaan

- ATTTTTTIYw A T o o 455 TTRaL.n T Ty T

33 13Ned 4545 5060

34 1990 ah7 B0e0

35 18ca0 459 0.0

36 16740 452 B80eN

37 160,10 440 &n,n

ki muneny T T - gAY T TRy Ty T -

34 1570 462 HOa N0

49 1947 4/ BN N

41 1890 0 554 Hilg N

47 150,46 “ 65 80,0

473 1950 94} LGHA Py n
TG 1S } S GEY T T 20N h

i



DA TITIANT NG

SEG 10, RO SE ACC RO LEST wnnDd ACC,LAST
- T 1 N S8 338w T T 33 T T
2 14 22 57133 9067
3 15 37 5625 15022
4 15 52 5700 20722
5 16 68 533> 2554
5 16 34 S57n 32130 e
S AL N AR B I A S 0 37774
3 14 119 5661 43435
3 20 139 5619 493445
19 21 - 160 5775 55120
11 23 143 5819 60939
12 25 208 5725 HEOCDYG o
CTTTTTTTTTYyY T e I 2 I A S S N S L Y
14 34 271 857937 78319
15 45 316 53499 A4214
16 in7? 423 543135 901399
- - - a— e e . _.‘, — - e —— - ———— - m e m e -
oo THER AL COCFFICIENTS  (BTU/HREFTENDEGREE F)
HATERT AL )
e foODE _KL) S ©9-3 o (<3)
1 ) 1973728 01 2,330 3R =03 a
2 R, 045255 0 =B 2ANYAT =] ~3,85802F 064
TTTTTTTTITTT AT T T T T Jw2n ke 0 B H7ARIE=N3 T L2,333308 96
4 1,925G3K ng 2400327 =07 6.23232F =05
5 2,13441Y 0o ReT72721%%Z-073 H,1A332E~0A
e o s e s -
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Results for Iteration 1 & 2

Node Iter. 1 Iter., 2
1 283,72 32,06
2 379.890 31/B.26
3 371.39 370.01
4 356,45 359.43
5 3342842 333.734
6 306,71 306+42
1 Z716.70 2T6e61
8 r49.21 2aFac3
9 38] «84 33024
10 377,96 376,49
11 369.61 368,30
‘12 355,29 354433
14 306433 306405
15 276,51 2losth
lo 249,11 2hYa 14
17 3T7hes ! 379549
13 37296 371s61
19 Jb‘)alB 303s95
20 ﬂ‘)b)aﬁl 3h1a 14
21 331en7 331.0%
’c 305408 30 e e
23 2is.n7 21oad1
24 2hite 76 Phae 1Y
25 360426 359,20
26 Ah3,u2 353.01
27 363.41 342011
28 329. 71 329727
29 0165 301.22
30 7 273,9% 213490
31 241,60 2als71
ﬂda\ 353,74 334.18
33 >~ I2H.95 126.50
34 3la.59 316528
35 93,79 293561
36 rbdE.68 2hHB el
37 chush Sht a5
34 305,09 204 e85
349 Fehe 06 ER AN |
40 AHDL 03 2odeile
4} FDYe 39 209539
4 237,70 Alna T8
43 a7Hs44 4,28
ady 395,74 3ul.iy
L3 in1.33 350, 7
4 312,53 ildeZo
43 / .—‘j‘ ? s }.7 *" i G s § 1
48 A a6 Al e s 8

L3

Tolerance

1.66
l.bé*
1.348
1.02
Y-}
.29
»09
002.
l.bo
la4d
131
=1e)
e 5H
229
« 07
203
Lot
135
10 18
o 87
a5
92(3
206
203
106
291
» 10
24
023
00(3
=« 05
8!56
a"?fj
231
P N
< D4
@24
e 15
s U6
4]
PSR
310
Laf?
299
27
20

a2



49
50
Hl
52
23
oS4
55
56
o7
o8
59
60
61
62
63
o4
65
66
o7
64
.69
70
/1
12
/3
{4
5
76
17
78
9
30
81
82
33
834
85
36
37
88
89
99
91
9 L)
33
J4
95
96
G
Pl
99

4lTb.ub
146(_‘3-:6)7
43%aal
393,499
349,61
312,05
cll.31
249,46
4646472
441.71

-l‘lg'bg

38444
Buas63
210.59
<1129
249+ 10
364,17
33G.27

30(36 70

275,28
247,99
_‘,’»5)18[‘5
3aGa15
329,75
29R.01
269. 15
2hta 1D

. 31}.-"—0(3

300496
2B82.26
260.09
233.91
5[40’6“
4272, 17¢2
361.66
315.54
278.89
£G4 .,6Y
522,76
523632
4dlenb
41654
359,84
315302
Z213.08
249460
496,15
szt
45717

4 l3e55
459450
436432
39243
349405
31140
271652
24D el

-127-

462416

439446
416465
383422
344417
310.37

211425
249,13
399410

3s4e67
363.44
330.02
306.54
27926
248404
39171
340634

329.51.

29Te92
269,74
244682
31130
300,86
282623
260410
23900
238,79
éé}:‘l.EZ
361405
315 34
21885
24975
jdlo.l.)a

T odlel3

479,09
1415«923
359.28
3i“adl
ATHabS
249266
495.05
43l a9
0963

aﬂ{ju
JO].?
308
1.06
206
«25
205
.03
2456
2425
2.04
1.272
46
.22
.Oq
203
1.23
1.03
e f3
085
216
« 02
.05
+93
o4l
s 24
« 09
201
007
- 18
e10
203
.Ol
«09
1.85
1+50
0(’)1
+20
« 04
+ )6
1.24
201\',
20/4(3
1,31
ob()
221
.433
« 06
1.10
Lat?2
1054}



100
101
102
103
104
105
106
107
108
109
110
111
112
113
i14
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
laa
145
146
147
148
149

403790
354.93
313.38
277.96
24924
423.75
404401
377.01
3472.68
308.82
275.86
248.13
359,98
345,33
326.36
298.76
cT70.14
244.87
313.30
301.74
282.83
260435
238.99
63709
434,64
364 .64
316,33
279.09
249,75

577.00

638,09
519.86
426436
362.71
315.79
278,87
249,65
520.82
521.55%
470.73
410659
357.63
31‘?0 09
27414
249.¢9
434,16
4]1G.13
380.33
345,12
309,37

~128-

4268
35444
313617
277.95
249430
422487
40322
376.38
342433
308.67
275.86
248.19
35956
344,98
32614
298.69

270415

244495
313.14
30164
282.83
260,37
239.09
635435
433.34
364.09
31b.14
27904

249.78

577404
635478
517485
425018
362.19
315.99
278.82
249470
520.88
520.66
469.51
409.65
357.13
313.90
278411
249034
433.45
40Y.44
379.73
344474
309.290

1.02
« 49
e21
«01
« 06

.88

o 79
63
« 35
«15

«06

w42

¢35
22
«07
«01
.08
16
10

«02
«10
Le74
1.30
55
- 19
«05
03
« 04
2e31
2.01
l.18

52 -

«20
« 05
« 05
.06
« 89
1.22
L
«50
19
.03

05
«H3:

69
«60

2
.

17




150
Lo}
Y
153
154
155
150
127
158
159
160
161
162
163
164
165
166
lo7
1648
169
170
171
172
173
174
175
176
177
178
179
180
131
1382
183
184
L85
186
137
18
189
190
191
192
193
194
19y
1496
1v7
198
199

<50

cie.ul
24k, 18
361.63
340,02
329,038
298,78
270.23
c4a .91
313,31
301.57
282,81

260,39

239,02

540,96

423,22
36/ .57
315,995
279.03
e4v,. 15
S23.07
522,99

G481, "*"O'

417,01
300,33
315.42
2lu,82
249,65
‘4’95%35
avg .ol
451.20
406,20

" 356,13

313,76
278,10
249,29
423,179
404,12
377 .52
344,33
309,10
275,97
Chrnsla
359,28
3“”936
324 .43
294,39
70117
244,91
312,42
300 .46
282,93

-129-

37’00 'Jl
248623
361025
345.70
32:)0‘?5
298.70
27023
24"#09-9
313,17
301448
28281
260641
23%.12
539,18
%21070
36l.92

"31%.72
" 278.938

249,79
521691
52094
478638
41507
3604622
315.19
218.76
24970
/49‘#032.

449470
403615
355459
313.%4
27T8.05
2494 364
422455
403636
376488
343492
308.91
279495
2"45123

- 358.87

344,02
324,518

298029

270.16
244033
312-.26
300.76
2ocl.H2

938
« 32
223
908

« 03
o lu
«09

«02
10
l1.78
1.52
65
23
«05
1.16
2,05
1.34
«23
+06
«05
1.03
1.31
1.50
1,05
+54%
22
QOS
- 05
o34
2 16
64
o4l
o2
<05
otl

- 034

+ 25
810
a1
« 07
16
210
91



2ul
20¢
23
204
205
206
207
2038
209
210
211
2ie
213
2la
215
216
217
218
219

+ 220

221
222
223
224
225
2co
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
2u6
24q7
248
ca9
250

260630
239,01
tT3e53
39G 481

313.406
275651
249469
1470050
462,80
439,75
39%5.10
352,11
312,97
c18.31
249:58
4094, (0
Gdaj.ad
415,13
385. 7o
345,41
31Le47
c¥4.00
2(4’1“) 5 r')/._
4040
386,908

36‘)% "l

.33&5-; 571
307.21
215:5%
28409
3%U.40
337.45
320 208
297,13
269549
24,23
309.467
295,03
281 ,hy
200,04
233 .36
384,99
379,93
71 .0
599
s i)

2

~

Lo
e

“ o~
w
e

A W W Ww
a0

~,

,.
T

-130-

,/:(300 35
£3%e11
470aG
398. 04
352. 76
313.14
2843
CH4Ye63
413672
459,75
430617
393.54
351 s ]
31c.066
278723
24959
autble2T
a439. 71
G17.17
384,53
afe71
31i.17
2171a%5
24924
399,36
385404
365,04
338.14
306,99
219.50
Cade 14
349,38
33754
320.40
29099
2Hb9.82
24590
30%. 30
AY98e 11
281.64
2By Uy
349504
3z snl
31351
370643
;'55593’
334,143
JOfsba
FRRERS:)
Al g

201
- 1U
;).903
Le 77
'7""‘
032
208
2a18
3.U5
2098
1.56
« 70
.31
+08
+01

2 3 4‘9

2.16
10(96
1.22
00
» 30
205
1.24
lw0/+
o 17
047
222
w04
2+ 05
222
Oql
« 28
o 14
U2
» 07
o 17
212
s 05
+ 08
l.48
Lats?2
Lo2#
.94
+H16
s 39
- 13



251
2952
-3
2h4
255
256
257
258
259
260
2oi
202
263
264
265
266
2of
268
269
270
271
2ie
273
214
215
216
cTi
21y
219
280
edi
282
283
284
285
286
2817
288
289
299
291
292
293
294%
295
296
291
298
v

30606

A a3
37055
364,78
355,175
334,79
20798
217,09
249632
376.172
372,886

3572.34
332.65
30645
2716.45
24,96
359,97
35353
343,217
320,68
303,19
2lnhe52
247,86
337,63
324,19
312.97
29925
269,12
244:63
303.39
280,00
294455
23?,‘;080
32"‘@51
326,86
373.51
375,31
a249,21
630,72
46,34
w6HJe 34
475,h/7
Q8. 00
490,59
L8964
507,723
D1l0. 12
531.49
533.57

-131-

380e63
370671
B E-F AN
394441
334,19
30/.290
216697
249632 B
375642
371.66
3644017
351248
332.05
3Ubel10
£716.33
2uBeG7
358.58
352606
342456
326419
302.90
Slaa.bt
2&/088
332.07
32374
312.63
295,06
26907
24468
303.13
254662
21996
259654
238.86
323.72
326.18
372.23
37434
f‘st&.EB
G294 07
429,67
ubhdeG7
2736144
4H3. T
A8 e 29
43 /53(3
yiDe 77
91D 7Y
H30.238

531 a:)Z

1e40
1»3“
1.21
s 9G
e 64
» 38
12

1.30
1.22
1,10
+ 86
«60
35
12
201
099
87
s 71
a9
o 29
+08
202
56
045
+« 34
219
« 05
«05
26
19
»10
01
.06
.79
O{)b
«93
e 97
« 9y
« 85
1217
1.37
223
Le33
1.26
232_”
10“6
+93
o 71,
2,00



301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
3a4
345
346
347
348
349

350

522.28
524434
500,58
500640
495,10
486.58
509.57
509.290
520.23
520,90
327.81
331.57
378.29
3783470
430.94
43190
464,27
465,47
495,04
496,22
513.490
51/'3‘054
526.61
530.84
547,79
560.74
562.24
562.74
56067
561,63
534.66
528,53
528.72
528440
530417
530.78
329.14
334,29
381.21
380415
431494
434,13
467.61
461,17
506.81
502,99
521.96
532.78
53511
S541.06

-132-

.

518.84
521.138
S501.75

495.37.

489456
480483
504e44
504408
516.33
517.03
327.08
330.97
37750
377.81
430.03
431,10
463.27
464441
494411
495,47
512.86
513,89
526424
530459
547465
559,39

55981 77

560653
557419
558418
529.98
523.63
524408
523.77
526451
52718
333.74
3680649
379431
431410
433.44
466475
467.26
506479
502462
52188
533,52
535439
541.33

344
3.16
44833
5.03
5.54
5.75
5.13
5.12
3.90
3.87

« 73

e 60

« 79
«89
«91
«80
1,00
1.06
«93
« 75
54
«65
« 37
25
e 14
1.35

T 2443

2.21
3.48
3.45
4.68
4490
4464
4463
3.66
3.60
.72
55
.72
.84
.84
.69

086
91

.02
«37
.08
o 14
28

27




351
352
353
304
355
396
3-7
358
359
300
361
o2
363
364
365
366
367
363
369
370
37l
372
373
374
375
376
317
378
379
380
341
332
333
354
385
346
3817
388
359
3990
391
392
393
394
395
396
397
398
399
400

56 .49
eI
601.15
Cil.ug
03/.20
&Y, IS
S0v.606
573,10
531,22
531223
535.62
536,18
327,79
231.50
315,75
3TH,.82
[‘JD E) IHD
“3 l > 7-3
464,39
abn,H4
494,174
496,16
51 3:49
) 1‘53)85
520 a1
“31.27
SG7 .96
S()Ua a2
562,31
267 .36
")6‘.} . 86
561,90
534.75
526,12
H2&.30
520,02
529.12
529,71
324,36
320,171
370517
374,65
429,90
439,47
461,81
46l 30
G4fa.is
430,05
499,641
LB

-133=

SoZat]
HHLeddh
20001
’)U.'L o U
653,006
700,05
596939
HDOYs 44
5333085
533.385
©32.36
532+95
327605
33096
377296
37794
429,84
43097
4653+ 44
106/4452
49387
4950/49
512.98
513.63
S24.12
531sU5
547 .85
55%.50
560601
Selarll
557.47
558.96
S3U0s11
923735
©23.72
923,42
52912
S52be 35
32\3»37
320,03
]7 { af‘,3
373.69
“4 7 {A-(‘ib
G4l9aH2
45956
493640
473.49
433+ 106
‘4’*)‘50[40
43 a 3

262
o1
lalé
e30
¢ D4
3,30
3,77
3.66
4437
4436
3e26
3,23
o4
+ 00
o 79
o 38
«91
o 716
s 95
l1.02
o387
67
«o1
202
e 39
22
211
1.32
2+ 36
2elb5
3.39
3634
404
4437
4458
44,60
3040
J036
.79
58
<94
100
{00
o35
1.15
1a34
216
129
le21
el



401
«+02
403
4i4a
405
4006
407
48
409
410
411
412
413
414
415
416
417
418
419

T420

421
4ol
423

507,44
Sl 7
S31a 0
533a.07
5226 33
S26 .40
506.61
500s49
494,94
436,51
50850
50m,24
S517.37
517.60
463,24
463:.05
Qé?éﬁé

509,02
‘jo’\f-n‘):j
59815
557,60
569.723

=134~

20D. 76
51991
T30 .ul
RICE g
518.98
42130
50163
449,565
48952
483036
50353
503.16
514,48
513e79
458.52
498625
4(8el6
‘:#75003
204098
D04.47
SH%4e9 7
594433
)Dba&?





