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. ¢ amsmmaer 7~

This thesis presents the computer simulated thermal
“stEess anulyels “of forglng Ingots duridg the Weating and
soaking periods. These results’ are thén used to bbtatn ‘thie.

v \optimal ‘heating. schedule of theu_e ingots'. S e, e . ¢

) frhe' equations éor the’ tranaient‘r nonllnear

‘cempéracure distribution w1thin the ingot due to the

c'cnvective and ;radiative heat flux are derived, ‘using the

nonnnear finite element analysxs. The nénlinearities due to

the variation of material properties, have been ' taken. 'into

account by calculabing the. temperature at different tima

steps ‘first and. then at’ each time step the elemental pfoperty

matriée; are recalculated." The nonlinear algebraic équations

i . _are s'ol;red-‘using three}éehniqvues and ‘then:'the best t‘echnique.
is selected %rom these three for 1fux‘the;“.'ma!.ysi.s.' . . '_1 %
The mathematical «mod‘el" for €he thermal “stiess. R
analysis has also been formulated using the finite ele‘menc
analysxs. The temperatures obtained from tha heat transfer
analysis a:e used to calculate the - force . vector. Eor the |

stress analysis. ’l‘heae Einite element ., models are then used

to calculate the effeécts of axial heat flux.,th‘e sil.e'nderneu-
* ratio of the 1ngot, "and the linearization of the. heat £lux, on
the transient temperature and stress distributionu within thu

ingot. .. i




. X -
e
The optimal heating schedule has been obtailéd

copsidering two types of: co'nstraints; ‘the first type of) the

conetraint is that the stresees develaped should not exc“‘ed

certain value estabushed by | some of r.he ccmmunly knwn_\

fauure r.hearias, and the second type is that the ‘temperature

in the Angot duri.ng the heating.or soaking pericd does not

exceed a specified value for a particular type of. matenaz. .

\The method of optimization of- the furnace heating siheduls is

. selected after considering three .alternate ways of carrying
ele i s a

out the optimization.

|




i ACKNOWLEDGEMENTS -

/- BT L W . SRR ok

The a{x:'ncp is d3eply Lndqbced,to his supervisor

. - . : .
Dr. Anand M' sharan for his @ontinued guidance and

‘encouzagemenc durinq the. course of this in estigation, * His

centribution of tlme and technical expertis have helped me

immensely . o 3 : . Y

I express my'gratitide to the Memorial vUr‘liveréi_t;*‘
for the -award of a Gtaduate Fellowship. ' ,“ N

The author apprecxates r.he use of VAX 11/780
computing - facilities - of Memorial Universn‘.y. “Finally, I

thank Mrs. Levihia Vatcher for her caré and patience _in

typing this thesis. h .







ABSTRACT o

ACKNDWLE DGEMBN’I‘S

TABLE OF CON’PENTS

G
LIST OF TABLES

NOMENCLATURE

_LIST OF FIGURES '

\

INTRODUCTION AND LITERATURE SURVEY

vi' -

TABLE OF CONTENTS

CHAP ER 1 &

The Forging of an Ingot
The Literature Surve! >

1.2,1 The
+1 - The
I.2.3 The

Heat Transfer Analysis
Thermal sf_ress Analysis
Optimal Studies of the

Heating Pmceases
The Objectiges of t\-\e Present

Investigation

CHAPTER 2‘ . e L

THE TRA“SIE_NT HEAT TRANSFER ANALYSIS OF THE INGO'i‘

2.1

Introduction

! 2.2 The Mathemacical Forfulation
The Formulation of Ellemental Matrices

2.

2.4.3 The

2.3.1 Thg

+ 2.3.2 The
The Formulation of E|

‘2 4.1 ‘A"he
the Hea

2.4.2, The

the

the
2.4.4, The

capacitance Matrix [C;®]

emental Force 'Vectors
Force Vector, [qu) Due to
Heat Generacian

Force Vecr.or, [qu) Due to
Heat Flux

Force VecLot, {Fo®} Due to
Convegtiol

Force Vector, (Fral due to
Radiation |

ConductioE Matrix [K;%]

OAWww

14

24
24

25
27
28
29

29



vii ' s
. Page
2.5 The Solution of the Nonlinear Transient 32
" Heat _Transfer Probleris. -
2.5.1 The Transformation of the 3 32
Simultaneous Differential Equations
5 ~ 2.5.2 The Iteration Method : 35
B 2.5.3  The. Nwtcn—kaphson Method 36
{ - 2.5.4 The t{nnlinear Optimizaticn )dethod % 38
e * 2.6 Numerical Example : .
| 2.7 The Computer slmulacion of the Heat . |~
i Transfer Process Within the Ingot L
v \ 2.7.1 The System of Equations for the 49 .
| .Heat Transfer Within the-Ingot| > I Y|
| 2.7.2 The Temperature Distributioh- | 51
. % . Within the.Ingot N i 5 iy
. 2.7.3 The Temperature Gradient : 61 &
" Distribdtion Within the Ingot , $
I v 2.8' Conclusions S , 70
L . .
| < CHAPTER 3 - :
- ‘\‘ THE THERMOELASTIC STRESS. ANALYSIS 'OF THE INGOT ' S
\ 3.1 Intgodyction . 3 T
i 4 3.2 '“The ematical Formulation . 73 ‘
3.3 The Failure Theories . - R
3.4 The Three-Dimensional Finite 81 J
3 i Element Analysis :
d 3.5 The Verification of the Axisymmetric “ 82
Finite Element Model X 2
. 3.6 The Comparison of the Axisymmetric 83
~ Finite Element Analysis With the
= N Finite Difference Analysis. ¥
y; - 5 3.7 ' The Linearization of Heat Transfer i . ™, 96, L
i Equations N « 5w
3.8 The Effect .Of the Slendernéss Ratio . 98" ,
-3.9 Conclusions .
* ) ad 102
. LI CHAPTER 4 N
- TH\OP’I‘IMAL HEATING™ SCHEDULE OF THE INGOT % B
| .
- 4.1 Intrbduction .’ 105 .
.. 4.2 The Furnace Temperature Paths 107
K and' the Thermal Stresses 0 o
& 4.2.1 Discussign on the Various 107
' g Furnace Temperature Paths >
i ' 4.2.2 The C Fushace re 107
S ! Heating T . 2




. viid

. Pagu
. R . 4.2.3 The Variable Furnace Temperature 112 .
' . Heating .
% 4.3 The Optimal Heating Schedule 119
- 4.3.1 The Description of the Heating 119
3 Cycle of the Ingot ¢ N %
o 4.3.2 The Aralysis of the Various . 125
Methods of Obtaining the »
s Optimal Furnace_Temperature
- Path . .
4.3.3.° The Single Variable ©131
optimization Method :
4.4 conclusions . 136 _
2 CHAPTER 5 4 .
CONCLUSIQONS AND RECOMMENDATIONS .
5:1 A Brief Discussion 6w .o141 =
L 5.2 Conclusions == e 142
5.3 Limitations of the Present 2 145
° Investigation and Recommendations
. for Future Work .
. REFERENCES X 146 R
APPENDIX A’
DIFFERENTIATION OF MATRICES AND VECTORS ' 150
2 5 5 o
WITH RESPECT TO {T } ' 5 C
APPENDIX B . ~
THE EXPRESSIONS FOR THE ELEMENTAL MATRICES 152.
AND VECTORS OF THE. SOLID R = g
Ta APPENDIX C '
‘ e . oot -
3 THE REPRESENTATION OF 7 IN THE MATRIX FORM ise
APPENDIX D ; .

DESCRIPTION AND LISTING OF THE COMPU:‘ER PROGRAMS__ _ 158




= ix .

LIST OF FIGURES

- DESCRIPTION o

Schematic At of the
Casting Ingtallation, Employing the
Stream Degassing Technique (after
McGannon [11).

g

The Diametral'Cross-section of t'he
Cyiindrical Ingot.

The Rate of Heatinq Of the 1.016 m
Dia. Ingot under the Programmed
Heating Practice (after .Sun [8]).

‘The Details of the Axisymmetric &
Triangular Element.

The System Configuration with Various
Boundary 5 Condicions

'rhe Dis\:retization of the System into
_Finite Elements. .

The Time-Témperature Plot of the .
Ceramic. Body. . ol
The Time-Temperature Plot at the
.Node 1. . ! R

The ’N.me-Temperature Plot at.the’
Node ) .

The Tims-’l‘emperature 1?10):'37; the
Node 23.

The Discretization' cf t‘ne Ingot into
Finits ‘Elements. o

The Time-’l‘emperature Plot of tr;e Ingot
Corresponding to the Furna Heating
Rate . of O, 014'K/ssc (51.5°K hcur).

The, Tin\e-’l‘emperature Plot of the Ingot
Corvesponding to the Furnace Heating
Rate of 0.017° K/sec (64.375° K/houg).

The T!.me—'remperature Plot of thg Ingot
Corresponding to the Furance Heating :
Rate of 0.024‘K/sec (as.aaa K/hour).

55

56, o .




. x k
- - DESCRIPTION
The Tine-’rempe‘rature'mut of the Ingot
“Corrgsponding to the Furnace Heating:
. Rate of 0.0355°K/sec (128.76°K/hour)y

+The Tlme-'l‘emperatute Plot of (:he Ingot

eatimg
‘Rate .of 0: 071 K/Bec (257, S‘k/hour).

'I'ha 'rime-'l'emparature Plot’ 9£ the
Fur!

'ramparature of 810°K.

',The Variation:of the Radial : -

Temperature ‘Gradient Along the Saction
-AB (g = 810°K). 2
The Variation of the Radial
' Temperature Gradient Along the sgctian
. ¢co (Tp = BIO'K)-

The Variétion of the Radial
Temperature Gradient Along ;he Section
EP('K‘F ,SlD'K) . ' »

The variation of ¢he Afial -rempera: e

Gradient Along the- Section
AB(Tp=810°K). ) §

The Var!.ation of the Axial Temparatura
Gradient Along the Section -
CD(TF-EIO K). & S

_-_ The Variation of the Axial Tempetature-

Gradient Along the section

EF(Tp=810°K) . =

, The:Elemental Stresses’in the
Cylindrical. Coordinate Bystem.

. .Finite Difference Subdivision of the
Cylinder. i

. The Compatison of the :2-D Finite
Difference and 3-D Finite Floment aq' "
Results of Tp = 1000°K. :

The compnri-on of the 2-D Finite -
, Difference and 3-D Finite Element og
Results at 'rl,-moo'x.

60

65

67




. %
xi .
s DESCRIPTION - PAGE
.
The Comparison of the 2-=D Finite .89

Difference and 3-D Finite Element oy’
Results at TE=1000°K.

3.6 The campar:.son of the Two and Three r 92
Dimensional Finite Element oy’ Results
+ at TE=1000°K.

< The Comparison of the Tuo and Three 93
» .Dimensional Flnxte Element Og Results :
at TE=1000%K. 5 s

. 3.8 : . The comparison of the Two and Three 94
g @ . . Dimefigional Finite Element an Results
- e +-at TERI000°K. .

e B 3:9 ' .:The D’Lsf,ribution ‘of oy, .0g and g, 97
" P Along the -Radius of the'Ingot,-AB, at.
a Tp = 1000°K and t = 2, hours.
-, 2 .
-y 3.10° - The Comparison of the Linearized and 99 -
fs 89 T- Nonlinearized oy' Results at
Tp=1000°K.

: 3.11 " The Comparison of the Linearized and 100
Nonlinearized o ' Results at -
TF=1000'K. # .

3.12° The Comparison of the Linearized and © 101

. " Nonlinearized o' Results at -

by 7 ¢ °7 . mg=1000°K.

§ , ki

—3.13 The Effect of the Slenderness Ratio on 103
: oq" values. -

[ 5 & #The Variation of the Normalized 109
Stresses and Temp. as a Function of -
Time Corresponding to Ty = 500°K.

. sz The Variation of the Normalized 110
RN B 3 Stresses and Temp. as a Function of .

-~ "Pime Corresponding to Ty = 800°K. S
e The Varfation of the Normalized 111
g " Stgesses and Temp. as a Function of
. » Time Corresponding to Tp = 1100°K.
f?. . - . @




.
No. . DESCRIPTION PAGE

4.4 The Variation of the Normalized . 113
.Stresses and AT as a Function of Time
Corresponding to the Furnace Heating
Rate of -0.023°K/sec, and Final

T =800°K
2 4
4.5 The Vafiation of the Normalized " 5 1
- Stresses and AT as a Functign of Time

- Corresponding to the Furnace Heating
Rate of O 035°K/sec and Fina
,'r =800°
4.6 The Variation of the Normalized 115
Stresses and AT as a Function of Time '
Cotresponding to the Furnace Heating
Rate of 0.070°K/sec.and Final

T =800°K.
F S

4.7 The Variation of the Normalized . ,116 .
Stresses and AT as a' Function of Time L—

Corresponding to the Furnace Heating
Rate of 0.037°K/sec and Final

T =1100°K.
F 5

4.8 . The Variation of the Normalized © 117
Stresses and.AT as a Function of Time
Corresponding to the Furnace Heating
Rate of 0.056°K/sec and Final

»

T '=1100°K. | v
F el - . |
4.9 ' The Variation of the Normalized . 5 118
Stresses and AT as a, Function of Time i
Corresponding to the’Furnace Heating™~
N Rate of 0.112° K/sac and Final )
' T =1100°K% ‘ _— ,//
r-‘ : .
4.10 The $tress and Temperature Variations 121

in the Ingot.
4.11 ‘The Minimum Heating Time of the Ingot. 122~
. ‘ . )




4.12

xiii

DESCRIPTION

‘ The Constrained Minimum Heatng Time of

the Ingot.

The Initial Value Multistage Decision
Problem.

One of the Feasible Paths in th@
Multivariable Optimization.

“The Optimal Furnace Heating|Path

Considering ¢ ' as the Fail
© 4 i

Criteria. .

“The Optimal Furvmce Heating Path
Coflsidering q as the Failure

Criteria. @ =
The Optimal Furnace Heating Path
Considering u ' as the Failure

Criteria.

The Optimal Positive Slope Furnace

Heating Path Considering o ' as the
* da

Failure Criteria. N

The Optimal Positive Slope Furnace

Heating Path Considering ¢ ' as the

s
Failure Criteria.

The, Optimal Positive Slope Furnace
Heating Path Considering a_' as the
i

Failure Criteria.

PAGE

124

134

135

-139



xiv

LIST 'OF TABLES

DESCRIPTION

Ths Variations of ATpay:

The Absolute Normalized Stresses and
Their Locations at Different Instants

t* and tg for
Different Rates of Furnace Heating.

of the Heating Time?(TF=IODD'K).

PAGE

62

95’




xv

NOMENCLATURE

{1} vector

£ ' [ matrix
a® ' area of the triangular element
al Jacobian matrix
(8,7 thermal gradient matrix

N [B,] - ‘ elastic gta‘dient matrix

! c . epecific heat & 0
T % . capacitance matrix - s .
o a . .. diameter of the ingot '
[n;] thermal material property matrix '
[p,] elastic material property matrix
E , modulus of elasticity 4
(e} - residual vector
{r} _ elastic force vector qE
{re}l force vector due to convection
(Fq\l force vector due to the heat flux
. N {Fql . force vector due to heat generation within
@ . ¥ . the body ) S ! .
, {re} force vector due to radiation
. h _convection heat transfer coefficient
l,' 30 x ' nodes of the»'triangular element
Xpo Ky thermal conductivities in the r and z
. directions' respectively.
- 23] elastic stiffrmess matrix
BISEA thermal conduction matrix




1 © o xvi

[P § direction cosines normal to the surface

e z »
Lyjr Lygr Lxj  length of sides'i-j, j-k, k-i of the
triangular element

ny total number of elements

ny = total humber of nodes ;
[N;1 - shape function matrix .
q T - _heat’ flux ' ‘ R
O Q heat génerateq within, the body )
B T coordinate of the centroid of the triangular TR
element in the r-du‘ection |
Tie Ty Ty i coordina(l:es-of the.nodes.x i, 3, k of-the
element in the r-direction
< Ar : distance between two nodes
. s, surface experiencing heat Flux
Sy éurgacg experiencing convection and
radiation heat transfer
. t' time ' &
At tifné increment
tg time required to reach steady state”
. temperature
£ time where AT ,, occurs .
et - time required for Ty to reach t] N £inishing’
) temperature
& T teémperature 3
g ® {r} : nodal temperature vector
ot Tp : furnace ‘temperat;ur'e 5
’ TgaTyT temperature of nodes 1,9,k of the element
) Ty maximum ingot temperature ‘




e Sz €90 Yrg

xvii

Tg % surface nodal temperatures
.
A’&' temperature dlfference between nodes A and B
BTpayx maximum temperature ‘aifference of nodes A
and [?
ATy - difference between the temperature of an
$ element and the inifial temperature
[T} optimization temperature vector
{Te} calculated temperature vector
u,v displacements of the element 'in r and z
. 4 directions respectively. .
{u} ‘ displacement vector
[ objective function for the optimum furnace
temperature.path to be minimized
w s work done
@ . . coefficient of thermal expansion
€ emissivity of the body

" radial, axial, circumferential and sheatr
strains respectively

€

fe} strain vector .

{eo} . initial stra.in‘vector

0 " objectivé function to be minimized for *th
solution of nonunea: heat transfer
equatiorns

A strain energy

¥ ) Poissom\s tatio

n . “Potentia energy i,

g - © ™ Hensity of the'matevial

L 2 %}&fﬂn—Bcltzmnn Constant .

Oys 03, O3 .prlncipal stresses | T

e .




XV
Oy, Oy Ogs Ty, radial, axial, -circumferential and shear
stresses respectively

ogr 9g' - distortion energy stress and normalized
distortion energy stress respectively

Oyfs 'O maximum normal ess and normalized maximum
normal stress/ix:esp ctively

o, © maximum sheaf stress and normalized maximum
s 8 shear stress respectively
= o yield stress of ‘the material
x variational functional to be minimized
i r . } :
L = .
I
y
L
, F—
‘ !
, .
v

The superscript e refers to the ,alemént and ‘G. the global
matrices and vectors. %




CHAPTER 1

e " INTRODUCTION AND LITERATURE SURVEY

1.1 The Forging of an Ingot, - - %

A largd number of primary of  secondary metal
forming processes involve” complex heat transfér and. ut_ress‘
analyah‘ _calculations. The solutions of ‘such . problems

require enormops computations which are possible now with the

advent of the, fast difgxlcal computérs. The benefits of these
computations are that these ;;Itocess‘es[can be done safely and
within much shorter !:ime thus saving % la}'ge sum of éapigal.-
One of these processes is the heatingv;f ingots in a sog‘king
pit. ) - i . | '
) In conventional steel mill éractic.e, the—molten
steel is.first poured into a preheated, ingot molds wf;ich can
be vacuum degassed as shown in Fig. 1.1 and left to solidify
for several days bet::e the ingot is stripped away froym the
mold [1,2]. Then the ingot is sent to a soaking furnace for
heati‘ng to a convepient témperature for hot working. A large
number of steels are ‘neated‘» to a température_ around .1225°C
for ‘forging. After initial forging, the ingot is-reheated in
preparation for further wotrk .such as forming, rolling,
. annealing, dta;di.ng, et’c. During the heating bé the ingot in.
. a furnace the surface gets heated fairly rapidly whereas r.h}



Fig. 1.1:
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ic Arr of the V; asting
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core remains at a comparatively lower 't.emperature. Thus, the
thermal stresses are developed in the ingot due to the
temperature- variation within the ingot. === ’

» - ‘In practice, these ingots ‘are charged into a
vfurnace maintained at a lowe‘r temperature in the first .stage,
' and then the furnace temperature is raised to 1498°K(1225°C)

along a certain path such that the thermal stresses do not
cauﬁlérackin'é failure of the materiall. Oné can heat the
ingots to a higher temperature range without causing thermal
. cracking by choosing diffevent furnace temperature pathis.

But, this heating process has to be carried out in an optimum

time in ovder to minimize the production time as wéll as

© production cost. This problem involves the calculation of

the transient temperatures and the corvesponding thermal

‘stress distributions within the ingot and then the .optimal

furnace temperature path is obtained.

1.2 The Literature Survey

1.2.1 The Heat Transfer Analysis

The numerical studies of the heat transfer prqcess
of a solid exchanging heat with the™Burroundings have been
carried out [3,4]. 1In [3], the heat balance of the system

was formulated using the finite difference method. The

temperature decay rate in the ‘gases in -an annealing fuvnace-

was studied. The numerical results wervre obtained by using an

w



implicit amethod.s_ln the investigation carried ‘out in [4],

the transient tepBEfature distribution within an I-beam was
analyzed using the finite element method. The radiative as
well as convective heat transfer from the® surrounding £luid
medium was rep’reaent_ed by 4anequivalent convective ‘hear.'
transfer costficient, which if multiplied by the temperature
differénce between the boundary node and’ the ambient
temperature equalled the total amount of heat transfer. ' This -
amounted to linea¥izing. the boundary condition. 3

* The calculaubon of the inr.erm\l temperature
distribution within the cylindrical ingot during heating is a

problem in unsteady heat ctfon and the equations

governing this heat transfer process dge given in [5,6].
Hint [7] outlined a numerical method for the solution of the’
internal temperaturs dlstributitn din a heated ingot which
involved the knowledge of the initial temperature
distribution in the ingot, the variation of the ingot skin
temperature with time, etc. The heat transfer process within
the cylindrical ingot has been studied by several Qther
researchers also [8,9]. 1In these studies, the temperature
distributions’ withil\ the ingot were obtained using the finite
idifference mathod." A number of assumptions v‘lare made in

these investigations which can be written as




(a) The whole of the ingot surface was at the same
‘temperatur’e and the absorption of the heat. was
si,metr;.cal.

(b) e ingot was-assuned to-be infinite in length so that
' thé heat flow was radial, i.e. the;ev was no ‘heat 1nput .
to the flat' surfaces 'which are the. -top ané‘_bottom‘

surfaces of  the anot. o

(c) Each temperature zone was suffxoieptly small 80’ that a
single tempex’ature could be agsigned to it and over- a
small time At, the di.ffex':ngg of temperature between the
adjacent zones was regarded as constant.

1.2.2 The Thermal Stress Analysis ' - .

In tegent years - censiderable amount of effort has
been devotéd towards calculation of the ' thermal sctesses in
infinite and semi-infinite solids, thick plates” and
infinitely long cylinders.  Adequate :efersncés on these
types of work .can be found in [10].  There are numerous
processes in . the ceramic as well as in metallurgical
engineeiing fields where one haa to have ’g very good idea
about the:_:hermal stresse.a. These stressea are usuallyv
generated. by the creation of temperature variation within’ the
body due to the imposed surface conditions;: these‘ _st.re‘ssea
can also occur if there is a heat source within thé body.

The solution of such problems involves simultaneous solution
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1]

of the elasticity and thermal problems. , The thermal stresses
g_eneél;.ed by nonunifocm ‘temperature distribution during ‘the

heating of large-diameter Hastealloy X_ingots werve studied in

' [8]. . In this study, the témperature distribution and tha

cotresponding thermal stresses along -the hoeinontsl saction
AB (refer to E‘ig. 1.2) weré calculated. In the _temperature

afstribution Ezalcglauona, the heat f£lux in the axial

divection was neglected. ( The equations for - the “thermal

stress calculations given ta [I1] Gate used.."’phe thermal

at_resses along the vertical axis at the centre of the 1ngot
(in tension) was selected as the critical parameter; and a
maximum allowable stvresg of r90 ‘pet cent 0£/0.7 per cent yigid
strength was considered as the frac;:ure ctiteria. The effect

o, 3
of the varviation of n\ater‘ial propérties, which change with

temperatufll’ on the thermal stresses in the cylinder was .
“studied in [12]. ~ In [13], the uncoupled thérmoelastic’

‘brittle fracture problem has been discussed in terms Of the

types of stresss fiélds produced by surface heating ot
cooling. _ P . 1 = <

<]

Kk N P :
1:2.3 The Optimization Studiés of the Heating.Processes' :

Any  industrial .operation should be carried out in

_an optimal manner.  For example, in the casé ‘of heating of

-.alloys, ceramics, etc., the process should be done ‘in the

‘miinimum time and in doing‘so, all :the constraints, must be
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satisfied. In(\a heating process care should be taken that

the material temperatures at various points in the solid 6o

not exceed a certain sp’cfﬁi’ed value, and the « thermal

stresses during the hea:iry should not cause failure Of the

material. In the forging operation of steels, the hot

' working- is carried out in the higher austenitic range. If

a ‘close. dontrol on  the finishing ‘temperatures are not:

‘maintained then ‘the solid temperatures ‘can rise .into the

two-phase region whetre one of the phases 'is liquid or, ‘ever

within the solid-phase ‘temperature - rings, the problam "of
burning or oxidation can occur' if the finishing temperature
is exceed/e’c‘fﬂ “Thus, tHis OpaTAEIoN FeqhiTes & ey ‘EIbee
control on the solid tempetatures.

Meric [14-19] has doge quxte a .considerable amount

of work Ln optlmizing the heatxng time of solids. 1In [14],

_an infinitely 1cng solid slab having tempetatdre dependent

thermal cqnduct1v1ty was heaced optimally under certain

ambient conditions. The abjectxve in this work was to heat

-the slab to.a higher temperature level at the end of a fixyed!

time period, while keeping the ambient temperature as low as

possible. The boundary control problem of optimal heating of

an 1nfin1:e1y long slab with temperature—depandant thecmal

conductlv.ity, sub]ected to a canvection and rvadiation

“boundary _cond_h.icn, was' analyzed using the finite elemant

method in .[15]. " in [16], a utar_icnary varia:;ona_x
S




formulation of the necessary conditions for optimality was
derived. for am optimal control problem governed by ‘s
parabolic equation aiil mixed ‘boundary conditions. ~ A simple
woasl, problem in optimsl boundazy: heating of solifs wak
analyzed in [17]. The objective of this study was to achieve
a desired tempe.ratt;re profile ‘along a 'seglnent of solid
‘boundary with a minimum amount of a bounaary heat flux which
acts as the controlling function. The conjugate g-rnl.‘i-j;ent
method of optimizatian-_was used in the 'mgnimj.zatiion process.
In [18], the unsteady optimal ‘heéating of solids by a bour’ld-;ry
heat flux was formulated for a wolid of -arbitrary geometry.
Through the use of the La;range mu\h..ipuer.. the problem was
reduced te an unconstrained optimization problem. An optimal
n'e'ady-s'cace control problem gaverned by an elliptic state.
equation was solved by . several finite element methods in
[19].° A nonlinearly constrained problem which _involved
minimization of the energy consumption of an industfial
furnace was -formulated in {20]. The variables of the
optimization method teptesenteé the profile of fuel
consumptions along the furnace, The sum of . these variables
was minimized. ' The constraints were formulated to satisfy
the ‘Eunctioning limits of the furnace and _t;he desired
characteristics of the g;éduc:. In 8ll these analyses,
constraints such as the thermal stresses were not considered.

In [8], the thermal stresses. were included in the



optimization of the furnace heating schedule but the optimum
furnace path was approximated by a series of finite-length
constant-slope paths which is shown in Fig. 1.3. In this ,
study, the temperature and thermal stress distributions were
calculated using two-dimensional finite-difference analysis.
This analysis has two drawbacks: The first: one is that the _
optimum path should’be a continuous smooth curve rather than,
a 'series of straight lines and’ the second one s that axial

heat flux should also be considered. This is because in '

actual practice, .the:heat flows from both .t.‘ne radial as well

as -the axial directions.

= Based on a review of the available literature, it
can be inferred that the nonlinear three-dimensional
transient thermal and stress analyses of the cylindrical

—  idgot adfring heating in the furnace, and the optimum
(minim‘\‘:m) time heatiné cycle of the ingot.considering the |
thern\ai cracking of the material have not been done so far.
These are t:he objectives “of the present investigation. A
brief description of the ot;jec\iivas. is presented ih the next
section.

V. -
1.3 The Objectives of the Prégent Investigation 4

In this. thesis, the equations for the transient
temperature distribution withirn the cylindrical an‘ot_ due to
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Fig. 1 & The Rate of Heating of the -1.016 m'Dia. Ingot
under the Programmed Heating Practice (after
sun [81). y
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the rvadiative and convective heat flux from the fu\‘na'ce have
-heen ci:tained using the f‘l'mite element method. This problem
"k bosn. Formiiated ‘s jan a;isyme:né field problem. The'
thermal stresses due to nonuniform temperature distribution
of the ingot are calpﬁlﬁﬁfd using‘ the linear elasticity
.theory. The heating rate oé_tﬁe ingot has been varied with a
'viéw to optimize’ t!le fleaf__inq schedule Of. che_xnéo:.
Therefore, the follgwing are the objectives of the present
" investigation: - g
1. The devrivation of the temperature distribution equations §
T L T —— nonunea{—. finite element analysis.

2. The study of the temperatute distributions within thé

¢

ingot due to various furnace heating paths. .
‘3. The study of the thermal stresses due’ to the various
furpace heating paths. &

The optimal heating schedule<of the heating progess,

. In Chapter 2, using the finitée element method, the
equations for the nonlinear thermidl analysis of the 1nqu‘f._
-during heating in the furnace are derived.. The
Crank-Nicholson firl..it'e difference method has been gsed to
express the system of differential equations as a s‘yutam of
nonlinear algebraic equations. Several numerical methods are
discussed for solving these nonlinear equations. _ The efiect
of the heating rate of the furnace on‘. t)"le tngof.‘temper‘aturu_

has also been studied.




v

Tas
- ' )

In Chapter 3, .a n:,ar.hematical‘ model for the
axisymmetric thermal stress distribution within the Thgot due
to nonuniform temperature distribution has been established
|‘xs’inq‘ the finite element method. The thermal ‘stresses avre'
calculated using the lineat-elasticity theory. To

demonstrate the importance of Ehe threg-dimensional.model,the

«thermal stresses of this analysis are compared with those of

the "two-dimensional model. The effect of linearizing the

heat transfer equations and slenderness ratio of the ingot on"

)
the thermal stresses are also studied.

.| In Chapter 4, the temperature and thermal stress

distributions are analyzed for various feasible constants as

well as linear sloie furnace temperature paths. .The

different optimizatioh methods applicable for the study of
minimum heating time are discissed. The optimum heating
furnace  temperature path is. obtained by maintaining the
thermal stress energies at 908 of the 0.2 per cent yield

stress of the material throughout the heating period. This

optimum path is achieved by _carrying out the single variable

optimization at each stage during the heating of the ingot. -
The conclusions and recommendations for futurf’v‘wr‘k
are presented in.Chapter 5.
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CHAPTER .2

"THE TRANSIENT HEAT TRANSFER ANALYSIS OF THE INGOT

2.1 - Introduction s

oo The cylipdrical ingots are heated in a furnace to’
h.i.gher ten’lperatu_re ‘range.. for ho‘tv-workinq. The heat flux
ente‘rs i?to the ‘:imjot; through the top .and bottom  flat
" sutfaces as well a8 the cylindric;a'x a\;xéacevdunng heating.
In the i.ngct.,» the thermal stresses while heating are
developed due to the nonuniform temperature distribution. In
the study of optimal heating of the ingot vithout the thermal
cracking of the .;natetial, one always has to consider the
magnitudes of maximum thermal stresses within the ingot. The
calculation of the Ehemal stresses involves, a; first, the
determi,\nation of the transient temperature distribution at )
certaig instant of time, and then ‘these are used for the
.corresponding stress calculapions. _ Therefore, in this
chapter as, the first step, the transient temperature
distributions are calculated. A mathematical model for the
nonlinear transient heat transfer analysis within the ingot
has been formulated wusing the three dimensional finite
element method, where fhe boundary elements exchan:;e “heat
with the surrounding. furhace, by the convection and radiation

mechanisms. The resulting first-order matrix differential

-~



equ’icxon/i;s‘ expressed as the system of nonlinear algebraic
equations by using the Crank-Nicholson finite difference
method. This system of equations are-“solved for nodal
temperatures of ingot by using. an iteration method. Einam,{r,
the - effect of rate of heating.on the ingot temperature is
studted. The mathematical formulation of the finite element

heat transfer analysis is presented in the next section.

2.2 The 'Mathemaéxcal Formulation

'rhe diamecral cmss—seccmn of an ingot is shown “in
Fig. 1.2. when this ingot is chazged into the hot furnace
t‘n’e }teat flows both radially aand axially. The governing heat

transfer equation for the heat flow can be written as

[21,22].
4 2, % 2

ke 2 e 2Ty 0= e & (2.1)

dr . ar 2z =8

with the boundary condition

ar 2T "
krarl +k=az’lz+q+h(TTt)

. ; - N .
toe (T4-1F4) =0 (2.2)
where E: X
o k,s k, = thermal conductivities in r and z

directions respectively
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T = temperature

Q > heat generated within the body per unit volume
o = density of the material

¢ = specific heat

t = time

, = direction cosines normal to the surface

= heat:flux per unit area
\

q
' h = convectigh heat transfer coefficient
T,

F = furnace temperature

0= Stefan-Boltzmann Constant 4

¢ = emissivity of the surface

—— It can be shown b;r calculus of variations [21] that °
the solution to the above differential equation, Eqn. (2.1)
and boundary candition, Eqn®(2.2), can altefnately ' be
obtained by 'minimizing 'th@ corresponding variational
fur{ctional and solving the resulting set of algebraic
equations. Therefore, we seek a functional such that its
first variation with respect. to temperature, T, is zero.

Eq&. (2.1) can be :ewri:.ten as

(2.3)

similarly, one can rewrite Eqn. (2.2) as

B LV ' ! (




- = o 17
p T T —
5 krrulrfklr“lzozq*'rh('r‘r?) N
5 L]
~
- +r ooeirtrh) =0 (2.4)

Multiplying Eqn. (2.3) and Eqm. (2.4) by the first variation

of T which is 8T, and integrating over the domain, we getr

2 g e -
2% 2T a’r aT. :
| bx=f[-k_t -k, Lok« - wa-pe-2yysrav . -
v T a2 T 3t z 5?2 at
3 aT ar .
- é [krr ac 1\_ + kzr %z 11 + vq + rth(T Tp)
- % “ave :(14-'1';)151- as i (2.5)
Eqn. (2.5) can be reatranged as' &
) T My T _ ' ar
sx= Skt s sTas- sk v 6T av - s x AL g1 av
s I v v
ar A
+rx, ey sras-srx, vt &7 srav e
gzt h P Rstecr

- S vla-pc Z6T v+ £t q 8T AS + S T h (T-T,)éT As
v . s s’
¢ ) .
4, 4 -
+ S ¢ oelT "’l‘P ) &T ds -(2.6)
s 2

Using Green's divergence theorem, the following integrals can

be expressed as




621‘

3T > % aT
S x_rv= 21 8TdAdS =Sk v ~— 8T AV + [ k_ — 6T a4V
s ?3r 't v er v € ?r
.2
T AT 2
) REA SR Co@
) .
PR [ ¥ TR S o o
z  dz ‘'z v % ag? Loy 2 bz

= (2.8)
By substituting Eqns. (2.7) and (2.8) in Eqn. (2.6), we
obtain

k. L3
sx == e a3 av+ N2 s(3? av - s ¢ en(a-pe Tav
v v v

! 5
+Seqeras+ s P oa(r-ry2as + S voe (3 - 1.0mias
‘s < s s

P (2.9)
The above equation can be rearranged as .
) X k
= L (2T)2 4 _z (272 _ - pc &L,
6y —‘5 8l w3 + 5 iy t T(Q - pc M)Jdv
th 2 % 4
+ é slrqT + 3+ (T-Tg) + roe (5= - Ty T)as (2.10)

The variational operator § can be removed from both sides .of

Eqn. (2.10) and then it becomes



k x - 5
x = 1055 e 32 + 22 rZ2 - rrigee w + S raT s
= v N s,
n 2 ° 4
# (T-Tp)® + roe (5= - T, 'T)lds ©o(2.11)
Sz . ’ L
where T B

5, is the surface experiencing heatyflux

.t 1 ».
Sy is the surface experiencing convection and

radiation heat exchange in ’
4 )
.Let T® represent the temperature of an axisymmetric trianglar

element shown in Fig. 2.1. Defining the following elemental

matrices
¢ = [y, ®1 [7°] " (2.12a)
rx® 0 ! oo
0,87 = £ (2.12b)
] - " ——
. 0 Tk,

. & (2.12¢)

. . .
= [8,"1 [r°} (2.124)

=
0
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One can exprea;ﬁqn. (2,11) for an element as

ar® e, 2 N
W"[”il 3t v L (2.12e)

Pl %-{TQ)T[BIEJT[i)le][Ble][’l‘e}dv -7 x oe[ule]('i@)dv
e . 3 d L -

Ve o ¥ Y

A
s peltn;1 4T S (ahav + 1 x 0%, e:{-: Jas
v*i . +s,°

T+ (I:u ®1{r® l) as : It e H® TP.[Nie:H’l'e)ds

P

243+ s ‘;’“(Eul"ll-re))s as
S,

z <

.«/f u:-rr‘[uflhe) as i e (2:13)
e 'Y 3

The functions for temperature T are not continuous
over. the region but, are-defined over " the i.ndividual
triAngu-lar elements.

A Hinimizir’g ;.he variati;nak functional .v}it)l\
respect to {T®} will ‘yield a stationary of x that will
satisfy the differential equation, Eqn. . (2.1), ‘.’and the
bounda.ry con&itien, Eqn.«(z.z).

Thls can be mar.hematicnuy
written as 2
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2 i 5
i S —L S SR ) S (2.14)
a{r®} b{T"} a[r®} 3%} . .

where n) ;ienotes the total numper of elements.
‘Differentiating Eqn. (2.13) with respect. to-{T°],
us:.ng the relatxons‘hips given in the Appendix A, "and ;ddinq, .
the contrxbution of each of the elements ad®snown in,
Eqn. (2.14) we cbtajn | o £ D

By e - . B,
[ 78,5170, %28, ® i Jav = s ¢ oemlﬁf av .o
- e 7 ve . & *

e )
+ 5 rpe® 1,517 [N, %] %:—l av + 7, ra® N1 as ®

e ” e
v : sy

§,°1{1%)as - s r ST, [Nlejrds
o e .

3 . %

W+ oo £y °1%(IN, 2 (1% %as - £ roe 1N, ®1Tas )0
\ L e .

e .
. Sy R ) ' 8 "
L .
5 '(2.15)
g \ :
.The above qquatiT can be expressed as ,
G L
G, AT GGy, * -
Lc, ]}ac + [Ky ].(-r }- =
. . t
= {F%) = (R + (S} ¢ 51 (2.6,

; e 3.
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N R .

. where [c,%17and [k,®] refer to the global capacitancé and
conduction matrices respectively: {POG), (pq“]. (r S} ana

_(FEVG} are the global force vectors due :.o the heat
generation, -heat. flux, ‘convection and }adiation

respectively. '- "
The expressions for the elemental I:Cle]: [Kl'eJ,

{F,°) ana’[F_®} are

[c,®l = 5 pc®r [n;%17 (8,%) av N (2.17a)
A :
v

1k, %1 = s 18,°17 [D,%18,%] av
e
v

- ‘

A A R R IEEN (2.17b)
- e :
. 2
(Fg%) = £ r a® [§,®1" av L T (2a170)
ve I » . X
Tl 7 ra® N 1T as 4‘2.17& .
5 4 o
) s, R B o
(r®) = s rn® g Cw 17 as L (2.17e)
) o Tp IN T ¢ .
4 Sz * ] » '
v .
z \ i
: . A .
’
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' = f roe TF4 v, ®1" as
e
Sg >
- s r oo e I ®TTN, 0 (1)) ? as (2.17€)
5,°

2.3 The Formulation of Elemental Matrices

2.3i1 The capacitance Matrix [c,°]

Fig. 2.1 shows the location of vdricus nodes of the,

3 . W,
axisymmetric triangular element. Using the volume coordinate

system bf integrate pver the volume, the Eqn. (2.17a) can be

wriften as

‘11 €12 el
(™Y e, o ma%pc® ’ - )
O Cya c,y| (218
Symmetric (_‘3]
where : - . E
L 2 2 2
. oy =1z 5* P 2y? + 20 ¢ bryry v bryn +oargn
(o] =3r2+3r2+1"2+4rr + 2r.r. + 2r.r
12 i 3 3 1Fy 1% 3%k
Ca=3r,2+ 2 +302% 4 26,0, + 4r,x, + 20,0,
13 T3 3 X i R 1 e 1 S ’
5 e
‘ - ”
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2 9 ey 3
) L \ €y, =26, # 1<2rj T
’ G b 220 32,2 v 3 ® % Heye, @ 255, & 455,

. 23 3 X 155 1k 37K

. Coo=2r,2 420 ¢ 1262 + 2r,x, 4 6r,r + 6r.r
33 i 3 3 ity 1%k 3%k

F 3 .

* 2.3,2. The Conduction Matrix [K,°]

. 0 .
s . The expression for the conduction matrix [K,], can
be written as o -
¥ . ® eq [ e &
s [k "1 = [K "1 + [k "] . - (2:19)
‘where e : :
1 = 7 8, M, 18, ®av = 8,°17C0, %108, %1 s av
e e
ve - % .
-
s . (2.20)
JThe volume integral S dV can be evaluat as '
ve
S av= f2nrdh=2nFA® ' (2.21)
e . e N ‘ k
! A -2 .
23 .
‘ where < . . - .
. r, + I, + T . ’
2 ) E= 3 % ° )
A® = area of the triangular element.
Now the Eqn. (2.20) can be written as P
) [
4 L




2q

Pi PPy, Dby
o 28k ° -
b.b b.b. b 7 -
I d =8 3P4 5 37k 3
bby  Bby  byb
C‘.C' cicj ci.ck : ) )
2172 ke j *
3 c,c c,c c.c . . .
PEG 305 385 1% (2 zz)/\\
*: Ckci Ckcj fkck
The s}(presnionu for bi' bj' b‘;, cyr cj and ¢ are given in

the Appendix C.

The [K,®] matrix is due to the convective heat
transfer. This matrix is zero if none of the triangular

element sides ange heat by co ion sm.  For

elements havling convection boundary condition, this matr'ixAi-

dependent on the side of the element experiencing convective:

= ~heat transfer. In this case = N R
e e e T, e . .
[k, "1 = !.e rh” [N;170N, "Jas , (2.23) i
8.
‘ 2 3

Using area coordinates, the above integral_ for the side i-j
: 2 E
of the element can be evaluated as




\
. ryry 0
& 2nf 1€ Ly .
459 J1j = 13 3rjh:'i 0 (2.24)
¥ ' 0 0 0

Similarly, for the con‘veccio'n on side j-k of the element one

can write

~ ; 0 o
= 2n T n® L i )
= 13 o 3rj+rk (2.25)‘
. 1o rj&rk ] -
and for the side k-i, it will be ; i
LR P .
{ - 3ry+ry o ritr -
baadd - 2n T n® Lyj . . .
B g =T | ° [ (2.26)
rytry [} 3tk+ri

where .
Lige Dyxr Dgg™ 1engt}1 of .sides i-j, j-k. k—-i‘o.f the’ element

respectively. : ! .

h® = convection heat, transfer coefficient of the

element

| .
2.4 Formulation of Elemental Force VecWprs

" .2.4.1 The Force Vector (E'Qe} Due to the Heat Generation

" Using the volume coordimate system to integrate

over the volume, the Eqn, (2.17¢) can be written as 4 =
-~
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Zti i o Ej + l‘k
2 = e ,e
e) _ 2nr A -
{FQ } = 15 T+ 2rj + oy (2.27)

" o+
. , r + t] z:k

2.4.2 The Force Vector, [qu) Due to the Heat Flux

The vector, ,(qu) is dependent ‘on the side of the

.elqment experiencing the heat' flux. Using area coordinates

to integrate over the trface, the Eqn. (2.17d), for the side

i-j of -the element can be written as

- e 2ri # rj ®
- EEE Ty ry o 2r (2.28)
ij 6 : j *

®) j

{ry

0

.

, :
similarly, for the side j-k of the element one obtains

0
= B )
27 7. q% L, 3
Pl = ——= {ory+ o0, (2.297
Ly +iery,
and for the side k-i, it will be .
e
2c, +r .
: ” mEQL, | b K
(Fq i = . (2‘30)
@ ri + 2rk



2.4.3" The Force Vector {F,°| Due to the Convection

This vector. is also dependent on the s&ide
exchanging heat by convection. Using area xoordinates the
surface integral, Eqn. (2.17e) for the .side i-j of»che\

element can be written as -

. e . Loy
e v . 2r.+x,
. e 2nF 0° T, Uy 3 o B
(Fe%hyy = —E i rytory (2.31)
- . . o [
\Similarly, for the side j-k, it will be .
e 0
2n £ 08 T, L,
. e - F L3 B
. "y = ———— 25 34y (2.32)
rj+2rk

and for the side k-i, it can be written as
1] &

. 2r 4T,
. . e o I .
By tr——g— i O (2.33)
L] ri+2rk

2.4.4 The Force Vector, (F ] Due to.the Radiation

‘ -

- "The expression for the vector {F.®} can be written—
i '

. . :

r,%} = (7%} - [F,%) (2.34)
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where
{r,®} = foroe .t (w17 as. (2.35)
52 B ) )
1F,%) = sfe x v}': Iy, 217w, 21 e hYas L (2.36)
X s :

Both the vectors, {Fle] and (F,°}, are dependent on the side -

of the element experiencing radiation heat transfer. The
N
surface integrals in Eqn. (2.34) are evaluated using the area
coordinates. The vector [Ff). Ean. (2.35), for the side i-j
. P .

of the element will be

2r +r)
a Zch:TF"Li, 3 ) :
{F, )ij = ——T——J rjt2rg s (2.37).
0

Similarly, for the side j-k, it can be written as

me . 2 c 4 4] 5
@ 2nr oe Tp L, X
[Fl }jk = ————-v—-‘——j——e 2rgbry b, ’(»z.se)
RN
and for the side k-i, it will be _ ’
.
2r 41,
. Eoentrgf- itk
[Pl )k1 -- 0 (2.39)
r42m

Similarly, the veccor,[er}, Eqn. (2.36) for the side i-j of




the element

e

N

where

{75}y

c, = (60’1'

1

and for the side jac it will be

is

21 % o € Lyg
-t 1]
330 (2.40)

2, 2
2,
3- 12

3 4
+40T1 T, -0-24’1‘i 2Ti'l‘j +4Tj;)ri.

Y

—" 3 2 i3
) + (lOTi +16Ti Tj+18’l‘i Tj +16T1Tj *IOTj

3 4

bl
.
+ (60t, 44401, 31 4241 21, 2127 1, S4ar,
j J: i ji 4

4 2,2 3
+16T ,OluaTj Ti +15TjTi flO’[‘i

= (10'1‘].
e .

3

2n ¥ o e L
ey _ ik
(FZ )jk = 730° (2.41)

= ) A4 8
= 'l‘k +12'1‘ka 4‘4Tk )r

%,

4 3
60T, +40T, T +24T
{60py"+40T, ", 3

A
3

24167 Ty +10Tk )ry

T +18'l‘ '1‘

v

+ 16T, Tj*lew T

LA
+ (10'1‘j +16T 3T

N y 3 4
cy = trom* +).5'1‘ij +10mY)ry

1 4 e
4 3 2, 2 3 4
*40'1‘]( T +24’l‘k ’l‘j +12Tk:[‘j #4:l‘j ‘)rk

+ (ec.t'rk 3

)




similarly, far the side k-i, it can be written as -4

= 3 c
. 2n v g ¢ L, 1
5 e _ ki
) (F%he = g 0 (2.42)
% cy s
where 4 ‘ 3
. - 4 3 2¢ 3 4 o
€y = (60T, "+40T, "I, +24T, “1, “+12T, T, +4T‘E Yoy
.| — 2,2 I
L+ (101‘).L +15’ri trkHSTi Ty 4_-16'1“'1‘)( +101‘k )\rk
\
_ 4 3 2.9 3 4
Cqe= (10T, “+16T, "1, +18T, “T, “+16T, T, "+107, ") ¥,

) 4 3, 2, 2
+ (60T "+40T, ﬁ-i+24'rk Ty

3 4
+1?TkTi +AT, Ty

2.5 The Solution of the Nonlinear Transient
Heat Transfevr Problems

2.5.1 The Transformation of the Simultaneous '

Differential Eguations : ¥
There are " two ‘commonly known methods for solving
the nonlinear set of transient  temperature equations

‘Eqn. (2.16). It is a system of first order nonlinear

equations is!by using the finite elemen}: method defined in
the time’domain [ZI]. The second method [23] for ' solving

these equétions is by approximating the time deriVative using

a finite diffevence. scheme' However, the number. of | \

computations involved in the first method are very large. On

" the other hahd, the Crank-Nicholson central finite difference

///' . o

diffevential equation. The £irkt mothod of *solving these
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method [22,23] is unconditionally stable!and can be easily’
usel in the present investigation f£br Sbtaining the

B o |
tenperature distribution.  Using, this method, the first
derivative of the nodal temperatures bet‘veen two points ineo
N | x

the time’domain can be approximated as |

A
{r¢ . i S
dh-"]t ]u% ! lt*z— I
. St — e~ L (2.49)

N . = " ’ -

: where At is the b:.me step.

Y
Similarly, we can also express [':r }, and (FG]L‘:' as

v . T G o )
) {r )H s AT ‘t_vAE )
(%}, = —25—-—2 (2.44)
and P - /
s O et 0 _
{8}, = iy 2 . (2.45)
® 3

Subatitution of Eqns. (2.43), (2.44), (2.45) into Bgn. (2.16)

" ® gives v
) L Gy(a0 L 640 1 rg 1[0
2= [e, P17} - = [c,°1{1°} + = [K,°1{T°}
= b=y "G _ae Y3 At
) 3 3 L) ] t 3
. . 1 ’ 1
LU L (F°) | ae * ‘L{FQG'
- e 5502 e- e ~
- i s
&




"/\onunear. They contain the hig ers of some of the

@
'
i
)

a
+
ol
)

The above equation can be rearranged as

- (2 (%) - k%) (%)
aem Ge st —mtne®)
ta s 2
S )
vl et - el
5 T e 4R =45 07 e fE e 4t ~
G\ R :

+ |F * (P .

LIRS N

(1 + 7’,;'[c1‘;1)h~°)t

,G)

‘. + [Fy

2

- #
(2.47)

>

" In the above equation, the force vectors due to,

At

radiative heat transfer, (¢ °}  ana {r.°) are &
-~ . At :
- - = . t o=

!

nodal temperatures of the elements the surface of the . ~
t g e

ingot. Here nodal temperature vector (TC] at time t+
unknown whereas the other' quantities Tvectors and-matrices)

are known. " substitut¥n of l'EG] at O0 the rignt aid\\\'
t- At
2 L J




of Eqn. (2.47) reduces to =

~.

(6K, © +2 fe ° - = + [r.C _ %

CR R N L e N R UPER L
2 . 2 2
AY

+ + 55 (2.48)
" o+ A5 °
where (A} ts known. [ 4
The Eqn. (2: P hasavectors : (p )t+ At and (e} , A on the.
. o 2’ a’

right hand side and ese‘vectota .contain the unkrnown nodal
temperatures it the tige t+,2 " Tha:efb:e, this equation
can*only be sblved by h!ration techniqqeu. d Some»of't};ase

techniques are . . ‘ .

1) The Iterdtion Methgd

. 2) ghe New:on-naghuon‘nunoa A
3) The Nonlinear Optmi:ation Hathod

L Some dhcunaion on theng methods are mentioned in

the following aection‘g. i

N A . ) -
2.5.2 The Itaratian Methoa =5

n f.h{- method, [24] the nodal' tempetatureu at time

T

c At
Jt+ 3= are 1n1t1a11.y Qasumsd to be the same as the

‘temperatures at time t- At + and used on the right hand, side



of Eqn. (2.48).,.Then the force vectors, (FQG), (FqG), {r S}

ana {F ®} insfin. (2.48) are evaluated with the assumed nodal !

temperatuies. At this stage Eqn. (2.48) reduces to
. . .
G 2 G G s
{0k, 71 + 45 [ ])‘(T']u A {a,} (2.49)
4 2 :
" where {A,} is known.

- The linear equation, Eqn.. (2.49) can be . ecasily’
.Y

solvea for {1°} . The calculated nodal temperatiures are
t+ :

at
2 ! %
then compared with those assumed ones. If ;Ee_} do not meet
the convergence criteria thény the average of the assumed and
pcalculated tempegratures ar; usd in the ne‘xt iteration.
A 3
2.5.3 The Newton: aghsgg Method
It is a commonly known method for solving the
nanﬁnear equations [23,25]. In -this method the unknown,
temperature vector {T®} at the .ith ‘stage of iteration is
substituted in Eqn. (2.48) and rearranging this equation one
. can’ write . C '
et = (%1 4 Jp re, " () g Pl - LA
G,i

Gyi Gyi
+ [F - r} - r)
q At e At )
I 5= t+ e t+ 2




t 2 7 4

In this equation (£}’ is the residual vector whose all the-

elements are zero only when the assumed vector [r°}%

conyerges. Clearly, [£}} is a function of all the.nodal

"
-

tempefatures, therefore, one can evaluate the matrix [“1’

; ) |
the Jacobian matrix whose general term Ajki‘ can be defined

as
3£, |1 £ N
I | ) . .
Ajk =% T . = _(2.5013)
The ' correction vector {ATG)" can be obtained using v
tart {arC)t = o)t ’ . (2.50¢)

Then, the improved temperature vector can be khown using the

relatiop )
G+l _ ' Gyi Gyl
{ IHA": = {r lt+£+ {ar ln-“—‘ (2.504)
- 2 2
]
The iteration can be terminated if L
"[fj| CEgy (3=12, em) =
Alternately, the iteration can also be terminated if
I8 8] < an8y) (3=1,2, .ov s m) \
.
A ' Y
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2.5.4 The Nonlinear Optimization Method
Lo

The nonlinear optimization methods can also be used
[26] for solving Eqn. (2.48) for' the unknown nodal

At - ~As an example, the solution
t+ 5

of Eqn. (2.48) can be obtained by the Ravidon-Fletcher-Powell

. 5
temperature vector {T¢ }
I

hethod [27,28] which is a very stable method and converges
quadratically.
Tf ‘we denote the global temperature vector at the

itn iteration stage of the optimization as (1.} and
W W ;<.

At
* 2

substitute on the right hand side of Eqn. (2.48) then we can

compute the force vectors {F C} and [F %} ", . Then,
c A r at
t+ 5= t+ 5=
2 3
this equation reduces to system of linear equations which can
= A
be solved for the unknown temperature vector at t¥me t+ 3% .
This calculated vector can be denoted as l'l‘cii ag+ SO we

o t+2

r :
can define the objective function, 6 for the minimization as

N n, ’
o=z (r t-n1)? . (2.51)

Te ° st .
1 e gt

where ny denotes the total namber of nodes.

Therefore, the global temperature vector (1%] .
t+
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is obtained by minimizing the objective function 6. _ The
iterative procedure of this method can be stated a‘u follows
[273: '
& i
(1) sStart with an initial assumed vevtor [-1-° } and a
%, ositive definite symmetric matrix [A']. Usually we
consider ta'] as the identity matrix. Set iteratiom.

number”i to 1. i B

12) Compute the gradient of the objective®function vel , at

('l'oi},_ and evaluate (6!} such.that -
. et} = -ty (vet} L 12.52.1)

*
(3) obtain the optimal step length A; in the direction (o“'}

and set - —— . * ’
“e° i
i vy ® gk ’
. 1 il BT € e SO S VA (1 (2.52.2)
t+ = t+ .
2 2 )
= i PRI i o? .
Substitute (ro } ag in {F°1 4, ana (p‘, ] ap - sSolve
3= - 5= t 5= K
for (1:1"1) s¢ + Computh the value of objective function
e+ 3 ) .
e“ld and test for opfimality. If the objective functi,
t = « R

attains %n optimum value, then terminate the iterative
procedure. “The temperature vector corresponding 'to
optimum o?joetiva function represents the global temperature

w
vector ‘at time t + %5 . Otherwise go to the next step. 9
® . -

)
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| (5) Update the matrix [H] using the relation

, tat*ly = ety + vy + e (2.52.3)
| where ’
i N =
1 tuip = 2 (o1 te1" (2.52.4)
3 = [GI)T{pl' -
R ; T
—tenh et pirrataptya”® :
: . sl (2,52.5)
o 5 (p*tut1{p*} .
fx = and . . N ‘»
; (e} = vot{r F* M) - wofr ty =Tvet*t < vl (2.52.6)
o 6) Set the new iteration number i=i+l and go to Step 2.
. \ ' '
. 2.6 Numerical Example , » .
. - .
The transient heéat transfer process of the body
4
shown in Fig. 2.2 'was. studied using the finite element
method, [24]. It is a ceramic ~body whose .sides were
. maintained at 300°C,the bottom surface was insulated. The
s top surface exchanged heat wit:Nhe surrounding f1u1iijh1ch
: o 4
was at’ 50°C. This heat\ransfer process was by .convection
¥ . and radiation mechanisms.. Mnitially the whole body was at

300°C. © This problem was' gnalyzed as a two-dimensional

problem. Because.of the symmqt.ry about the vertical axiu.

the heat trangfer analysis was carried out for the tight half’
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of the body only. The lineatr finite triangular elements were

used in this study. The fhixele:ent discretization of the

system is shown in Fig. 2.

e unsteady heat transfer

process of this body was rvepresented by Eqn. (2.48). The

expressions for the elemeéntal matrtices [Kle]. [Qle] and

elemental force'vectors (Fuel, {PQO .(E‘ca}, [Fre} are{lon<

if the Appendiy B. The Eqn. (2.48) was solved. for (1%}
5 ) % L) N

] t+ %
‘by the. three methods mentioned earlier i.e: the iteration
n;ethod, - the Newton-.Ra.phson ‘method and’ the optimlzation
method . ) )
. Fig. 2.4 sfows the temperature distribution of the
solid using the iteration technique. This:figure shows. the
continuous decline of temperature for all thersalient nodes
with time. The temperatures of various nodes oscillate in
the beginning, and then die out after some time. At a .gi‘yen
time, -the oscillation umputud;s are higher at the co;:
surface nqdeu compared to the nodes at the 1nsu'\la:ad
boundary. The rate of decrease of the temperature at r.l:re top
surface is very high, whereas t1he temperatures at tne nodes
E v‘lhich are on insulated boundary decreua? very slowly: At any
given time, node 21 is at the loweat temperatute. This ia
because it lies t;n' the symmetrical axis looging heat to the
surrlmmding £luid by \conve‘ction .as wel‘l as 'radiation.
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Moreover, 'u‘ ‘is the f'arQhest point from insulated and
1ao;;|:ma1 surfaces. Figs. 2.5 = 2.7 shoy the
time-temperature plot of the nodes 1, 13, 23 respectively.
It is clear from these figures that the .temperature
distributions obtained by different numerical methods are

quite close. . As. expected, the finite element téaults show

coscillations in the initial time period, whereas finite

difference results do not exhibit such a behaviour. However,
one has to take care of the atability' criteria’ in,the finite
difference method. THe finite element equation Eqn.. (2.48)
is unconditionally stable.‘ ]

In votdelr to ‘solve the heat transfer: equation

Eqn. (2.48) by Newton-Raphson met!?od, one has tg compute the

-Jacobian matrix, [A]i. The computation of Jacobiart matrix

requires 'gore computer memory stc:rage and involves more
number of computations las’mmpared to the itﬁe_raf.ion method.
Similarly, the ;clution of Egn. {2.48) by the nonlinear
cptihi.zatinn method\'required more computation time [26]. The
iteration n\etiwd was found to be the most efficient among the
t,:hrae methods  for solving nonlinear heat transfer e;juat:ions.

Using this m'éma the solu‘tiun was obtained using the least
& «

amount of CPU time to the New e tirot—oT
the nonlinear optimization n\e;héd. »
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_/™erefore, this: iterative ‘method was used for

solving” heat ‘transfer equation of the ingot which is carried

out in the next section.' i 3
: \ - \ . \ & .
) 2.7 Computer Simulation 05 the Heat ’l‘tanafer
Process witﬁin the Ingot W~
L 4 il The System of Equatig T
£ Within the Tngot .
i * v There are a lot of 1ndustria1 processes - which can
be mcdal!.ed on a digital ccmpu.ter. . The e..simulated models
‘can be used very economically Lo study the effects of the
¥ 5 E variation of sche of the control variables on. the state,
"variables al thus- the feaslbili.ty of\any modification of the.
X . " ‘procéss can e -easily implemented. As’an prample, in a heat .}

téeatment pro‘cé:ss, the ' furnace tempera‘ture can be conside‘red

- ase a' control’ variablew and the_resulting temperatures at

'various points of the solid as the'st‘a variables. .By

“‘ 'vry&ng the furnace temperaf.ure on\e can obtain the desirable

'aistribution of the temperature within the solid. A ccmputer
mo&el»n_f such' a process can be veryxeaaily esﬂlished.

G 2 Theu. ars se}'sral types of metallurgical processeSv

' . . .where a n\aterial is wequired to be heq&ed to a very high

temperature before: ing. . Some of these pcacesses are
annealing, forgirig.’ rolling, etc. During t-.he heating prccese

the -urface qeh! heated fuiv:ly ;apidly whereas t‘ne core
.at a compuiuva 1owar temperature. The f_hetmal

Lo ,rqnulﬂ‘
. E ¥, &
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stresses are developed due to this temperature aitference.
I'f this temperature difference Ms large then it can lead to
the  thermal cracking of the material. Therefore, the
material should be heated in, puch 3 way that this maximum
difference in the temperature[ at ‘any instant‘ should bc less
i\’:al"l ‘certain amount so ‘that the cracking does noty take place.
This nécessitaces a thorough analysis of the heat transfer
process wn.hin such materials [29]. " ) !
In the -forr{e-shop, steel 1ngota are heated to the
. Higher austenitic temperature ¥ange. which is close to 1225° C.
piractice, these 1ngo s are charged Lntc a ‘furnace
mainta‘kned at & lower :emperature.-in the Eu'\t stage, and
then the furnace temperature_xs .raxsed in the succeasive
stages [1]. ~ $ - ) ’

The heat transfer analysi¥was studied using finite
element method. The- boundary elements of Aingot- exchanged
heat with the surrounding furnace by means of convection and
radiation méchanisnis_. while jbeing heated. 1“he i.ngot.' lgnins'

'heat Erom the - furnace :hfough the ‘top’ ‘and bottom .flat

surfaces as well as .the cylindrical surface. In this heat

trapsfer process both the heat -flux, q, and heat generation:’

term within the ingot, Q,".are/ gero. Therefore, the Eqn,
B e -

(2.47) for thig problem reduces to

™~
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\ 1 T . (2.53)

4

The iteration method was usdd for solving {1°} ;. *in tne
t+ 2=
2

above equation. , The results of the solution are discussed

in the “next, subsection.
/ .

2.7.2 The Tem geratu&'e Distribution Within_the Ingot

The temperature dlstrzbutlon within ‘the ingot vas
obcamed (201 using Edn. (z 53’ ‘Fig. 1.2. shows the
diametral cross-section of the ingot where AB represents the
~radius and 1 aclie the hsight of the ingot. . Due to the
_symmetry about the horizontal and ‘vertical axis, the Finite
element analysls was chied out for theshaded region ohly.
In this .figure, ‘TF re’presentu; the furn*ace temperature. The
some of titedbat was divided into several linear asisymetris
t_rx;_ngular .elements (the details are given in the * Appendix
€)s The finite element. discretization pf the system is shown
in Fig. ' 2.8. In the heating§pro$e!s,’_ the temperature

gradients at the gurface were quite high therefore, the size

of thé elementp. neat ,khe .surface were smaller. It was-

assumed that the ,.Lngoc' was' made~of 1% Cr steel,.and the
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‘material prcperu?es were Vobta‘ined from [30]. . The thermal
conductivity, (kr, kz) specific heat, (c) and convection heat
transfer coeEficient, (h) had nonlinear variations with the
temperature of the ingot. '

The assumed variation of heat transfer coefficient,
h, with ingot temperature can be written as [31]

0.5413(7, - -rs)°"25-
h= =

h W/m °K . * & © .'(2.54)
where ( L o
*{ Tp is the furnace temperature
- “% . .
| Tg is the surface nodal temperature
. . LU
% 4 ie the diameter of the ingot
) ,In order to study the heat transfer process within

\:her—r/ ¢ the furnace eRpeEitiEe s atEsd EFeow Ehe “room
temperature, 295°K, to final temperature, ‘810°K, along' a

linear path but with, various heating rates, which are showy

in Figs. 2.9-2.13. Fig. 2.9 shows the temperature variation’

of uomeij\the typicaﬁy selected points such: as A, B, C and

F. In these figurés the fastest temperature rise takes place
at .the corner  point F. The point\\}\ Shows: the'. slowest
r . This is at the point p, the heat: Erom both

the tof as well ad the cylindrical surfaces is- being
rscaivad.‘ The ‘point ‘A is slowest to taspond because it isg

the interior-most point. The rate of increase .of the
’
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temperature at the point B is greater than C because it

happens to be at the cylindricql surface. In these figures,
s Pa

there is also a plot gf AT versus time. AT represents the
temperature difference between the nodes B and A. fhese two

— " " points -were selected because-the temperature difference per

unit length was greater than between points A and E or A and

'F. In-other words, the average gradient along AB was greater

max

t dif € these "p hts and it causes

maximum thermal stresses. While heating the ingotgcare is
taken so that this quantity does not exceed a certain value

which would cause thermal cra

\n interesting fact to
be .o‘bserv,ed is th ‘takes place 36000 seconds (10
hours) after th‘ Urnace temperature starts rising (refer to
» . Fig. 2.9). A¢Tthis instant, the point B is already close to
the final temp rat.ure. ' ﬂ-\ ' '
The, effecbﬁ-of the var{ation of f.he furnace heating
is shown in Fiqs. 2.9 to 2.13. 1In Fi; 2.14,
. the furnace is almady 'at the finishing temperature i.e. the
: . ingot 13 chat&d Lnto the hot furnace maintained C)t the
. figj.shing temperature. In these figures the heating
characteristics 'of the various points. shown in Fig. 2.9, do
; . not change but’ ;t’h? occurrance of AT, . shifts to’the left
“d.e,, the maximum temperature difference. between the pointe B

:, PR and A takes place sooner ,gs7tha heating rate of the furnace

~

—- _ thamyAE or . AF. .The parameter AT __ is the maximum;

o~
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_'be seen in this table the t:.l\'re t*, the .time' at which AT o
takes placa, dsorgads ‘aw the heating raék}x\c!easqs, but, the

inereases with the mcrease in the heating |

magnitude of o

., In 'thia table it.is quite clear that as the heatinq

rate inc&easee then t_’, the /time required{for the. Lngot to

e eteady state temparuture, decrsases. ,ona i’

in mlmmizing t . which would nmount to

ds‘jeuaing t:he produc on’ Eime of‘heating the ingota but one

,has to keep in mind the qunn.r.:l.ty AT . a very hlgh valueof

ax
which can lead to thermal cracking. L |
E >

2.7.3 The Temgeratnre Gradlent Dia:rlbution
) wlﬂ‘lin The Tngot R g B

The temper&ture gradients were ca;culated‘upinq

° Bqn. (24126) for a constant furnuce ten\peratura of 810°K. In

Figu. 2.15. - 2017 the radial temperature gradients along
the sectlons AB, cp und EF mspeetively ara shown' In all of

theu‘ﬁgures t’he gradient characr.etlstics are similar.

Aftsr 120 secondu (2 minuceu of heating, the gradien:s are

vsty high naa: chev cynn anl" surface, 'Ehe core 15.

unuﬂeeted by the = * he: ting procehs. . Ku the heating ‘sime

1ncranl

t.houe gtadiem:s im:x‘euse, und<q‘hen as the surface

'_ and r.he core tcmperaturas uome elcse to each oc}m‘, these

s increased. mikfa::c is s‘hcwn in ‘the Table 2.1. As'can g

T
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/- gradxem‘.a ‘decrease. These curves go through a- maxi.ma and a
. minima near the cylindr. ca\ surface due to-the bi-directional

heat-flux. ‘These figul% clearly 'show .that one- dimgnuional
haat flow study. in ingots would not lead to reliable values

: ) -
of {:‘he temper!tux‘e gradientN » 3

The’ gradients 1n the vercmal“qz z)direction, along

‘the same sections i.e. AB, CD, EF as discussed earlier, are

s shown ;n'Figa. 2.18 - 2.20. These gradients \mye,posiuive
y values due to the heat flux entering from the top surface. *
”~ _ Refarrxng to these . figures the- tempetatuu gradients are-*

maximum at the time. equal t 120 seconds (2 minutes) at t.he
top surface-. (refer to Fig. 2.20) wherena, at, this instant, ,

the points along the line AB are too far away for the heat

q flux from f.he top to diffuse ihrough the body. In other

wurd' the fastest response due to. the heat Elux from the z

\@uecuan is. felt by \cﬂe top surface. The maximum value of

i th# gradient’ along the une CD is. felt after 4800 sedonds

g . (EO minutes)y the, same eEEect is experienced along the Una

' ’AB after 12, 600 seconds (210 anutes). These gzadla t cul'vsu

show very imporbant aspects of the dynamics of the, heat

fer process. In addition, the ‘v’urlauonq of . the
K : gradients along the radial as well a‘s the vertical direct{ons
\‘clearly show that one as to use’. potynomial‘s of higher powers

of T to indicate t.he ‘a stribution of the temperature field in
y g

the Lngot . = “ .

4
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As a paint ofggclarification -it should be mentioned here that

. the temperatures reported were 'obtaimed by ‘varying the mesh

size unfil there was no significant-change 'in their Yalues.

F ; i
2.8 CONCLUSIONS
" In. this chaptar,- the equations' for the transient

nonllnear temperature listrihution within. the i.ng(it due to °
convective and radiatlve ‘heat flux from the Eurnace was

obtained using a combnation of finite element and finite

difference methods. The nonlinaarities‘ of this analysis were

due to two reasonsxv t_he ﬂ;‘st reason-was tke f?i:ha-vuriat\fon

of matex‘ial properties of . thé 1ngot with its temperature und‘

the secdnd reason was the nonlinear boundary mnditions due "

" to radiative heat tranafer’at the surface Of. the ingot. ~The

resuiti‘ng n:anlinaax' hest transfer 'equa{:iom: of the'solid wa.re

Bolved by . the 1teraticn, the Newton-Raphson and the nonlinenr

optimization methodn\. Basgd on’ these atudies the foll.owing

cpnclusions can. be dr_awnx e . ‘

1. The optimization methods - can be . used for solving.
nor\llne;r heat. tranafer ptnblams.

2. . The 1taration- method is vat\} efficient and rqural less
CPU time ' for aqlving nonlinear heat transfer equationn
compnred to the other methods. . : S

El »

g




5.

6.

The axiuynunatric analxsis of ‘the heat tnnsfer process
yields better insight into the temperature dlatribution
within the inqot as compared . to the analysis where the

heat flux from the axial direction is not considered. 3

The temperature distribution-of the {?t along ‘either + '

the radial or the vertical direction is{nonlinéar.

The. time t* decreases ’aa the hea‘ti'ng rate increases.
The quantity A’l' ax }ncreaues as the‘heahing rate
1nereasas. v
The temperature 'gradi_enta ptbvida'veiy useful 1r;forﬁ\ation
regarding ‘the heat flux from the radial and: vertical

directions:
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CHAPTER 3

. . 2y
y B E 3
THE THERMOELASI'IC STRESS ANALYSIS OF THE INGOT L

3.1 Introduction

In the previcug chapter, -the transient temperature

distribution within the indbt during heatinyifi a ¥yriace was
formulated -using the - finite--€lement method. vThe nonlinear»
transient temperatures at varYous nodes of the ingot were
calculatad for ‘different furnace heating rates using* the
linear finite triangular elements. “In t‘h‘ls chapter,’ the °
axxsymmef.rlc thermal stress analysis equations have been.
obtained using the finite element method. These thetmul

stresses are due to the nonuniform tempara:ure distribution

thin the ingot and are dependent upon nodal temperatures.

fhe ‘same axisymmetric triangular finite elements are used in
.both. the~ Therrfal and “stréss analysis since thd lateer
ana!.y,pis is based on the former one. The’machanicul"'as weu v
as chqrmal prcperties have beén assumed to vafy nonunequy
with thg tsmparature. ’l‘ha thermal and ‘stress ~d1utribut£onu: *
of the nodas along the hor tal ‘section ‘AR (reﬁer to Pig.-

1. 2) \sre*‘ulao com#ed using the ‘two-dimensional finita

difference method and the resuxu “are th,en .compared. The
1nfluehce of the linearization and slenderness ratio on the
maximum. ner_mnuzed_] thermal stess energies are also analyzed.

o .
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v 'Ehe\ axisymmetric finite element formulaafon’of the
thermal stress analysis is- presented in the next section. '

7/, g s

3.2 ' The Mathematical Formulation

. Principle of virtual displacement can be uséd ‘in
the finite element formulation of the axisymmetric thermal
stress analysis [21]. According to this principle,® the

0

thermal stress equaiions of the' ¢ got. !re obtained by

minimization of the potential energy. 'The potential energy,
LX of the ingot can be expressed as, N

(3.1)

x) = strain ‘energy, (A) - work doné (W) ,

5

. - . - 2
Since, the reé’ion of interest is subdivided into a number of

linear triangular elements, the above equation can be written'

as. »
d " “ .
M e 5 : 1
m=Iom ® . d (3.2)
: - e=l1 : . i .
where . o .
@, denotes the total number of elements

denotes the potential epergy cqntribution

of the element e
i . \, ] :
The strain- energy, Ae, of the element can'be written as

- 2= ;%"({;)T [6®} = {e®} (o®hav.  (3.3)
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3
where -
= i, B /
{e®} . is the elemental strain vector
{eo°} is the elemental initiaivstrain vector
{c®]} is the elemental stress vector §* ~

Using Hooke's law, the ellemental stress and strain vectors

are ,related as o : P
{c®} = !:Dze]V[:el - 10,°0{ep%}. "’ P (3.4)
. - L

. . .
whera-[Dze] is the material property matrix. It can be

etheSsed as \
; %
N § o
Ve N - 5
ve, _ - E v = V; v i
00,3 = TTFey(1=2%) v o ey (3.5)
; - ‘o 0 o =2 5"

|

The stress components for the .thetmal stress.analysis are
shown in Fig. 3.1. The stress vactor for the ingot can ‘be

represented. as
AT =108 ' (3.6)

similarly the strain vector; £ case,! gan be written




. N wm P {.;
Fig. 3.1: The Elem@ntal Stresses in the Cylindrical
, Coordinate System. =~ el . %
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‘where u®, v® are the displacement components in —t}\*
LT directions respectively. J

R y :
L uuine_;\_i::zr(éouuon %unctions for both u® and v®as /

: L [“;‘]!..,9)_- . ’ 2

o fale
v -,[Fvl']>(v } ..
Eqh. (3.7) can be re:vriéan as -
e RS '

T O R W [T




Y A
etc., are -

The expres-siox‘-ns of various terms such as bi’ L

. given in theAppepdix C, and R .
N\ > .
- . (3.11)
4 s e -
Ty . ) 2,
& -
: s - 5 b W
(3 : X
’ e
Y . %
ekl oy 3 & ) -
] Similarly, the initial strain vector (:0 } for the element
y . N . . ” 2 £ \ N
can be wrﬂi;ten as ) i & . -
" e C (e ary®T i =
. .
) T anar® | "
_ i , ; ; .
{eg®™h= e ) . _(3a2)
. a T o
N . e « Ay 8 ) E—
. L% /
“ N V
, where o ;
- : « denotes the coefficient of thermal
o, é < <
) » expansion _
v " . ‘
AT, € denotes the difference between the

B
° . initial and the temperature at time t

1 SRS

‘
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The‘ work done l(W) ~in this probleh is zero. By
substi‘tuting Eqns. (3.3),” (3.4) and (3.9) in Ean. (3.2), it,
;s .

can be rewritten as

n
1
m=.x [ (3u)70e,%1700,% 108, % fu®lav
= . R s

= 10 TEe, R0, (e fav + 3eo® 11D, T 6% h)av)

o ) ) - (3.13)
DA ' ¥ o ¥
“whére n, deriotes the total number of elements. ¥
To minimizé potential energy, =, we'differentiate
Egn. (3.13) with respect to the elemental displacement vector
{u®} and set it equal to zero. This can be written as -
&

n

5 1 :
dxn eqT e e e
= ©-C [8,°17(p,%1(B,%1av (u®}
ofu’}  e=1 e .2 28
' e T ‘e o >
. . - [ [B,°07ID,%1{ep " av] = o : (3.14)
. HE & y
nv ) ’ : - ¥
The above eq\;atlon 'éa‘n be exprease_d as
" — .
x1 {u8) = (¢} - (3.15)
where y : . . N
!

(k% Prefers to the global stiffness Matrix f

{r°} refers to the g).—o%a‘l force vector' due to
thermal, loading &




A
The expressions for the elemental stiffness matrix,, [K®] and

‘the corresponding force vector, {F°} are written as [21]

@ 8 . ’

Lo ;
(k%1 = EB 1"Ip,%18,°1 2v T a° ©(3.16)
and = !
.
- o ] a E A’P
N _
oy EBz L Eal

» . | .
- 44 N i

where T denotes the ‘coordinate in the r'direction of the

'ceﬁtroid of the triangular element under consideration.

These elemental matrices and vectors, k%] and {F , are’

assembled to obtain the mrrespondlng global ['< 1 and {F } as

s‘hcmn in Eqn.1(3.15). Once the global displacement vector is

obtained usiny Eqn. (3.,15) then the elemental stress vectbrs

are calculated using the relation [21] M

{0°) = 0,%18,°1{u®} - (D,%1(c,°) (3.18)

3.3 The Failure Theories .
The - properties of the alloys which can be forged, \}aty

very widely. Therefore, 'an engineer wlo is plan;Lng the .

heating schedule must consider all the failube theories and
.then choose the.one whigh applies very “closely to the alloy
being forged. -In [8] it was assumed that failure occured

: »
when the stress exceeded 90 percent of the 0.2 psrc)ent yield




. L

stress. As far as the failure analysis is concerned one can

use some Of the important theories which are [32]: (a) the

distortion-energy theory, (b) ‘the maximum ‘normal-stress

‘theory, and (c) tl'\l'g maximum shear-stress theory. T (8

According -to the distortion energy theory [33], the

failure occurs if r) p ”
\ f. )

L 24 2 e dip A
5a= [3) (09, 7 9p)" + 5 (o = 0g)™ + 3(0y - o,) 1

T L oy . . (3.19)

In terms of the- principal stresses, Egqn. (3.19) can be

rewritten as . L 2

o1 2 ¢ 2, 2q1/2 2
0 = 73 [log>= 007 + (0, = 03)% + (o3 - o)) ]/_ “> 5
|

. ; ’ L (3.20)
where the principal stresses o, oy ‘03 are obtained as the

rooca/of t:n; cubic equation [I1] . . - . -
PAa :

3 2 s 2
o - (.ur+uz+o'e)’.u # (0,9, + 0, gg+ o 65~ 7..°) o
. w 5 ) .
- lop 05 9, = 0y 5,,0) = 0 (3.2,1%
where |o\| > |oy] > |og]. - o ’ .

. If one uses the normal-stresa/leoty then a material failé

when

(3.2.2)

o= loyl > o,

Yy




Similarly, for the material to fail in acco:aq\ﬁe with the

maximim shear-stress theory, the condition . \

-0l >a . " + (3.2.3)
3 \y. . - o

must be satisfied. : : N 2

.

3.4 The 'l‘hree-Dimensi£31 Finite Element Analxsi 1

‘The. diafneteral cross - section cf a cylindrical sr_eel

indot, used 'in thxs apalysis, is shown in [-‘:Lg. 1.2, ‘This

. ingbt was made of AISI 4140 steel whose thermal and

mechanical propernes were obtained Erom\ [341. All the

pmpe:ges varied nonlinearly with &hange in  the ingot

temperature. The assumed var{__icn of 0.2% yield sgr’é?s (uy) toe

and Young's mo lus (E) of ‘this material are

Lo, (T) ‘= 4.484144 x ‘108 3

i ,

E(T) = 206482 x 10° (2 - 4.1667 x 1074 (7-298))
: o + :

- 4.1667 x ‘10-4.(’1‘-298)) ®
i e ; i

" Where T 5 the g P e of the element upder

consideration.

stresses in the ingot can be outlined as folLowax /
(a) First, compute-the global campetature vector (‘T )t & A

at time f. + —A-— by solving the nonuneat r.ransxenc heat’

tranafer equn;ion, Eqn. (2.53).




L3 ) . .
(b) calculate the global force vector {r®} in Eqn. §3.15)

using the temperature vector (T )

At * =
s 3 '
e (c) Solve Egn. (3.15_) for the unknown displacement veckor
- . . [ S0
{UG’ - LA R o i
' (@) ‘Cedculate “the elemental stress vector. {6%) by using the :

s F -elemental displacement veator {U } given in the,
gaat N Ean. (3.18). :

. ~~ 3.5 THe Verification of the Axisymmetric
Finite Blement Model’

- T . : Thiu verificatidn was ca:r;\.ed out by assuminq a

linear ’ profile the centre and the surface

Ty

along the section AB. Then, .the thermal stresses

foliowing relations [11]: * "

- .
. [fErfar) (3.26)
2 ) . N

. aon a2 . vyoE .
% [ETrdr+ap [EQEdr - BD) (3.27)
0L %0 .
* S - gs O - .
; arz, o .
9, [ETrdr—ET) (3.28)
] 0 / . . ¥
i T . 2 r i "
. v S N e . ) - LI
~ema‘ a qéotes the diameter of' the ‘ingot. - “© 3=

e ' .corresponding to ' this profil‘é were calculated using the
o . gporxesp y b us




Here, the Stresses o Og and ¢, calculated using

-
the ‘above relations were the principal stresses ‘in the r, ©
and z/ dire‘cﬂon? resp‘eétively. Th‘e stresses, e usand L
were then obtained, using the Eqns. 3.19 to 3.23. )
The thermal stresses using ‘the finir.e element model

developed in this work, were also calculadte eo:reapcnding to’

the same :empgrature profile. These stresu yalues were found
.

_to be the same. In_‘:hia‘way. the model developed—in this

work was ‘v,erified .

Ty .
3.6 The Comparison of the Axisymmetric

Finite Element Adalysis With the . X
Finite Difference Analysis .
In Eﬁe studies carti'ed eut in [8], . the heat flux

from the axial ditectlon was . neglected. The temperatdres and

stresges at various nodes along the .section-AB of the ingot’'®

were obtained by using the finite-difference method. ‘In the

real practice, when the ingot is heated in the furnace, the
o)

‘heat enters into the ingot from the radial and axial
directions. If the heat flux’In ithe axial alrection is
neglected then all the horizbntal uections of the ingot will
have essentially the same f.empsruture profile erecore.

the temperature distribucion alorg the horiznnf.al sect,ion

was calculated using the finice diﬁarencs equaciona [6],

For the 1ntermediate nodes (refer to Fig. 3.2) it is
- . -



Finite Difference

Subdividion of the Cylinder.
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L2edE |
a; = = [ (r T )
At M 2 - At -4
n,t+ 3 n+l, t 2 n, t -3
2 - b
+ -T ] (3.29)
2 nel, ¢ - 48 e - 4
v E .
\\ ,
‘ For the center node it can be written as .
]
Aoy (3.30)
t M At | .
St =
. : : T
For the surface node it'is. e
T B 8t - 44c . % BrN T
At <M‘4r = at) At M(4r -|at) F
n,t&z— i > 11, t - 5=
+ (- M{i)ﬂ & (3.31)
Bt - 3=
2
where. L ‘ *
- .. -
n denotes the node mlmber
: At denotes" the distance between two nodes N
; © denotes the distande of the fiode from“centre”
A " B ) wRaa
/' M denotes ‘the l?auriet‘t Modulus (AK—;;L)
. i | »
[ . .
/. N denotes the Biot Modulus (BAT) ;
/ . = s
| The heat transfer coefficient, )\‘ was calculated using the
relation {13] i N
. | ., F
G ‘ -
44




\using Eqns. 3.26 to 3.28. Here o

PR
h=oe¢h ( )
> R SR

T, - T
+ 0.5413 (£5—5)0-3°

Tg denotes the surface nodal temperature b

d is the diameter of the ir{got L

A is the area of the ‘flame/hurface .

\After cbtaininq the temperatures at vaxlmus nodes
the stress values at eac’h of these nodes were calculated
o+ 0g.and o, were.the three
\ptincipal stresses because the temperature variations along
Yhe vertical axis of the gylinder was neglected.

- Ip the finite element rodel develéped in this work,
_the temperaturas were' obtained using Eqn. (2.53), and the
‘stresses were obtaired using Eqns. (3.15) and (3.18).

Pigs. 3.3 '~ ‘3.5 show the temperaturé as well i the.
nurmauzed stress (g4, o, o normalized with respect to oy

the yield stress and was denoted as "d’ Ogt 9y resp‘ectivefy)

Variatiana of the tfiree -dimenstonal finite element and two

dimensional finite difference analyses results with ‘time

cor ling “to. the 'furnace temperature at 1000 °K..

Hske\the -ingot .which was initially at’room’ temperature was
charged into the hot furnace. These figures are divided into
two sections; the top section shows the normnl’iz.Sd stresses
Gl\Jerdaa the 'bottom one shows the temperature variations at
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various. points in the _ingot. The corner point F (refer to-
Fig. 1.2) has thé highest temperature within ther ingot due to
* > " g .

the heat flux “both from the axial as.well as the radial

* directions. The temperatures of the nodes A, B and F rise

quite ‘rapidly in the beginning’ but as these ‘temperatures

appiioach the' furnace temperature; the slope of Bach of these.’

_curves diminiaﬂe The difference of temperatures  between

nodes A and B & Shown in the lover half Of the plots. n -

" these plots AT, _which represencs the. average temperature

<" gradient . along AB, is also- shown (the average gradient =
241T/d) .

R 4

It can be. clearly seen in these three figures that
. the normalized stresses based on thé¢ two-dimensional finite
"-difference ahalysis are less than those obtained by "the
three-dimensional finite element analysis. Thus, the furnace
‘sc}‘\edhl_ing based on, ‘the two-dimensional finite “difference
analysis would l:iot' be safe.’ In o_t‘ner .words, these results
show that one has to con;lde? the heat flow from the axial
_éiresciczn: also.  -Another fact which can be observed in these
'f,i.gures is that the peak values of AT and the normalized
stteuses occur almost at the same instant of time.

Tc analyze’ further the importance of the axial heat

vﬁlow; the top and bottom flat surfaces were insulated and the

es  and - orresy ng to the furnace

‘temp»etat‘ure, -TB equal’ to 1000°K were cafculated using the
< i N v . K :
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finite element analysis. The results obtained are shown in

Figs. 3.6 - 3.8. It was found that all the horizontal

sections such as AB, CB, EF, etc. (refer to Fig. 1.2) had

identical temperature profiles. The t:emperat.ureu. and

stresses obtafned by the three-dimensional Elnit:e element

analysis are a%uo»shwn in these figures for the comparison

purpose’. The thraa‘-d;.mensiona:.l stresses are again higher

than thg twc.-'-di;r;en\alonal stresses. in ;ll these figures.

Hovever, temperatires of the node¥ A and B .in both the

analyses are_the same. " This is due to the fact that‘ the

. points along the section AB are too far away for the heat

flux from the top to diffug_(,e through the body. 2

It is worth mentioning here that the maxi?x:n vdlue c;f

the normalized stresses o,', o ' and g ' occured at different

nodes during the course of the heating. fhis is shown in the

-Table 73‘.’1. It can be  ‘seen’ in this table that in the
beginni;g the maxirﬁnm stresses ”d" u.' and qn.' occur at the

node F wl:-ich 1: the right top corner point-in the Fig. 1.2.

This fact can be observed only in the t)‘u‘aq-aimenelonal model

because the two-dimensional reﬁul‘ts are based on zero axial

heat flux conditio’na which ‘correspond to the temperature and
“gtress .variations- along the section AB which is too far away
from the top and bottom faces of the ingot. This section AB

is a uyml;mti—icil section and ‘there is no axial heat flow on

this section.
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- Table 3.1 The Absoluté Normalized Stresses and Their Locations at ‘Different Instants of

I the Heating Time (TF = 1000°K) / 1 " N
. . > t
{ Time . Log' Vuax Node (A Node oy sinse Node
! (seconds) . . L oo
x 0,0166 | .
5 0.555 U F . 0.636 CF 0.637 F
30 % 0.769 F o1l - | . B 0.816 P
60 o889 (| © F | | o0.933 ‘" 0.939 F
150 jo.698 s 28 0.858 & .0.702 B
270 | ° 0.374 B -~ 0.506 VA 0.382 - B
S | 390 © "] . o.108 B ] 0.142 A ©0.107 B
. ~ \eas\ 0.0313 E 0.0373 Near E 0.0313 E
it { -
| .
v
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Tmaxithum at the axis. The stress components o, and g, are .

stresses

96

|, In Fig. 3.9, the finite elemént results of O Ggr

g, along the section AB, at the heating time equal to 7,200

seconds (2 hours) corresponding to the constant furnace

temperature at 1000°K,” are shown.- . The radial. stress is

maximum at \the core and very close to zero at the centroid of

the surface elemsnc. This is because the surface element is

free to expand‘thué no radial stresses. are developed at the
free surface. On  the othgr hand, the displacemer’ltv of‘ the;
points ‘along the axis is )zero therefore 'the stresses are
tensile at the core but compressive near the surface. _During
the heating, the surface region tends to expand in the ©.and
z directions also. - However, the ing‘ct’ cannot expand freely
along these directions, thus the éoméressiye- stresses are
developed ‘ip this region and the correspondir‘lg tensile

Jre doveloped towards the core region.  Similar
nature of the curves were reported in [8] where the

calculatiohs werée done using the firite-difference method.

3.7 The Linearization of Heat Transfer Equations

In the present ‘investigation, the nonlinearity due

to the radiative boundary condition tequires an iterative

solution of the heat tranufet equation, Eqn (2. 53)

However, the computations can be signifIcantly reduced if one

can- use a linearization scheme. One of such schemes [35] -gan

\ .
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be .used in Egn. (2.2) where one can expand< the term,
se(r®-1.%) as oe(1?+1,%) (T-T,) (T47,). Then approximating
T=T,, this term can be written as 4az'rp3('r--r?). 'nus is the -
linearized form because one can ‘replace 4"1-?3 by h_ Wgere h
is thé equivalent radiative heat transfer coefficient. If
such _a.schumc is u-ed_cﬁen'l-:q:ﬁ. (2.53) can be expressed as a.

system Of linear equations with [F .} = 0.

‘The stresses and es ing to-the
‘constant furnace température T, at 1000°K using this:
linearization schsmc are shown in Figs. 3.10-3.12. In

all these. flgures the lfnearized teh\pua:u:eu are much higher
than t‘he corresponding nonllnearized nes. This is because
in the unearization process, the suxiace tenyeratures hnve
been replaced by the furnace temperature which is mitxauy
much higher, therefore, the corresponding peak normalizéd
stress values ere also much higher.» Thus, one can see that
the limearized model results deviate quite significantly from
the actual nonlinearized three-dimensional model results.

|
3.8 The Effect of the Slenderness Ratio

The effect of the slenderness of the ingot on the

normalized & corresponding to the constant furnace

a
temperature at 1000°K is shown in Figs- 3.13. Here, tﬁe

diameter was kept constant (same value as before) but the

height of the 1nggt was .varied. This ﬂgun; shows that t:hg

Ed
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. .
peak normalized stress increas®s as the height of the ingot
is increased. Thus, a very slender ingot would not be very
desirable because this would lead to higher value of the peak

normalized stress for given furnace conditions.  Similar

‘results were observed when g ' or o ' were used in’ place of _

o » . . 3

.‘3.9— Conclusions "~~~ | o % “

L In this’ chapter, a mathematiocal model" u'ai’ng the
ftnitu;}”eleme:t analysis ~for the axisymmetric “stress
distribution within the ingo{ hhs been established. The

variable mateérial properties and the _radiative boundary

conditions required a nonlinear thermal analysis of this

- problem. After obtaining the temperature distribution of

the ingot, the correspondirg thermally -induced stresses were

‘calculated using. the linear-elasticity theory. ' The.stress

and ':'_emperaeﬁze distributions for the comparison purpose were
also obtained using the two-dimensional finite difference as
well ‘aa finite’ element models. The effect of 1inea;ization.
of the nonlinear heat transfer equation and slenderness ratio

of tHe ingot on the normalized thérmal stresses 03" CATEA
;
were also studied. Based on.this investigation the following

conclusions can be drawn: B o —_

]
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(4

The three-dimensional finite element analysis yidlds

higher values of the normalized .Geues' as compared to

the twb-d&mnslonnl finite difference and finite element

analyses. The' chree-ﬂimenuional analysis results are

.aafez co use. . .

TH; two-dimensional model cannot always predict the exact 3

-].ocntion of the n\aximum stresses in the ingot. .

“The maximun normnlxzed thermal stresses, oz's o,'v o,'"

% ' % n

SaRE At the, tap corner node b in the beginning.’

The, ‘11nearization uf the radiatxve boundary, conditions ’

yield" uvnroliable results becnuae the peak normalized

stresses are much higher than the non'unelaziz'ed results.'

The peak normalized stresses increase as‘ the “slenderness

ratio of the ingot is increased. .
\ . = . -
3 ’ 5 ‘ . & -
s
i
: - o g <
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- CHAPTER 4
» THE OPTIMAL HEATING SCHEDULE OF THE INGOTS
-

- 4.1 Introductioh

_ Thethermal stress distribution of" the ingot using
axisymmetric, finite“eiemgnt analysis was presented in thé
previous chapter. ‘here are many industrial }.n—oce‘sses in
which a close 'control on the temperature of t_he matarial
during the heating is required. Such a situat).on arxses in
the glass industry, . for example, where in, the final
proceesixfg stage the entire solid body must be brought to an

uniform temperature to prevent unwanted inhomogenities in the

© final product [14]. 1In iron and stéel industry also, during

heating of ingots Before rolling, it is inportant to heat., the
metal rapidly with sufficient uniformity. The' productive
capacity of thé furnace is increased by the rapid heating of
the metal, -at the same time uniformly heated ingots ensure
less residual stresses. While heating the ingots, care ‘gho;m
be taken so that the maximum solid tenperature does not:
exceed the finishing teriperatyre 4ms the thermal stresses
developed in the’.ingot should not cause failure of r_he
. material. IE the temperature at any point in the -i.ngor."
‘exceeds the.maximum value, the problem of bu;:'ung or

oxidation can occur. Thus, this operation requires a. very
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) close control on the solid temperatures. In this chapter,

the thermal_and stress distributions are calculated for
various feasible furr:ce tempétature paths. The objective of
the problef i6 to obtaln. the ‘EurnAde NEAELHg LN 86 EHAE DR
csn hest ithe dhdot to the Einishing ‘tehperafirs in ‘the
minimun time coneidering thermal failure of the material.
The optimization methods such as dynami‘c programming,
LA LB TS optifiigation, ~etc. "are discussed. After
considering ya‘rious. alternatives t}'xe singlg paraqate’r
nonlinear optimization method is chosen as the optimization
method and the optimum furnace paths are obtained for

different stress energy criteria. All the material

propertie#, both mechanical and thermal are varied with the

ingot temperature. Two types of constraints are used in this
analysis: the first one is that the maximum allowed stresses

should not excéed 90% of the yield stress (a-safety factor -of

/
©10%8) and the second one is-that the temperatures of any of

the points within the ingot should.not exceed the finishing

F . 3
temperature (1225°C). The first constraint is due to the

oy ;
failure theory of the material and the second one is to avoid’

oxidation or burhing of the ‘alloy.

J The temperature and thermal stress calculations for

various feasible constant and linear slope furnace paths. are '

presented in the next section.
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4.2 The Furnace Temperature Paths and the Thermal Stresses

4.2.1 Discussion on the Various Furnace
Tempefature Paths

Before attempting to obtain the optimal furnace
path one has to have a very clear idea of the influence of
the heating c;cle on the the maximum thermal stresses
developed within ‘ingot. With this in mind, several eonstant'
furnace cempe:?thre paths and constant slope?a’:.hs should be
chosen and the corres}mnding thermal stresses calculated.
For obtaining the qpcimal furnace path, the furnace
temperature at the t;me, t=0, should be as high as possible,
at the same time the maximum thermal stresses developed in
the ingot corresponding to the high initial furnace
temperature should be less than yield st{ess. of - the
magerial,, The different: furnace paths should give fairly
good idea aﬁout the optimum furnace path. 1In order to apply
the various failure theories, the absolute maximum values of
the stresses, ogr asand g, can be normalized with respect

to the yield stress, oy a’hg denoted as o,", q ' and g

respectively. The stress calculations involvg~obtaining the
vectors (UG} and {c®} using Eqns. (3.15) and-(3.18)

. B g
respectively ahd then gy, o, &, are calculated from [o°]. |

i

4.2.2 The Constant Furnace Temperature Heating

Fig. 4.1 shows the variation of the normalized

stresses and nodal temperatures as a function of the heating
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time corresponding to the constant furnace temperature T, at
500°K. These figures are divided .into two parts. In the
lower half of this figure, the variation of the furnace
tangeratute, Ehe difference’SE the: surgace (nods ) and core
'temperaf.{:res (node B), AT, and the temperature of some of the
nodesu und F (refer to Fig. 1.2) are shown. The upper
half of this figure shows the variation of the normalized
stresses, us ' cs' and. un" with time. .The magnitude of thg¢se
normalized stresses are very small. It is evident from this
figure that the maximum of the normalized stresses oécurs at
;: time close to the maximum of the temperature difference AT.

This figure also shows that the maximum of 9% is always less

than maximum of .o, and o .

Thé variations of the normalized stresses, dg', 9

and ‘;A\ and the nodal temperatures corresponding to the
constant furnace .temperatures-of 800°K and 1100°K aret shown
in Figs. 4.2 and \4.3 respectively.‘ The nature of these
curves reseribles the previous figure, i.e., Fig. 4.1. The

magnitude of all.the normalized stresses in l'-‘).g. 4.2 are

‘niqher/as compared to the stresses in Fig. 4.1. In Fig. 4.3

all the peak pormalized stresses exaseeded one. , From this,

one can infer that the ingot canndt be heated at a constant
3

furnace temperature, 1100°K without causing thermal cracking

"of the material.
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Z __In Figs. 4.1 - 4.3, the tempel&%’e difference AT,
is zero when the ingot is at room temperature and it
approaches zero when the ingot re’achen steady state
temperature. The peak normalized stresses occur when aT_As
close -to the maximum, which_indi.eates that: the maximum
stresses are directly related to the average gradient along

the line AB (refer ;o Fig. 1.£) and not ‘to the local values

of the gradientb along r or z direcf_ions. For example, ‘wher‘f

the ingot is'charged ‘into the furnace the local values of the
gradients near the point B are qulte high but the stresses do

not reach the peak value at that instant of time.

4.2.3 The Variable Furnace Temperature Heating

To control the peak normalized stresses, o;', o' and

. 2 .
un' the furnace temperature paths were varied with different

slopes. Figs. 4.4 to 4.6 show the final furnace temperature

equal to B800°K, whereas in the Figs. 4.7 to 4.9 the final
furnace temperature is 1100°K. The time required to reach
the final constant temperature in Figs. 4.4 and 47 is 21,600
seconds (6 hours); it is 14,400 seconds (4 hours) in Figs.
4.5 and 4.8, .and 7,200 seconds (2 hours) in Figs. 4.6 and

4.9. In all these figures, the peak values of the normallzed

stresses as well as the temperature difference AT, occur at '

the same instant of time. In Figs. 4.4 to 4.9, the higher is
-
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the slope of the furnace temperature path, the higher are the
peak normalized stresses. However, these stresses do not
exceed ohe; in Figs. 4.4 to 4.6 where the final temperature is
800°K; they exceed one in 'the Figs. 4.7 to.4.9 where the
final Eurnace temperature is 1100°K. "l‘he“maxim of’ o is'
always greater than the maximum of ud and o respéctively.
Thus, it is clear’ ‘that to heat the ingot to- 1498°K ofie
cdh”abARt Bt dHe furnace femderatite sbova BODSK bt Helsw'
1100°K so that normalized stresen: 1% o' fBnd o' da not
exceed ome. Secondly, as the slope of |j.he stx’alqht line,

furnace paths is inoreased the occurrence, of the peak s:ress~'

is shifted towards the left i.e. it occurs sooner.. ' For

example, for the fjmal furnace temperature of 800°K, there
are four plots wth\: are’ Figs.: 4.2, 4.4, 4.5 and 4.6.
ig. 4.2 A hdving slope equal to infinity
(the furnace temperature To jumps from the room temperature
t0.808°K instantly). v'r'h_e shift of the maxima to the left’can
be seen by comparing ‘the sjopes Of these figures. ' The h

.starting hemzmrature of the optimal furnace path was ’guessed
with these fact! in mind.

o

N

4.3 The Optimal Heating Schedule

4.3.1 The Description of thel Heating Gycle of the Ingot

In the previous sectiarln, the stress as well as the

temperature distributions within the ingot were obtained for
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' constant and linear slope furnace temperature paths. The
essential features of all these studies is shown in
Pig. 4.10. In thisTfigure, the stresses build up to a peak
vilue in the beginning amd then decrease. The furnace

_temperature T, is always higher than the maxihum 'ingot

temperature, T,, until T, reaches-the finishing temperature.

After that the T, is maintained at the finishing temperature

. v so that the core temperat".ura also reaches finishing
temperature 15ter ony Herey EHe' okl processing time has
been divided ‘into two periods. The Eirst period is called
Atha heating period [1] and the second one is “called the
soaking period. Fig. 4.1l shows the variation of the ingot.

) temperature where T, is equal to infinity beween t = 0, and
t = t™and at tné Time't’, T  reaches the finishing
t;mpetaturg. \At this instant, ?F«is lowered down from
infinity to the finishing temperature, and then the soaking
. period starts. According to the bang-bang control theory

[363, 5 would be the minimum proces-ing time bed®use the

control variable TF l{aa been raised to 1ni1nity at t = 0 and

_)‘mintainnd at inﬂnity\tu che state variable. the maximum

' ‘-ol.id temperature 1‘ N re/aches the finilling temper&ure; and
at'this instant of time 'I‘F is brought down to the finishing
3 té’ﬁerature. . But, c?nnot process the material in this

time t* because of two |feasons: the first reason is that thé

» - —
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furnace cannot be maintained at infinity and secondly, the

13
Therefore, the minimum processing time would be-obtained if

thermal  stresses would exceed r_he‘\ allowable limit.

we follow a path for 'l‘F such that the normalized stress is
equa‘l to one throughout the heating l;::iod. The sqa;d.ng
period depends upon the material properties. The variation
Qf the normalized stress,” the ingot.tempera;’.ures, and the

optimal T, path are shown in Fig. 4.12." In this figure, the

. normalized stress is equal to one although the heating period

‘and then it decreasés in the soaking period when the maximum

‘difference - in thé temperature within the solid decreases.
However, one should always usé a safety factor, say 10% ‘of
ay, while computing the normalized stresses as' constraints.
In other words, one should not let-these stresses exceed 0.9

o at any time during‘ the heating cycle.
N -

. This factor can vary depending upon the pon:ro!. of
the furnace temperature. ' If the furnace temperature cannot
be very closely cofitrolled th'en\hi‘g'her safety factors should
be used. It should be borme in mind that the lower the
safety factor, the higher is the utilization of the ela;.t{{

range of the material and therefore shorter will be -the

optimal heating time.
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4.3.2 The Analysis of the Various Methods of
Obtaining the Optimal Furnace Temperature Path

The ‘optimum furfiace temperature path of the ingot
can be obtained in different ways. One of the methods of
solving this problem is by using the dynamic programming
[27). This method can be used for obtainihg the optimum
_ furnace patir by defining the entire path as an jinitial value '
 multistage problem which is’s}gowﬁ in Fig. 4.13. Here, lx“).
(x:‘;l) e (xi} ..;,;{X,) denote the control variables at
stages n, n-1, o e i X res‘psctively: {s] denotes the
state variaples (global no‘dal temperature vector of the

ingot). Here the furnace temperature T_ is the .aingle design

¢

or control variable and is denoted &s X. The vector (snﬂ]

denotes the global nodal temperatures. at t=0, which are

Wnown. R, R, -«

' dénote the return functions

Ris «oo Ry
at stages n, n-1, ..., i, «.., 1 -respéctively. They
represent the objective function to be minimized in each

B
stage and can be denoted for the stage i for the present

problem as

CRyge sy = 0.9 - (og)ay o (4.1)

Therefore, our objective is to minimize the objective

function £, which'is the sum of ‘all individual stage returns.

Thus one can write
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R R

(Xp) (Xn-1) (%)) (xp

. N
Fig. 4.13: The Initial Value MGltistage Decision Problem.



minimize £ = R (X .(s D) +R _,(x ,.{s D

. & g B RI(XI. {gz)) (4.2)

This multistage optimization can be used for
findinvg the optimum furgace path during the heating period
only (there is no minimization in the uoaki:q period). The
Hibac OF stages, n , in this problem is also variable. The
final stage of this problem is the one in which at least one

of the OWtput state variables reaches the finishing

temperature of the ingot.‘
The minimization of tHe objectiwe function;’ £, can
be done as follows: g - .
First, consider the first subproblem by starting at

the final stage, i=l. The design variable X, must be

selected such that R (X, {s,]) is an optimum for the input
vector {52). The optimum of -the objective function at the

stage i=1 can be denoted as . V)

* ) .
£, (s, = opt IRy (x), (s3] ) (4:3)
3 1

‘ oOnce the input state vector (32“ is known,':he
optimal values of Ry, X;, and {sll can be calculated by
performing single ~parame:§: optimization at Tm. stage. But,
the vector (Sz' is not known ;e this time. 1In general,
optimization can be carriéd out for possible values of Isz)

per
. 7 v

i .

-




. be minimized in this case can be written as

£
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and the corresponding optimal {51)' X, and R, values are

1
stored. ~
Next, consider the second subproblem by

grouping the last two stages. Then the objective function to

fz({sal)t Ry(Xye {831 + Ry (X}, {S,]) (4.4)

¥ ; ’
The objéctive function is dependent upon the design variables

X, as well as X;. Again, the input state vector ,{53) is not

) . s

known. Fox various possible values of {S;}, the above
] 3

function can be minimized. In this minimization prbecedure,

if any of the calculated (szl vectors matches with the
previous assumed dsz) vector, then’the optimal values of X,
R, and Isll corresponding to that vector are used’iin these
glculations thereby avoiding repetitive computations.- If

% P
f2 denotes the op§imum objective value then (it can be
! ‘
written as- :

5" ts;) = ;p'tx [R,(X,, {8310 + Ry (Xy, (8,11 (4.5)
172 l ]

Extending the same logic, t.ht_’optimum objective function at

the stage n can be written as

L 4
N :
£, sy D =«1’X:pf‘=”’ ; [Ry(Xp, {50 1)

+ook RAX, L (S, D) (4.6)
171 2
®
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The number of computations involved for minimizing
the above "objective function are quite large.? These
computations increase drast‘icauy with the increase in the
number of stages and tie humber of elements in the state '
vector. .In the present problem, the vector (S} contains 150.
elements. Therefore, using the dynamie ‘rqgramming would be
qui-te' impractical in the present investigation.

The s3cond method can be understood £rom Fig. 4.143
'In this figure, along path 1, the T (t) is represented by,
selecting five temperatdres which are peprésented by (TF;l,
¢To),. etc. By selecting a'path, the state variables (the \
nodal temperatures) and oy are calculated. 1In these
computations, one would need to know the furnace temperature
value between sayJI?)l and (TP)Z' Thes; values can be
obtained -using any interpolation. method suc¢h as the cubic
spline interpolation. If none of ghe constraints ig "violar.éd
then the time r‘equire’d .Eor the surfac‘e temperature to reach
the final' specified: temperature is recorded and the
correspondig path is conmdersd as a feasible path. In this
way, several feasible paths can bttried out &nd the feasible
path which requires the minimum time is selected as the
optimal;path. A‘a a point of clarification’ it slhoul.d be .
mentioned here that the process.of selection of the values of
(Pp)y » & =1, ..o 6y is done by the multivariable
optimization method where these are considered as design

o € s
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variables.  These variables are allowed to vary: within,
certain limits. Greater accuracy - in the optimal path -
LI

L selection can be achieved if i id allowed to take a large

value i,e. the design variables are selected at - finer

. intervals of time. Even in this method, large CPU times are :
; 3 - 3

required due to_the multivariable optimization. * i

4 ; i .
, The third method, which is a single /variable

optimization method and which requires significantly less CPU 4

5 time, was.briefly explained in Section 4.3.1.  ‘In’ t}:is;
’ method, the furhace tempetature 'EF ’a.t‘__;iﬂgivén T T
.is allowed to vary usi‘ng single variable .optimization m‘et.h‘od
- 8o that the function U in/Eqn. (4.1) is minimum. If one
progresses this way until Xhe final specified temperature is
f;eached then the time taken to reach the final tempgrature

b : o |

would be the minimum time. ' . %,

- .
4.3.3 'The Single Variable Optimization Method .

Thus, the mjinimization, as stated earlier, can be

written as .

2 & _\) Minimize U = 0.9'— (°'d)max . ©(4.1)

gubject to the maximum temperature raint

[ Y
\\ Tg < 1498°K B = v (4.2)

In Eqn. (4-1,_, U is a*fu’ctio‘n of T, because (ad‘)ma;‘—h a

7 e
function of T,. The optimization for each time step-wap g

-~



darried out. using thé Davidon-Fletcher-Powell methpd [27]
where T wae\the smgle variable. The details about this
optimization r.echmthe have already - been discussed in
Chapter 2. .The optimization was carried out’until T,
attained r:hé: final hot working hémperaturé.which was 1498°K.
After thié,»‘zh‘e T, and T 'were ’maintaxnea equal to 1498°K
um—.u ‘core temperature became'equal to T or T . A
The rgsults obtal,ned for the AISI .4140 ingot are
shown in Plgs. 4\1\5 4. 17 where qd . us" ?nd an are  the

failure criteria reiye‘z.vely. Th a1l these figures, the T,

_starts at~a reasonably high valug, decreases for sometime,

and then_ i'.ncreases_. When 'the Ts rea}:hes the rfinishing
‘temperature then T_ is maintwmined equg‘..l, to T, because the
S S e ke ;

second type of constraint becomes actxve i.e. the

te;nperatures of the solid 'should not exceed t‘ne hnrshing

emperacu;e. Along ~t‘ru.a optimal furnace temperature path

both types of -opnqtrainta_ (maximum thermal stresses and

maximum .T,) ‘have been satisfied.

1f bne sncounth's a situation where the decrease
(X"t. happens in the ear1¥ part of the heating peridéd) in the
Eutnace temparature cannot be control.led very eaauy then the
optimal heating schedule can be slightly modified -and the

raaults, due to chg mod;]ﬂcation, ace shown in Pi.gs. 4.18 -

4. 20. In this modification scheme, ' etc. are not equal to
N 6 Rl S

a
d
3 i e ’
0.90 in the beginning; it takes a very’smau time for the
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stresses to build up to 0.9 ay; but, the furnace temperature

T, has positive slope all along. The optimal heating time in

the second scheme is sligﬂ:ly higher than the first one in
~

M the three cases.

4.4 contlusions .
2 -

In this chapter, the soyla temperature
distributions as a function of furnace temperature variations
were obtained and the corresponding thermal stresses were
calculated. Various feasible fufnace temperature paths were
analyzed considering the elastic range for the thermal
st;esses and maximum specified vtemperat:urs in the solid, as
.(';he constraints. The method for obtaining' thge optimal path
was chosen from the three possible methods based on minilmum
CPU time, 'as the criteria. The optimal heaang schedule was
obtained by maximizing the utilization of 'the elastic range
of ‘éhe material. Based on—this study the following
conclusions can be drawn: ' i
i Ths peak normalized stresses occur: close to chedﬁak

value of the temperature AT when the furnace temperature
is held constant. ’
2. Tha\‘maximum stresses occur when the maximum average

temperature gradients occur. vems
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& 3. The higher is /«-.he»mrfa‘tunr\ furnace temperature the higher &

are the t'h;rmally induced m}‘ximum failure theory stresses

(o gr a:andlan). ! \¢

o . \
4. The occurrence of the peak sr_?resses (cd, o_-and un) can

5
be delayed by decreasing the slope of the furnace heating.

B paths. s

5. The distortion energy streaé % is less than % at any .
instant of time. ) n o :

6. The optimal furnace heating path (minimum time path) cdn
be obtained by maint;ining the maximum- normalized
stresses equal to one throughout the heating period.

7. The single vavrial;le optimivzation method, which maximizes
utilization of thé elastic range of the material during A

heating.  is the best method for obtaining the optimal

heating schedule of the ingot. i




CHAPTER 5

-
CONCLUSIONS AND RECOMMENDATIONS

(2 R ") ..

5.1 A Brief Discussion .

The work presehceé in this, thesis. consisted of the
mathematical Eormulati(’m of the equations which describe the
}{eat cransferprc;:ess within the inéot and the corresponding
thermal  stresses. These 'temperature distributions and
stregses were then used to obtain c}.m optimal furnace
temperature path. The constraints used in obtaining the
,optimal path were: (a)' the various failure theories of the
material, and (b) the maximum temperature at any point in the
ingot. ' ’ — .

The finite element technique was used to Eo;lmulate
the mathematical model of the unsteady nonlinear heat trasfer
analysis of the ingot.~—The thermal stresses of the ingot .
were calculatéd using the axisymmetric finite element modal:'
Since the thermal stresses are based on, the heat transfer

andlysis, both the analyses were carrx‘e\d out using the same

linear fmite tri_‘angular elements.

The " distributions of —the i "

) 8
studied by varying ' various furnace heating rates. The
temperatures and the stresses using the two-dimensiondl and

three-dimensional models were obtained and it was found that
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the three dimensional formulation yielded safer results.
Then, the “heal transfer equations were linearized and its
influence on the thermal stresses were studied. Thg, effect
of height of the ingot on these distributions were also
studied. Finally, the optimal, f\?rnace tempex"ature path for
heating the ingot to the finishing temperature in the minimum

time without .causing thermal failure was obtaiped by the

single variable nonlinear. programming technique. This method

was ‘Dassd. oH e maximum utilization of the elastic range of

the material during the heating period of ‘the ingot:
i -

5.2 Conclusions "

Based on the ‘present investigation the folla;ling
conclusions can be drawn:

1. The heat transfer process within the ingot can be
.stu‘qi.qd by deriving the equa;ions using the nonlinear
finite elemedt analfsis.

3. The optimization methods -can' be used for solving the
‘nqnlinea‘r heat transfer problems.

3. The iterative method is very efficignt and requires less
CPU time for solving the nonlinear heat trahsfer
equations compared tc. the other methods.

4. The axisymmetric analysis of the heat transfer process

yields better insight jnto thé temperature distribution
I :

1 ‘

.—



‘The linearization of the radiative boundary conditions
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within the ingot as compared to the analysis where the
heat flux from the axial direction is not congidered.
The temperature distribution alo;;;;ither the radial or
the vertical direction is nonlinear.

The time t* decreases as the heating rate increases.

The quantity A’rm increases as the heating rate

ax

increases. : .

The temperature gradients provide' ’very useful

information regarding the heat flux from the radial and
vertical directions. ’

The three~-dimensional finite-element anaysie yields
higher values of the normalized stresses as compared to
the two-dimensional Einite-differ;nce and finite-element
analyses. The three-dimensional analysis results ar‘e
safer to use. ) '

‘The two-dimensional model cannot  always predict. the
exact location of the maximum stresses in the ingot.
LA A
occur at the top corner node F in the beginning.

‘The maximum normalized.thermal stresses

yields Yreliable results because the peak’' stresses are
gher than the nonlineasized results. s,

much M‘l

]

The peak normalized stresses increase as the slenderness ’

ratio of the ingot is increased.
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18.
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N e

The peak normalized stresses occur close to thg peak
value of the temperature difference AT when the furnace
temperature is held constant. =
The maximum stresses soccur when the maximum averagé

— .

temperature gradients occur.

The higher 1is the constant ' furnace &emperature the
higher are the thermally induced maximum failure theory
stresses (o, oy and un).

The occurrence of the peak stresses (ud, o_ and an) can

s
be delayed by decreasing the.slope of the furnace
heating paths. *

. -
The distortion energy stress oy is less than aﬁ,a\any
instant of time. ¢ J
The optimal furnace hehting path (thé minimum time path)

can be obtained by mhtaining the maximum normaMMzed

tresses equal to one (maximization of the elastic range

of the material) throughout tHe heating period.
The single variable nonlinear optimization method, which
maximizes utilization of the elastic .range of the
material duringv_heacing is the best method for obtaining
:r.he' optimal he;‘ting schedule of the ingot.

! )

LS
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5.3 Limitations of the Present Investigation and
Recommendations for Future Work

1. In the nonlinear heat -transfer analysis the sur?annding == gy
furnace temperature was assumed to be uniform: !;uf. in -
the real prag_tice this temperature is not’ uniform. The
present finite element heat transfer model can be
modified for»” nonuniform surrounding tempera‘tqr;a.

2. In the finite elemkent heat tranafer model, the radiation .
from the Eu;nate'bri.cks Was neglected. This can also be
included in the heat transfer analysis. "

3. The spectral radiation from the hot gases (participating
media) was ;lsn not considered in the heat transfep ‘: i
model. This factor can also be accommodated in this

\ model. " ! i

"
In the thermal stress calculations the creep phenomenon

was not included. The present model can be modified to
.
inolude the creep behaviour also.
5. The thermal sd—’esaes were computed only in the elastic

-
range of the mar.enal. The elasto—plasticity Jof the ™ ~

WAtatial Gan 146 b’ Gonsldered ‘ARd ‘alastolplastis

¥ analysis can be carried dut.
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7 ’ o - apfENDIX A

DIFFERENTIATION OF MATRICES AND VEQTORS WITH RESPECT TO ’Tel

-
Osing the matrix differentiation, it can be shown that [21]
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AppENDIX B '{

THE EXPRESSIONS FOR THE ELEMENTAL MATRICES e
AND VECTORS OF THE SOLID

i ~ Vo
The elemental capacitance matrix can be expressed as
5 re®1 = [ pc® N, %17 [n ®lay N (B.1)
e /
ve ! .

Using the volume coordinates, it can be written in the matrix
b 4

form as =
N 2 % A 1
e' b2 8.2 5 )
[c®]w 552 1 2 1 (B.2)
21 1=~ 2 |-
S~~~

The expression for the conhuciion matrix [K,°] is

x,%1 = [ [8,°17(p,%108,%Tav + [ n°Cn,®1%Cn, %las
. ve - s.©
% 2
!
= (k%1 + [k °F 5 (B.3)
The [K,°] matrix is due to the convective heat transfer.
This matrix-is zero, if none of .the triangular element sides
_exchanges heat by cgnvection.” Evaluating the integrals in
the above equ;tion using the volume and area goordin'ites, the
matrix [K ®] can be written in the matrix form as
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P
T,
co | Bbs bbg b.b,
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=2 | b, 5
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k3 © e Cicl cicj cick .
i + X e .C. = =
e | 9% . 9% 3% | v
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The matrix [K

' element, which is exchauglng heat by convection.s

The force vector, [Poe}"jdue to the heat’generation

cén be written as
i BV

S N AP e (8.5)
e S T
In the vector £orm, it is-’ -
1. i .
' - v® 1 ' (B.6)

The force vector, (qu) due to the heat flux can be expressed

as -

€1 is evaluated“for the side i-j of.r.he'
L)
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te This veptor is dependent

expariencing heat flux.

. as \

q>e L.
[} O et ij
{r°) =4

The force veétor. {Fce] due to the convective heat transfer

' can be-written as

BN
% ) «=Fg
This vector is also dependent on the side exchanging heat by
®  convection. For the side i-j of the element] it is
g - - ¢ 1
- = J W, L,
. . (r°} = _‘;'1_1 : 1
\ - :
’ ~
The force vector, (E‘re.) due to the radiative heat transfgr
1 & . e * \
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This vector is also dependent on the element side exchanging
P4
X heat-by radiation: For the side i-j of the element the abdve
. integral can be written as
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APPENDIX C

3
THE REPRESENTATION QF T®/IN THE MATRIX FORM
; X7
/ N
4

Consider a linear ax&isymmetric triangular element

whose details are shown in.Fig. 2.1. The nodes of this
element are denoted by i, Jj, k in the counter-clockwise
-direction. The shape functions. for this linear triangular

) : 1

.
element ‘are

. 1 R
NS = + b+ cz),
Ve T e Bt e B

. where B
a, =r,z -1 2 " .
1% T3 %k T Tk %y .

. ‘ ay =5y :

B T %y




The temperature of the element is given by

e _ e ey . e e e
7% = [N°%]{T®} I:Ni Nj ukJ
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' APPENDIX D

DESCRIPTIOS’ AND LISTING OF THE COHPUTEli PROGRAMS

. The required domputations were dane on the

‘vax 11/780 digital computer,‘using 2 ‘package of programs

dsveloped 4in FORTRAN languaqe. Some of the prograns make. use
of subr, uti,nes whict are: BUND: DECOM and SOLVE." 'l'hess are
provided at the end af the append).x. All these progtamp are
selE-suffxcient And can’ ba rqn with the .correspondxng anut
data ﬂles. % ’ il

The progran’ Mzsrg genezates the input data’

raquired for computiru; unsteady ncnliheaz’ temperatute as well

ag thermal stress distribution. . uuia program can discretize

the domain into sevetal linear right angle trainqular
alementa ‘ot different BizesJ The input data created by thig
program consists of the elemént ~numhat, node nun\bers‘ of
elements, * coordinatés 'of nodes of - e}ements and boundary
conditions of,ﬂexﬁez_:_tv_s, by

Thevprogu'm TMPSOL computes. the unsteady

temperature distribution’ _of  the two—qlmengion\al hoéy a
% P

subjected to convection and iadiétion boundary fondittqns.
The nodu. tempsratu:u at varlous t.ime instawts are solved
using the itaration method., Ths daea qenetatad by prol}ram
“'MESH .are usad as_ an &npp: into TMPsoL.




The program TMPING. calculates the uhsteady
teémperatures at various nodes of the axisymmetrig Gylind:

. 3 s . — >
ingat when it is heateﬂ in the uniform hot fluid medium,”

. The ax'isymmetric triangular-#ing elements are used. 'rhe,

input data for thiswprogram can also’ be géneratei ‘using
. A b : e St 4

“, MESH. - . . -

‘The program TMPINGl cnmputes the temperatuns ’

and stx:ess distrlbutxons of the cylindrical 1ngot usinq the

finite difference method. The heat TPlux  in the'w:xialv -

\ . . .
direction is neglected.' Therefore this prb‘gram computes
o - ‘temperatures and stress \distr&utiona at, various heaung time

Q.
1nstants along a horizontal sectxon. 3 .

N . The program BCUND generates the.input data for

the “subroutine BOUND. This data gorresponds to.the boundary

ccnditions in the therfmal stress analysis of the 1anL.

b 3 ,The program OPTI calculates the optimum’
& N furnaze temperature st jeach time stap: _™is optimizationsis
M T c‘arrie"d‘ out using singll-e ’variable Davigon-Fietcher-Poweu
g ' ' method. - The *‘sign variable ‘is the futnace temparanuu.

K - oPTIVA‘l‘! package is used -in this Analysig. . ’l‘he sub:outine
~ UREAL culcul.ates the ingot temperatures correspondir;g to the ’
“optimum Eurnace tempaw‘.\re. ‘The ehbrom.ine STRESS. computelJ
- the thermal stressés within the 1ngot with \the va%ntionu g
. the temparaturem‘of the ingot. . o
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I KOUNT=1 . #

. N . / e
* . - . ‘
canngessn ’ )
< . s g d
c PROCEAM LISTING  +++ MESH +++ =
§ THI®PPROGRAM GENERATES THE TRIANGULAR ELEMENTS AND.STORES.
» ¥\ THE ELE.NO., NODE. No. GOORDINATES OF NODES.. AND BOUNDARY
c * CONDITIONS.
c $ s ¥
c *3 * - -
pl .
DIMENSION X(100),Y(20072(200) ..
* . . OPEN(UNIT=3,FILE='INPUTL.DAT',TYPE='OLD')
. READ(3,*) XMAX - . 7,

READ(3,*) YMAX i

READ(3,*) XINIT =~
* “READ(3,*) YINIT,

READ(3,*) XRED W =

READ(3,*) YRED .

INCR1=2 ,
# . X(1)=0.0

X(2)=X (1)+XINIT . S g ‘ v .

10 . - INCRL=INCR1+1 -
2 X(INCR1)=X(INCR1~1)+(1~XRED)*(X (INCRL=1)~X(INCR1~2))
IF(X(INCRL).LT.XMAX)GO TO

X(INCR1)=XMAX . -

v(x)-‘ Y
YX2)=¥§1)+YINIT <
S < \ :

20 - INCR2=INCR2+1

. Y(INCR2)=Y(INCR244)+(1-YRED)*(Y (INCR2~ 1)—v(n§cu -2))

3 IP(Y(INCR2).LT.YNAX)GO TO 20 »

Y(INCR2)=YMAX i =
. . NELM=2#*(INCRL-1)*(INCR2-1) A
* NODES=INCRI*INCR2 s -

© .NBAND=INCAl+2 :

OPEN(UNIT=2,FILE='OUTPUT1 -DA'T' »TYPE='NEW')

. WRITE(2,103)NODES, NELH, NBAND )
103 FORMAT(' ',316) .

Y ' NSTRT=1
+ . NCOUT=-1
50 KI=0
g k3=0 ¢ .
ML=NSTRT® /
M2=NSTRT+INCR1+1 .
+ o MIMI-L i 4
©  NI=NSTRT « o) . ,’
2=NSTRT+1° .- - '
3=H2 : : :
# ' X1=X(M1-(KOUNT- l)ﬂncnl) .
114Y(KOUNT) . -
f X2=X(M2-KOUNT#INCR1) A i
. Y2=Y(KOUNT+1) : d




B 5,
“o

x:-x(m Kouu'riwcu)
¥3=Y(KOUNT+1)

yuen o
Y1yl s G

XX2=% (N2~ (KQUNT~ x)'lncnl)
YY2=Y(KOUNT)}),

T KX3=X2

YY3ey2

NCOUT=NCOUT+2
NNCOUT=NCOUT+1

IP(HL+GT.(INCRL*(INCR2~- z)))co TO 40
IF(N2.EQ.(KOUNT*INCR1))GO, TO 90
,X1,Y1,X2,Y2, X3 Y3
WRITE(2 ;101)NNCOUT, Ni,N2 N3 ,XX1, v1,xx3, 112, xxa YY3,K3

WRITE(2,101)NCOUT,M1,M2,M

FORHA‘L‘(' ',4(15), 6F8 5 212)
NSTRT-NSTRT‘H

162

IP((XX3.EQ. X(lNCRl__)_).AND-(YY?-EQ.Y(INCRZ)))GO 0 80

GO TO 50

KOUNT=KOUNT+1 \
5 > .
K32 ;
NSTRT=NSTRT+1

GO TO 60

K 1=

Neo
cou'rmuz

END

2|
!F((XX3 EQ. X(INCRl)) AND (YYS EQ. Y(INCRZ)))KJ-Z

-

L4



163

gt 3 HRRAR - \

LISTING OF THE PROGRAM 4t TMPSOL  +++
PROGRAM. FOR..CALCULATING THE UNSTEADY NONLINBAK TEMPERATURE
DISTRIBUTION OF \'iH SOLID ' Pad

SUBROUTINES USED IN T’HIS PROGKAH ARE BOUND,DECOI‘D,SDLVB

cnaoanano

\

100

*

‘ ~J L
. s
REAL KT,LENG,LAMBDA
DIMENSION NS(3),ESM1(3,3),EF(3),X(3),¥(3),B(3),C(3)
DIMENSION A(20000),D(2000)
DIMENSION CAP(3,3),ESM2(3,3),PH(37:AK(3),ESH(3,3)
"DATA NCL/1/ y

. o ’

KT ‘--=-:- THERMAL CONDUGTIVITY OF THE MATERIAL-

R+ =-----  CONVENCT{ON HEAT TRANSFER COEFFICIENT .
TIME STRP IN SECONDS

FLUID TEMP. AT PREVIOUS TIME INSTANCE
FLUID TEMP. AT CURRENT TIME INSTANCE
STEFEN - BOLTZMANN CONSTANT

NO. OF- LOADING CASES

ISIDE === SIDE WITH CONVECTION AND RADIATION BOUNDARY
LENG. === LENGTH OF THE 'SIDE

@ in-323.0
T0=323.0
&=3.0
H=200.0
RHO=1600.0. — .
SPHEAT=800.0 . *
LAMBDA=RHO*SPHEAT
DP-LAHBDA'ARK/AB o
, TOTAL=0.0 - - !
DELTA=60.0 s
$I=0.7 [ ) N s
SIGM=5.669E-8 - .

PRO=EPSI¥SIGH R

R

OPEN(UNIT=2,FILE 'OUTPUT.DAT',TYPE='0LD') (
OPEN(UNIT=3,FILE '_TBHP-DAT',TYPE-.'NE“')
. :
]
Jeshmicrrz ‘\ ’ ;
JEND=JGSMHNPNBH | o 3 .

.
nm\n(z,ﬂ)up.ué\,nn
GP=NP

D0'100 I=1,JEND o . y
AC1)=0.0, e L




( DO 110 I=1,JGF
N\ A(1)=573.0
O 110 CONTINUE

,.CONTINIIB

- DO 120 I-JGF*I JEND

A(T)=
120 CONT

" DO.130-KK=1,NE

READ(2,*) NEL, Ns, X(l) ‘{(1) X(2),¥(2),X(3),¥(3),ISIDE

DO 140 I=1,3
AA(I)-A(NS(I))
140 CONTINUES

. F B(1)=¥(2)-¥(3)

. B(2)=Y(3)-¥(1)
B(3)=Y(1)-¥(2)
C(1)=X(3)-X(2)
C(2)=X(1)-X(3)
2 €(3)=X(2)-X(1)

ARb-(X(Z)*Y(i!)'*X(S)“Y(l)*X(l)'Y(Z) X(2)*Y(1)-X(3)*¥(2)

T e L L P )

; AN DO 150 1~1%3

E EF(1)=0.0 .
PM(I)=0.0

DO 150 J=1,3

| ESM(1,J)= (KT"B(I)"B(J)-H(‘I*C(I)'C(J))/ARA

150, CONTINUE

IF(ISIDE .LE. 0) GO TJ 160

# J=ISIDE
K=J#1

Lo LENG'{QRT((X(K) X(J))*'Z +(Y(K) ‘{(J))""Z )

- HL=H*

EF(J)=HL*10/2.0

5 . EF(K)=HL*T0/2.0
haish M=NS(J)
—_— N=NS (K),

G ? an-ntfﬁnzuc*(wo.(ﬁb')/z.o
EF2=PROXLENGA(TO*#4)/2.0
- *. M'A(H)"‘S)‘*(J'A(H)M(M)‘
. A(N)'A(N))+(2*A(H)'A(N)"'3)+(A(N) *4))
i EF3=(PRONLENG/30. 31

v
*

> EPAL=((5%A(N)**,

+

‘BSM(J, J )=ESH(
BSM(J,K)=ESH(J,

- . BSH(K,J)-BBH(J K)

J)+(llL'2)/6 [

A(u)*A(n)**s)+(3*A(H)*A(M)*
AU RN YH(ZAAH) A3+ (A0 24
EP4=(PRO*LENG/30.0)*(EF4LY)
@ /. EF(J)=ER(J)-EFI+EFL

+" . EF(K)=EF(K)~EF4+EF2

i




S E ’ - 165
el I < ' .
; 3 ; ) -
¥ . .
* ESH(K,K)=ESH(K,K)+(HL*2)/6 .{
160 CO“;INﬁE
. CAB(1,1)=DP#2 /
CAP(1,2)=DP*1 -~

CAR(3,3)=DP*2 . : & .

. 5 DO 170 I=1, 3
~ DO 170 J=1, =
< ESMI(I,J)= (2 *CAR(I, J)/DELTA)-ZSH([ 1)
170 CONTINUE - .
= ~ - .

DO 18 I=1, 3 . '
i DO 180 J=1,3 :
PM(1)=PM(1)+ (ESHL(T, J)I*AACI))
180 CONTINUE

DO 210 I=1, ~
n(t)-m(l)ur(l) :
~ 210 CONTINUE . < g

- A(JS)-A(JS)*!P(I) -
130 CONTINU .

REWIND 2 . GHE

DO 300 I=1,JGSM
300 D(I)=A(1) *

70 po 301 1=1,¥cP ‘
) f @ A(D=0. 5 (A(TrD(D)) - f ’ \
301 D(I)=A(I) - . *
* \
READ(2,A)KD,KD,KD . v
~—~— DO 430 KK=1,NE * ;
™ READ(2, %) ﬁu.nswv(x),x(z).Y(:).x(:).vu).mnn

B(1)=x(2)-t(¥) i :
B(2)=y (3%¥(1) 12 : : ’ G

E e




DO 450 I=1,3 .
EF(1)=0.0

DO 450

Tt ESM(I,J

450 ° , CONTINBE

,3 .
KT#*B(1)*B(J)+KT*C(I )'C(J))?Akb

"IP(ISIDE LE. 0) GO TO 460 =
~ J=ISIDE . & . -

; o K=J+] . %
. l-!lui!'SQlT((X(K)'X(J))“L"’(Y(K)-Y(J))""Z-) . &

HL=H*LENG . 4
EP(J)=HL*TN/2.0
—.  EF(K)=HL*TN/2.0-
M=NS(J) .
N=NS(K)
EPL=PROXLENG* (TN**4)/2.0
EP2=PRO*LENG* (TN**4)/2.0
EFJL=((S*A(H)**4)+(4*A(N) *A(MY**3)+(3*A(M)*A(M)*
+ A(N)*A(N))+(2*A(M)*A(N)**3)+(A(N)**4))
EE3=(PRO*LENG/30.0)*(EF31) ;
EFA41=((S*A(N)**4)+(4*A(H) *A(N) **3)+(3*A(M)*A(M)* .
+ A(NIRA(N))H(2XA(R)*A(MI**3)+(A(M)I%*4)) ¢ ,
B }nu-(uon.zncl:o L0)*(EF4L)

!P(J)-IP(J)-EPJ+BPl
_EF(K)=EF(K)-EF4+EF2

ESH(J,J)=ESH(J, J)+(KL‘Z )/6.0 * 1 ’ T
ESM(J,K)=ESH(JI,K)+RL/.0 J iy
ESM(K,J )=ESH(J,K) : F s
m  ESH(K,K)=ESH(K,K)+(HL*2.)/6.0
<460~ *CoNTINUE =

5 CAP(1, l)-l‘ll'l
=DP*,

: o P4
B CAP(351)=DP*1.
CAP(3,2)=DP*1 j .
. cu(a.a)-mﬂz . &

DO 470 I=1,3 ‘ ) ‘ T
DO 470 J=1,3 P
BSM2(I1, J) (2 'CA!(X J)/BBLTA)"‘!BK(X J)

CONTINUE

DO 430 I=1,3 -
II=NS(I)

J5=NP+I1

A(JS)-A(J5)+IP(I)

DO *190 J




190
430

290

GO TO.270 -
’ .

JI=NS(J)
JIeII-1141 .
1F(JJ)190,190,200 °

JI5=JGS J=1)*NP+IL

A(IS)=A(JS5)+ESM2(I,J)
CONTINUE

CONTINUE

REWIND i )

CALL BDUND(A(JGSH+1) A(JGF+1) NP ,NBW,NCL)

24 T |

CALL D!COHP(A(JGSH+\) NP,NBW)

CALL SOLV!(A(JGSH‘H) A(JGF+1) AQ1), NP NBW,NCL)

bDIlJ

TIF(A (n([)-A(l)) ie.o 01)G0 TO 250

Cﬂlﬂ‘llﬂl!
:

5

G0 TO 290
CONTINUE

DO 260 T=JGF+l,JEND
A(1)=0.0.

Do 280 I-JGFH. JGSH
A(l)' (1)
CONTINUE

CONTINUE

TIME=TIME+DELTA/60.0
QRITE(3,*)A({),A(3),A(11),
READ(2,*)KD,KD,KD

IP(A(1).CT.323.0)C0 TO 10
STOP

A(13),A(21), A(23),TIME
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LISTING ﬂl THE PROGRAM +++ TMPING +++

THIS PROGRAM COMPUTES THE UNSTEADY NONLINEAR TBHPBRATURI—-
" DISTRIBUTION IN. THE INGOT.

SUBROUTINES' USED IN THIS PROGRAM ARE DBCOHP SOLVE

T120

3 1:0':”3.&-0.0

. TN=100

R!AL!KT LENG,MNSE,MSSE ,KTH(2000), SPHT(ZOOO
DIMENSION NS(3),ESM1(3,3),EF(3),R(3),2(3),B(3)7C(3)
DIMENSION A(ZOODO) D(2000)

DIMENSION CAP(3,3),ESM2(3,3),PM(3),AA(3),ESM(3,3)
DATA|NCL/1/

PRI=3,142857 o \'\
DELTA=60.0%*5

dell={elta/60.0 -
EPSI=0.7 - . F:
SIGM=3.669E-8 -
PRO=PHI*EPSI*SIGM s
RHO=7840.0

TO=1000

OPﬁ(HN T=2,FILE='OUTPUT1.DAT', TYPE='0LD' )) e
OPEN(UNXL\T=3 ,FILE='CONDUC.DAT", TYPE-’DLD')
OPEN(UNIT=6,FILE='SPHEAT.DAT',TYPE='0LD")
PEN (UNI =7,PILE="TEMPL. DAT',TYPB-'NEH )

WEAD (2, *)NP , NE, NBW .
JGR=NE -\ .
JGSM=JGF*2

J!ND-JGSH*NPX{!H . =

I
READ(3;*)(KTH(I) l-l 2000)
R!AD(G *)(SFHT(I) I-l 2000)

.
0 100 1-1.Jnu) i . #
k(1)=0.0 * LI % . e
), - s

B . ,
DO 110 I=L,J0F * . o p .
A(L)=298.0 i - [— ,
CONTINU! . . .-
cun:lnuh ¢ . g -

Do 120 f-JG!*l JIND — ; L " ”
A(1)=0. 5 o
CQNTINUB o e EY 2




140

B(2)=2(3)-2(1)

7 HL=H*LENG

ERAL=((60%A(N)ARE)+(AORA(H) RA(N)#43)+(24ACH)AACHI* '

169

DO 130 KK=1,NE by .
READ(2,*) NEL,NS,R(1),2(1),R(2),2(2),R(3),2(3),ISIDE
RAVER=(R(1)+R(2)+R(3))/3.0

DO 140 I=1,3

AA(I)-IA(HS(I))

CONTINUE

B(1)%2(2)-2(3) RS ’,

C(3)=R(2)-R(1)
ARG= (1(2)'2(3)+R(3)'z(1)+n(1)'z(z)-n(z)tz(1)-n(:)-z(Z)
=R(1)*2(3)) *2.0

KT=KTH(ITEMP)

S@EHT=SPHT (ITEMP)

RLAMDA=RHO*SPEHT

nr-rnx-nLAHDA-AnAlaso [

DO 150 I=1,3 -~ . i

EF(I)=0.0 .
PH(1)=0.0 .

DO 150 J=1,3

ESM(I,J)= ((KT'I(I)'!(J)+KT'C(I)‘C(J))'RAVER'RAVIR'Z *PHI)/ARG
CONTINUE

lTEKP-IHX(((A(Ils(l)M(NS(Z))+A(NS(3)))/3.0)-173 .0) o

I!(XSID! «LE. 0) GO TO 160
J=1S1D
K=J+1

- LENG=SQRTE(R(K)=R(J))**2.+(Z(K)=2(J))**2.)

TEMPL=ITEMP+273

TEMP2=1.8%(TO-TEMP1)

H=ABS (TEMP2)/2.25

HeH**(1./4.) s . ;)
H=0.27#%H 7 "~

H=5.6782%H ~

EF(J)=EF(J)+(RAVER*HL*PHI*TOR( 2 .*R(J )+R(K))) /3.0 i
,<e¥(x)-:!(x)+(xAv:5§uL'rnt-to'(l(J>+z 'R(l)))ll 0
M=NS (J

ans(x)

K24 CPROVLENGIRVER* (R(J)+2¥R(K))/3.0)*(TO**4)

»zn-(uo%wcw‘u!‘(zmu JHR(K))/3.0)#(TOR#4)

EP31e( (60%A(M)N*4)+(AORACN)RACH)##3 )+ (24%A(M)NA(H)*
A(N)*A(N))+(L2*A(HIFA(N) **3)+(4RA(N)**4))*R(J)
lraz-((lntA(n)'hA)+(x6aA(u)-A(n)--3)+(1utn(n)-A(n)'A(u)~-z)+
(L6*A(M)*A(N)**3)+(LORA(N)**4) ) *R(K)

EF3*(RAVER*PHOALENG/210.0)* (EF31+EF32).




+ ACNIRACN))+(L2%A(N)*A(M)**3 )+(4*A(M)**4) ) *R(K) .
EF42= ((1ou(n)n4)+(15*A(n)*A(N)h3)+mu(x)u(u)u(u)uz):, -
+  (L6*A(N)*A(M)**3)+(1O¥A(M)Y**4) Y¥R(J)
EP4=(RAVERAPRO#LENG/210.0)* (EFAL+EF42)

- EF(I)=ER(I)-ER34ERL 2
4 xy(x)-zp(x)-nrn’rz
ESM(J,J)=ESM(J,J)+(RAVER*HL*PHI*(3.*R(J)+R(K)))/6.0
ESM(J,K)=ESM(J, K)+(RAVE“DL‘PHI*(R(J)+R(K)))/5 0
ESM(K,J)=ESM(J,K)
zsw(x JK)=BSM(K, K)+(nAVzn*nL~PnI*(R(J)+3 *R(K)))I6 0

160 CONTINUE
CAP(1,1)=DP*(12.*R(1)**2.42. AR(2)RA2.42.2R(3)RR2 .46 *R(L)*R(2)
+6. MR(1)¥R(3)+2 . *R(2)*R(3))
CAB(1,2)=DBX (3. ¥R(1)¥¥2, 43, KR(2)RA2.+R(3)MH2 .44, SROLIAR(2)+2.%. *

" o R(1)*R(3)+2.*R(2)*R(3))

CAP(2,1)=CAP(1,2) i !
CAP(1,3)=DP*(3. "n(l)ﬂ*z.ﬂ{(z)*’2‘3.*R(3)**2.+2.*n(1)'n(2)+4.*
+ n(1)m(3)+z *R(2)*R(3)) o .

' CAP(3,1)=CAP(1,
CAP(2,2)=DP*(2. *R(l)'*l 12, *R(2)*%2.42 AR(I)**2.+6 . *R(1)*R(2)
+2.%R(1)*R(3)+6.*R(2)*R(3))
CAP(2,3)=DP* (R(1)**2.+3. *R(2)**2.+3. ﬁu(!)**z H2 AR(1IAR(2)+2.%
« R(L)*R(3)+4 *R(z)*u(s))
CAP(3,2)=CAP(2,3)
CAP(3,3)=DP*(2. *R(l)*‘z +2.%R(2)#42. 412, %R aﬁz.+2.nx(1)tn(z)
g F + +6 *n(l)*l(3)+6 *R(2)*R(3)) .
- B ) o
: 3
DO 170‘
~ ? D0 170.J3=1,3 é
Esm(x'.v) (z *CAP(IL, J)IBELTA)—ESH(I J) \

+

I=1,3 —

170 CONTINUE
g . D0 180, 1=1,3 v B i "

Do 180 J=1,3 »

PH(L)=PM (1)+(ESMI(T, J)*AA(J)) .

180 CONTINUE » ;
it
D0 210 1=1,3

EF(1)=PH (15428 (1) . . &,

. 210 conTiNUE ’ . &

" po130.1-1,3 .
II=NS(1) .
"J5=NP+IT

. A(JS)-A(JS)+EP(1)
130 - CONT!NUB N petnt

. REWIND 2 .
s,

Do 300 1e1,308M et .
300 D(IYACT) L / s ) RN




) s
270 DO 301 I=1,JGF . S - ¢
A(1)=0. 5‘(A(I)*D(I)) e
301 D(1)=A(I .
READ(2, *)KD,KD,KD G ¥ )

DO. 430 KK=1,NE , N / -
READ(2,*) NEL,NS,R(1),2(1),R(Z),2(2),R(3),2(3),ISIDE
EATERm (A1 RLIIIAI) ) /5 0 .

B(1)=z€2)-2(3)

c(1)=R(3)-R(2) .

C(3)=R(2)-R(1)"
AR4= (R(Z)'z(!)+R(3)"Z(l)+R(1)'Z(1)-K(2)'Z(1) R(3)*2(2)
e =R(1)*2(3)) *2.0,

f . ITEHF-IPIX(((A(NS(l ))*A(NS(Z))'FA(NS(J)))/:‘ «0)-273.0)

K‘t-un(nzm) . 2 i)
SPEHT=SPHT (ITEMP) =
RLAYDA=RHO*SPEHT ¥ 3

DP=PHI*RLAMDA*AR4L/360.0 \ - -

1,
. ESM(I,J)= ((Kr'l(l)u(:)ﬂ(r-c(l)'c(.l))*uvyﬂuvu'z <*PHI)/ARG
450 ° CONTINUE
- [
IF(ISIDE .LE. 0) GO TO 460
J=1SIDE
K=J+1 s
. LENG=SQRT ((R(K)-R(J))**2.+(2(K)=Z(J))**2.)
*  TEMP1=ITEMP+273
: ‘TEMP2=1. l‘(TN-‘l‘!HPl)
T H=ABS(TEMP2)/2.25
H=H**(1./4.)
H=0.27*H .
H=5.6782%H
HL=H*LENG ~

o~

’zv(—.l)-Bv(.v)+(uvumu?nvm-(z *R(JI+R(K))) / $07 i
EF(K)=EF (K)¥(RAVER*HL*PHI*TN* (R(J)+2.*R(K)))/3.0

"M=NS(J) o E,
N=NS(K) LS A 8

EFl= (Pnoﬂ.uctuvn-(zﬂn(:) FRUK)) /3 ’())'('tu"b)
L= Hz-(Pkoﬂuncnmvn'(?(:w R(K))/3.0)%GTN *4)

F31=( (60 %A (M)ARL )+ (4ORA(N)*A(H)A*
Nig (N)MA(N) )+ (L2RA(H) *A(N)##3)+(4%A

\\\) 32=((LORA(M) 43 1+ (YBAA(N)*AC

. (ToraH)*AtH) 123)+ LO®A(N)*#4sy




. us-(uvﬁx*no*unc/no o>-<zn1+n32~)

5 B EF4 1o ( (60#A(N)**4)+(AORACH)*A(K) #£3)+(26 +A(H T *A(M) % ¥
s + L ACNIRACNY)+(LZRA(N)*A(H)RA3 ) K (4RA(M)#%4) ) ¥R (K) . :
d znz-((lon(u)*u)+(16n(n)u(u)"z)+(1su(u)-A(u)u(u)"z)+ N
+ (LOWA(N)*A(H)**3)+(LORA(M) *¥#4)) *R(J)
EFA=(RAVER*PROXLENG/210.0)*(EE41XEF42)

— BodsEmann
) : EP(J)=EF(J)-EPI+EFL " o .
EF(K)"BF(K)-BFA‘FEFZ = P
(IR ESM(J,J)=ESHET, J)+(RAVER*HL*PHI* (3. *R(TIFR(K))) /6.0 x

ESM(J,R)=ESH(J,K)+(RAVERXHL*PHI*(R (1) +R(K)))/6.0
. ESM(K,J)=ESH(J,K) %
T, "L . ESHM(K,K)=ESH(K, K)+(R’AVBR*HL'PHI*(R(J)+ *R(K)))/6.0 .

460 CONTINU, .

5 cu(\ 13=DPA(12. #R(L)*42.42. #R(2)A*2. +z *a(s)ﬂz w.ﬂnu)mu)
+ -\1(1)-1\(3)+z *R(2)*R(3)

.,»/ cn(\ 1) DP*(3.XR(L)**2,+3 #R(2)R*2. 4R (3)**2.+4. *R(l)*R(Z)l-Z 25

¢ + R(1)FR(3)+2. "R(Z)‘v.(3)) . - .
: — "CAP(2,1Y%CAp(1,
¢ £AP(1,3)=DP¥(3. il11(1)"-2 HR(2)*%2.43, ﬂn(:)nz 42 4R(LY*R(2)+4.

+ . R(1)*(3)+2. "R(Z)*R(J))

* CAP(3,1)=CAP(1,3) .
cn(z,,g)-m:ﬁ(z ~n(1)nz +12. »n(z)nz 2 RR(I)RAY 46, *R(l)*R(Z)'
. +2 JR(1)*R(3)+6.*R(2)*R(3))
e - CAP(2,3)=DP*(R(1)**2+3. ¥R (2)¥¥2.+3 . ¥R(3)¥*2. + *K(l)*k(2)+z.*
' : + R(LYXR(3)+4 . *R(2)*R(3)) .

CAP(3,2)=CAP(2,3) b4
. g CAP(3,3)=DP*(2. an(:)nz F2.0R(2)%4%2.412. *n(:)'*z +2-4R(1AR(2)
+ 0, HELAR(IIR(3)H6L*R(2)*R(3))
y DO 470 I=1,3 ' . . -
b ey “N Do 470 J=1,3 . o
. ESM2(I,J)*(2.ACAP(T,J )/DELTA)+FSH(T,d) -
470 “CONTINUE .
¥ 5
- D0 430 1=1,3 ’
o . II=NS (1)
. J5=NP+IL
oo © T AGIS)=A(I5)4ER(I) ; ,
3 D0 190 J=1,3 . .
JI=NS(J) - ~ ¢
JImJJ~11+1 sy -
1F(JJ)190,190,208 v i
200 I5m30SHH(JI-1) #NP+IT \ -
. A(J5)=A(I5)+ESH2(T,0) " = Y
190 CONTINYE P #
430 CONTINUE e 3 <
REWIND 2, i :
e
* CALL DICDHP(A(JGSHH) NESNBY
CALL sm.vnuucsun) A(JGP+L),A(\). ¥ L L
B o . . . \




290

D0 240 1=1,36F . .
.tF(AnS(n(n—A(I)).ga.l 0760 TO 250 5 «
CONTINUE -, . o & il

Go TO 290 ' IR . o s

CONTINUE . - . : ) . 2 o
, - STy C
DO 260 1=JGP+1,JEND * , . " ) .
A(1)=0.0 Lo ral g

DO 280 1=1,JGF . .
A(ICTHL)=D(JGF+I) . ° 7
CONTINUE g 2l .

G0 T0 270 | i " T
d . ;

CONTINUE, T s & d €

TOTAL-TOTAL+DEL1' : :

IF(TOTAL.GE .60 )DELTA20%60 ; 3

WRITE(7,32)A(1),A(6),A(37),A042), A(l\g),A(lio)n gy .
+ A6 -K(1)y TOTAL + X ) ,b'

¥ & ays 2) . fn E .‘)‘ ‘,u»
'—‘READ(Z *)KD,KD,KD . A r)/ 3 o

IF(A(l) LT. ({qu -1))60 Tq 10 ' \ = .o
. STOP § . .
END - 7 w7 cw g rrw T




N _ ’ 174, 3
. = £ )
. \
. ¢ 4 ‘
b c PROGRAM. LISTING k s THP!NGl ~ .
N c THIS PROGRAM CALCULATES THE UNSTEADY TEMP. & STRBSS " j
M DXST. ALONG. THE SECTION AB IN THE INGOT USING
c P!N!TB DI‘!FERBNCE METHOD R Rew & ”
N = -
D eanasn : m -
. v ; . 2
DIMENSION TO(14),TN(14) \ . _
azu. K(ZOOO) M,N,CP(2000),ALPHA(2000) . ~ g

YST(T)-GSOOO'ISIGB 76-((34500%6498.76)*(T=298)/1200,0)
YHOD(T)-ZDGhﬂl BE6~ ((103511 4!6)"(1‘ 298)/1200.0)

OPEN(UNIT=1, PILE-'CDHDUC DAT',TYPE OLIT')
OPIN(UN!T-Z FILE='SPHEAT.DAT',TYP
OPEN(UNIT=3, FILE='COEFF. DAT",TYPE='OLD")
< N OPEN(UNIT=9,FILE='FDIFF2. DA‘E',TYPE"N!H'S
OPEN(UNIT=10,FILE="FDIFF1.DAT',TYPE="NEW')

 READ(1,*)(K(I),I41,2000) Bes
.- READ(2, %) (CP(1),I*1,2000) . .
- READ(3, %) (ALPHACT), I=1,2000) ’ ;
z . DELT=1 . . I . i -
- i © . RHO=78%0.0 E w5 o5 ff %
- . TIME=0.0 - o =
g TF=1000~0 e m B o .
& TDR=0.086667*2. 55*11/100 0 3 g = %
A S - . .
DO 10 I=K 14 : . G g ’
10 To(1)-208% . \\ I )
60 . CONTINDE -~ %, ¥ ! .
ITEMP=IFIX(T0(1)-273) ! .
\ * ALP=K(ITEMP)/(RHO*CP (ITEMP)) -
~ ~  M=DR*DR/(ALP*DELT) =
TN(1)=4#T0(2) /M+(1-4/M)4TO(1)
% RTOT=0.0
. . DO 20 1=2,13
. RTOT=RTOT+DR v
ITEMP=TFIX(TO(1)-273
. ALP=K(ITEMP)/( uotcp(xunn)
M=DR*DR/ (ALP*

SUHI'(Z+DIIITDT)‘0 5*(TO(I+1)-TO(I))
Sl.llﬂ-(z DR/RTOT)*0.5*(T0O(I-1)~-T0O(1))
SUH-(SUH!#EUHZ)/
N ’ TH(X)-TO(I)?SUH F
20 CONTINUE =




71
70

100

,H'H'DI/K(IT!KP)

lTOT-lTDT#DI
k3

rol-ro(xA)
ITEMP=IFIX(TO(14)-273) .
A1=0.7*(TF1#*4-TO1**4)/(TF1-TO1)
H1=H1#5.669E-8

H2=5.6782%0. 27'(1 B’(Tll-TOl)IZ 25)*%%0.25

H=H1+H2 <~

ALP=K(ITEMP)/(RHO*CP (ITEMP))
M=DR*DR/ (ALP*DELT)

SUM1=(8*RTOT/DR~ 4)*TO(13)/ (M*(4*RTOT/DR-1))

SUM2=B*RTOT*N*TF/(DR*M* (4 *RTOT/DR-1))

SUM3=(8*RTOT*N/DR+8*RTOT/DR~4 )/ (M*(4*RTOT/DR~1))

SUM3=(1-SUM3)*TO(14)
TN(14)=SUML+SUM2+SUM3

DO. 30 T=1,14 -

_TO(1)=TN(I) . i

" KCRIT=0.0, ° SR
TIME=TIME+DELT :
DO 50 1=300,3600,300 ~ ¥
tr(nns £Q.1)60 \ro-ix
Go TO - s
xcnx:-lv 0
Hl115(9 *)TN(1), ™6, TINE -
CONTINU .
Do 70 1-3soo,stuon.1eoo >
lr(r:nz.uq.x)co 10 71
co .
xcuxt-l -
WRITE(S, %)TH(L), TN(14), ITHIN
CONTINUE

IF(KCRIT.NE.1)GO TO 60

TOTAL1=0.0 %

RT=0.0 - g
DO 100 I=1,13

RT=RT+DR i 2
RT1=RT=DR - ’

TAV=0.5#% (TN(I)+TN(I+1))
ITAV=0.5*(TN(I)+IN(I+1))~273
FACI=
TOTAL1=TOTALL+FACL#(RT#RT-RT1*RT1)
CONTINUE *

TOTAL1=TOTALL/(0.3429%0.3429) .

DMAX=0.0 e 2

+ SHAX=0.0

LPHA(ITAV)*YMOD(TAV)*TAV/ (‘Dvm_'lﬁl-)‘ :




S - o
SMIN=0.0 - :

.+ RT=0.0 & R " .
TOTAL2=0.0 ~ 3 . e
TOTAL3=0.0 .

DO 101 I=1,13 ., .
RT=RT+DR .~ - . S P -
RT1=RT-DR Pt . =

* 51=0.0 " .
52=10E30
TAV=0.5*(TN(I)+TN(I+1)) . e
ITAV=0.5#*(TN(I)+TN(I+1))~273

: FACL=ALPHA (ETAV)*YMOD(TAV)*TAV/(0.7%2) ’ :
TOTAL2=TOTAL2+FACL*(RT*RT-RT1*RT1) {
TOTAL3=FACL*2 . .

, .. TOTAL4=TOTAL2/(RT*RT) o

s RS=TOTAL1-TOTAL4 . N 2 .
CS=TOTALL+TOTAL4-TOTAL3 o ; : 3
AS=TOTAL1*2-TOTAL3 ’ % .
DE=SQRT( ( (RS- cs)"2)+((CS‘AS)"Z)*((AS RS)*43)) £
_ \DE=DE/SQRT(2.0) . /
--"- \‘)u-na/ysr(’uv 5 : . ; Eg#™
IF(ABS(RS).GT.ABS($1))SL=RS . . ]
IF(ABS(RS).LT.ABS(S2))S2=RS ’
IF(ABS(CS).GT.ABS(S1))S1=CS . = ’
IF(ABS(CS).LT.ABS(S2))S2=CS N
+ IF(ABS(AS).GT.ABS(S1))S1=AS . : ¢ NS
IF(ABS(AS).LT.ABS(52))S2=AS
$3=S1-52., R e
§3=53 /YST(TAV) ,' T=
S1=S1/YST(TAV) oo - -~
IF(ABS(S1).LT.ABS(SHAX))GO TO- 110 . A& o
SMAX=S1 o3 F 3
110 IF(ABS(S3). LT ABS (SMIN))GO TO 111 : 2
SHMIN=S3 ‘- o
5 KN2=1 .
111 IF(ABS(DE).LT.ABS (DMAX))GO TO 101 -
s DMAX=DE & 5
Y RN3=I
101 | CONTINUE v
' WRITE (10,99 )DHAX, xn:'smx KN1,SMIN,KN2, ITHIN . : @
99 FORMAT(' ',3(F10.5,14),15) i -,
TR(TN(1).GE.(TP=1))60 To 40 :
GO TO 60 | = -
40 CONTINUE " o . :

END_




2 5o - o
PROGRAM LISTING +++ BCOND +++ -

THIS PROGRAM GENERATES THE DATA FOR Sﬂl!OUTIN! BOUNDARY:
IN THE PROGRAM STRESS. ~

¢ e

c ~c-

50

40
10

DIMENSION NS(3),D(6)
OP!N(DNIT-Z\,FILB"OUTPUTl DAT' TYP!-'OLI’I')
OPEN(UNIT=3,FILE='O0TPUT3.DAT',TYPE="NEW') w

WRITE(3,®)' 17,0 -1t

Kl=6
K2=25
Kl == NO. OF NODES IN THE R-DIRECTION

K2 =-- NO. OF NODES IN THE Z-DIRECTION, -

"READ(2,*)NO,NEL,KD

DO 10 IK=1,NEL
READ(2, *)KD,NS,D,KB
IP(.NOT.(NS(1):EQ.1 .AND. NS(2).EQ.2))60 70, 20

KVL=NS(1)*2-1 . . .
KV2=NS(1)*2 ~* - E -
KV3=NS(2)*2 o
VV=0.0 O 2% e . X ¥ s
WRITE(3,*)KV1,VV
WRITE(3,*)KV2,VV ! 2 s
WRITE(3,*)KV3,VV *

DO 30 I=3,Kl 3 # e X .
xr(ns(Z).nz.x)co TO 30 \ #
KV=NS(2)*2 % ‘/\L_/
VV=0.0

WRITE(3,*)KV,VV ° % .
CONTINUE

DO 40 I=K1+1,N0,K1 .

IF(.NOT. (ns(x).:q 1.AND NS (2).EQ: (1+1)))G0 TO io
KV=NS(1)*2-1 -
¥V=0.0
WRITE(3,*)gd,vv
CONTINUE ¢
CONTINUE 7 i
WRITE(3, ')(xlaxz-x1+1)*z 1,vv .

“WRITE(3,*)'. -1' - -




PROGRAM LISTING +++ . OPTI  +++
T-THIS PROGRAM CALCULATES THE OPTIMUM FURNACE T!HPERATIJK!
PATH FOR IKGO‘I BBATIIG

THIS PROGRAM USES 'ﬂ!! SUBROUTINES IOI"II'I DECOMP »SOLVE,STRESS,
ZPOLAR & OPTIVAR PACKAGE

LG EGEGGE:

- DIMENSION X(1),XSTRT(1), RHAX(l) rMIN(D), PHI(2);PST(1),W(30) -

. COMMON/DAVID/IDATA, IPRINT, F,G ,MAXH, TOL, ZERO, R,REDUCE
= COMMON/SUBS/RMIN, RMAX
i COMMON/SUBS1/ROLD : . o i v 5 T,

OPEN(UNIT=1,FILE='STRESS5.DAT',TYPE='0LD') " - “~_ . . |

. READ(1;*)ROLD,DUM,DUM,DUN,DUM, DU, DUM,DUN

S NeL : ® 2 . 4

# F NCONS=2 . ¢ ¥ o kg :
Vit NEQUS=0 + te™ & i

oy NPENAL=2 5 . 2 g L

. RMAX(1)=ROLD+300
S op —>  RMIN(1)=ROLD-200
'XSTRT(X)"OLD-AO 3 ‘ T —

. TPRINT=-1 ¥ i - - ¢
$ IDATA=0 3 v 2 1 8 _ . .
= . © MAXM=200 . ) p 3 -

TOL=0.1 :
CALL ‘DAYID (N, KCONS ; NEQUS , NPENAL ,RMAX nnwxsru,x ;U,PRI,PS
+ NVIOL,W).
100 CONTINIJ! ..
. sToP : 5 : R

END - | sa 4 s . o e

SUBTOUTINE EQUAL . s o
2 A v ‘ .

GGG

o .
SUBROUTINE EQUAL(X,PSt,NEQUS) 2 Y

~ DIMENSION x(l) PSI(1) ) . -
. RETURN 4. . 3




END-

v

179 v
L P '

SUBROUTINE CONST

PHI(2)=X(1)-RMI
RETURN

_END "

e
.
¢

5 ’
6 2




+ B 2 2
. ~ . .
. - : r
(A5 ; kb L ; 5
t c LISTING OF.THE SUBROUTINE * +++ UREAL +++
c THIS PROGRAM COMPUTES:THE UNSTEADY NONLINEAR TEMPERATURE &
€. " |\ STRESS DISTRIBUTION IN THE INGOT AND FINDS THE VALUE OF THE
c /OBJECTIVE PUNCTION TO BE MINIMEZED.
C . l .
1 c 3 :
SUBROUTINE UREAL(TN,U)
. . " REAL KT,LENG,MNSE,MSSE,KTH(2000), spu'r(nouo) MNSE,MSSE
s 5 DIMENSION NS (3),ESH1(3,3), :p(a) n(s) z(3), n(s) c3) -
_DIMENSION ‘A(20000),8(2000
;... DIMENSION CAP(3,3), zsuz(a 3) PM(3),AAC3) , EsM(J 3)4
" DATA NCL/1{ * P
COMMON/SUBS1/TO - =, .
Ve TOTAL=0 0 . P
PHI=3.142857 °° : g % 7. M
» i . DELTA=60.0%5 c 2 . 2
dell=delta/60,0 3 s
. h EPSI=0.7 .
* SIGM=5.669E-8 : .
% \ PRO=PHI*EPSI*SIGH - . *
T t\ RHO=7840.0 . . ¢
o Nell oPEN(UNITSZ,PILE='OUTPUT1.DAT',TYPE='OLD') . - —-
P N OPEN(UNIT=3,FILE='CONDUC.DAT',TYPE='0LD')" .
Ly ; . OPEN(UNIT=6,FILE="'SPHEAT .DAT',TYPE='0LD')
. - OPEN(UNIT=8,FILE='TEMOLD:DAT',TYPE='0LD") :
y OPEN(UNIT=7, FILE='TENP4.DAT', TYPE='NEW') -
, "OPEN(UNIT= ILB-'TBHPS.DAT',TYPEF'NEU') . s J
T * OPEN(UNIT=10%FILE='STRESS4.DAT', TYPE='NEW') !
o READ(Z *ONE, NE,NBW . 7L : ) ]
JGF=NP S = Lo ¥
JGSH=JGFA2 .
Jznn-msmnr*nnw ol -
READ(3,%) (KTH(1),1=1,2000) - T
READ (6 ,%) (SPHT(L),I~1,2000) 1y <
READ (8,*) (A(I),1=1,JGF) . ,
. 1 < s ¥
.'D0.100 1-T,JEND " o =
100 CA(I)=0.0 - | : . '
- ‘D0 120 I-JGF+1 Jewp L, ’ 5
A(1)=0.0 . . Z
120 CONTINUE - T
. DO 130 KK=1,NE "

READ(2,*) NEL,NS,R(1);Z(1),R(2),2(2),R(3),2(3),151DE
RAVER=(R(1)+R(2)4R(3)3/3.0 e




vy _

" BP4=(RAVER*PROALENG/210.0)*(EF41+EF42)

EF(J)=EE(J)-EE3+EFL .
EF(K)=EF(K)-EF4+EF2 ¢ - . - )
3 nsx(: J)=ESM(J, J)#(IAVBR‘BL'PHI‘(Q *R(J)+R(K))) /6.0
ESM(J,K)=ESM(J, l)+(lnn-n-mv(n(.v)+n(x)))I6 0
.+ ESM(K,J)=ESM(J,K E A
a Ty ESM(K,K)=ESM(K, x)+(lAvsx«dL'PnI*(k(J)+3 'n(x)))/6 0 o

_160 " ' CONTINUE i )
CAP(1,1)=DP*(12.%R(1)¥*2 142, AR(2)AAZ. 42, 'n(a)**z 6 FR(1)*R(2). T,
+ +6.AR(1)*R(3)+2.*R(2)*R(3))
(GAP(1,2)=DEA(3.#R(1)*42. +1IR(2)442 . 4R(3)¥42, +4. -n(l)*n(z)n *
- 4k R(1)*R(3)42.*R(2)*R(3))
. . CAR(2,1)=CAP(1,2)
-+ % - CAP(1,3)=DP*(3:*R(1)**2. +l(z)hz +3.AR(3) #4242, FAR(IAR(2)44. 4
S+ R(1T¥R(3)42. *R(2)*R(3))
“~CAP(3,1)=CAP(1,3) s
CAP(2,2)=DP*(2.*R(1)%47.+12. ¥R (2)#*21F2. ¥R(3)**2. +6. *R(1)*R(2)
+ S42.%R(1)*R(3)+6.*R(2)*R(3))
+ CAP(2,3)=DP*(R(1)**2.43.*R(Z)**2. F3IAR(I)AR2.42.XR(1)RR(2)42.%
+ R(1)*R(3)+4.*R(2)*R(3)) :
5 CAF(3,2)=CAP(2,3)
. CAP 3)=DP*(2.%R(1)**2 .42, *R(2)**2. *11 ‘3(3)"2 +2. 'k(l)‘k(z) .
R -n(nnn(:)+s *R(2)*R(3)) % .

& % X e M (O AP
Do 1701-13 ; ¢ a v e
DO 170 J=1,
& ESM1(I,J)= (2 ‘CAP(L,J)/DB!.TA)-ESH(I J)
170 CONTINUE

DO 180 I=1,3 .

DO 180 J=1,3
=5 ru(n-ru(x)+<zsm<1 J)'AA(J))
180 CONTINUE _ . . L

DO 210 I=1,3 - LR ; .
— EF(13=PH(I)+EF (1) . ’
¢ 210 CONTanB

4 ‘DO 130 I=1,3
' 1I=NS(1) s
‘ J5=NP+IT G . i, M1
A A(JS)-A(JS)#EP(I) | A
130 . CONTINUE \ ’
\

"REWIND 2

DO 300 I=1, yJGSM

300 D(I)=A(L) . . . '
270 DO 301 I-1,JCF o ey ;
Amy=o. s-(Au)wu)) =




450

D(l)-A(I) ; ~
un(z-)nunm: % g . e T 0 e &

DO 430 KK=1,NE, - ! ;

" READY(2 %) - HBL NS R(l) zZ(1),r(2), 2(2) K(J) 2(3) ISIDE

uVBl-(l(l J#R(2)4R(3))/3.0

B(U)=2(2)52(3) [

-B(2)=2(3)-2(1) a i : ) S -

B(3)=z(1)-2(2) . | - Yo
C(1)=R(3)-R(2), G . . §
€(2)=R(L)-R(3) . 2 |

C(3)=R(2)=R(1)

ARG = (R(2)*2( ’)+l(3)*2(1)+l(1)'2(2)-K(2)'Z(1 )-R(l)'Z(Z)
. 3 I _,\,/

CmR(1)*2(3))\ *

- lT!HF‘IFIX(((A(NS(l))+A(NS(1))+A(NS(3)))I! 0)-273.0) _

M=NS(J) 5 s

BPJ-(IAVII'PIO'LIIGIIIO 0). 3131*5!32)

\ ] |
KT=KTH(ITEMP) .\ - :
SPEHT=SPHT (ITEMP) q " PR
RLAMDA=RHO ASPEHT, ‘ . W B 0
DP-PHI"RLM‘IDA’MU!/360 0
DO 450 I=1,3 [ ) 5 .
EF(1)=0.0 . RS . ]
DO 450 °'J=1,3" .
ESM(I, J)-.((u-ng)-nu)ﬂrac(x)-c(n)-uvzvuvn-z ~*PHI) /ARG
CONTINUE

IF(ISIDE .LE. 0) GO TO 460 ’ 5 <
J=ISIDE .

K=J+1

LENG=SQRT((R(K)-R(J))**2.+(z(K)-Z(J))**2.)

-TEMP1=ITEMP+213

TEMP2=1.8%*(TN-TEMP1) <~ . . '

H=ABS(TEMP2)/2.25 . l

H=H**(1./4.) + | o . S
H=0.27*H . : s ) S
H=5.6782%H ’

HL=H*LENG

x!(.l)-H(J)+(aAvsx'uun|v'rh*(2 ~R(J)+R(K)))Is.o : Y
BF(K)-l!(K)+(RAV!R'II'I.'PHI‘TN"(R(J)*I *R(K)))/3.0

N=NS(K) .,

Bl’l-(PRO"LENG"RLV!R‘(Z'l(J)+R(K))/J 0)*(TN**4)
EF2m= (?RO'LIHG'KAV!‘R'(l(J)+1kl(K))/3 O)*(TN*#4)

.Bl'Bl-((60'A(H)"b)+(‘0'l«(n)LA(H)"3)*(2“A(H)'A(M)" Y N i

A(NY*A(N) )+(12XA(M)RA(N) *#3 )+ (4¥A(N)*#4) )AR(J)
EF32=((LO*A(M)**4)+(16*A(N) A(M)R*3)+(1BAA(M) *A(H)RA(N) *#2)+
(L6*A(M)*A(N)**3)+(10%A(N)*#44) )*R(K)

R -,




T H=5.6782%H

) HL=H*LENG /
))

BP(K)-E?(K)*(RAVBR'&HL‘PHI‘TO*(K(J)+2 'R(K).))/ .0

po 140 1=1,3 - . .
AA(I)-A(NS(Z))' . . N
CONTINUE g ;

B{1)=2(2)-2(3)
B(2)=2(3)-2(1) ' i
B(!)-Z(l)-l(z) «
c(1)=R(3)rR(2) . -
c(2)=R(1)-R(3) ‘. |
C(3)=R(2)-R(1) [
Akb-(k(l)"z(!)ﬂt(:!)"Z(l)'FR(l’)'Z(Z)-R(Z)*Z(l) R(J)‘Z(Z) ‘-
-R(1)*2(3)) *2 ’ .

ITEHP-IFIX(((A(NS(1))+A(NS(1))+A(NS(3)))/3 0)-273:0)
KT=KTH(ITEMP) , I,
snn’r-smr(uam) i z i d
RLAMDA=RHO*SPERT g
npnrnvummn\nb/:so 0 ¥

.DO 150 I=1,3 "

EF(1)=0.0 N - By
pu(1y=0.0 "~ 7 ( :
DO 150 J=1, N

ESM(I,J)= ((Kr*s(x)*n(J)ﬂ(rrcu)*c(J))ﬂRAvr.n*mvantz *PHI)/AR4
CONTI“UE %

u(xsxnz \LE. TJG0 70 160 . N
J=1SIDE .

K=J+1

anc-squ((n(x)—n(:))nz HE(E)=2(I))*42.)
T!HPl‘!TEHP+Z73 ’

TEMP2=1.8%(TO-TENP1) .

H=ABS (TEMP2)/2.25 -

HeH#*(1./4.) . )

H=0.27#H

. 5 -
EF(J)=EF(J)+(RAVERXHL*PHI*TO*(2.*R(J)+R(K)))

M=NS (J O _
HfNS(K)” T . ; Eg F

i_ &P‘L“(‘PR‘D'LBNG*RAVBR'(Z‘R(J)+R(K))’13..0)*(1‘0*'5)

n-(uon.xncnnvzm(n(.nﬂ'R(x))/3 o)n(ro"b) P @ a Fy

EF3L=( (60%ACM)**A J+(40MA(N)RA(M)**3 )+(26'A(M)*A(H)*
A(N)XA(N) )+(L2RA(M) *A(N) B3 )+(ANA(N)**4) ) *R(T)

- BP32m((LORA(M)I*RA)+(LEXA(N)IRA(M)**3 )+(18'A(H)'A(H)'A(N)“2)+

(LE*A(M)MA(NYA¥3)+(LORA(N) #%4 ) ) *iKK) ‘
!FS (RAV!R'PRO'LENGIZIO 0)"(5?31-*!!31) ¥ » L

!Hl-((GO*A(N)'M)+(AO*A(H)*A(N)*'3)+(24‘A(H)"A(H)‘ ™
A(NI*A(N))+(L2VA(N) VA (M) *%3 )+ (ARA(M)**4) ) *R(K)

' Blﬂ'((lO‘A(N)“b)+(16'A(H)*A(N)‘*J)+(18'A(H)*A(H)*A(N)"2)+

(IG'A(N)"'k(’n-)-"a)+(\ﬂ*A(K)“‘4))"B(J

\‘ B // B




460

.
470

184

EF41=((60*K(N)**4)+(40*A(MIRA(N)**3 )+ (24 *A(M)*A(M)*
ALN)IRA(N))+(L2XA(N)*A(M)**3)+(A*A(M)**4) ) *R(K)
lPlZ-((lO‘A(H)"b)O(16"A(K)‘A(!)"'3)+(15'A(H)‘A(H)'A(N)‘“z)“‘
(LE6*A(N)*A(M)%A3)+(LO*A(M)**4))*R(J)

L EP4=(RAVERAPROXLENG/210.T)*(#¥41+EF42)

EF (J)=EF (J)-EF34EF1
IF(K)-KF(K)-BPE‘FEFZ

-zsn(.l J)+(RAVER*HLAPHI* (3. *R(J)+R(K)))/6.0
SH(J K)+(IAVEI'HL'PHX'(R(J)+R(K)))/6 0

R(l)‘R(S)-&Z *R(2)*R(3)) .
CAP(2,1)=CAP(1,2)

“CAP(1,3)=DP*(3.*R(1)%*2, +R(1)"2 +3. *R(S)“*Z +2. ‘\l(l)'k(zﬂ-b '

R(1)*R(3)+2. *R(Z)*R(3))

CAP(3,1)=CAP(1,3)

CAP(272)=DP*(2.¥R(1)##2.#12. #R(2 ) %42 . 422 *R(3)¥%2.46. *R(1*R(2)

T +2.*R(1)*R(3)+6.*R(2)*R(3))
CAP(2,3)=DPA(R(1)#42: 43, 3R(2)442. 43, 4R(3)#42. 42, R(1)*R(2)42. %
R(L)*R(3)+4.*R(2)*R(3))

CAP(3,2)=CAP(2;3)

CAP(3,3)=DPA(2.*R(1)%*2.42. 'n(z)--z +12. -n(:)--z +2.%R(1)*R(2)
+6. ﬂn(x)-n(s)§s *R(2)*R(3)) a

0 470 1-1, 3
DO 470 J=1
ESM2(I,J)= (z #CAP(1,J)/DELTA)4ESM(,J)
CONTINUE .
i /)
DO 430 1=1,3 =
II=NS(1) . "
J5=NP+IT p -
A(JS)-A(J$)+EF(I)
D0 190 J=

JI=KS(J)

JI=JI-I1+1 e
1F(J3J)190,190,200
Ji-JGSH+(JJ-l)"NP+II
A(JS)-A(15)+ESH2(I 5 X
CONTINUE i .
CONTINUE ~

!
KEHIND 2 . ‘ !
CALL DECOMP(A(JGSM+1) ,NP,NBW)
CALL SOLVE(A(JGSM+1), A(JG!#I) A(1),NP,NBW, HCL)

DO 240 1-1. JGF




V. A(6)-A(1) i

‘\.}0’!0270 o $ .

E\NTJNUB L i
- il snxss(A(l) DEN, NO1, MNSE; NOZ, ussE) :

// IF(ABS(DEN)-0. 9) GT.0.05)G0. TO 490

IP(ABS (D(I)-A(1)).ge.1.0)G0 TO 250 ° R . 5
CONTINUE E ! ‘g e
G0 TO 290 3 4 .
CONTINUE o 5,
DO 260 I=JGF+1, JE“B . . a

- A=0.0, . g ; N

"5o"280 141, J@; ' £ . . . Sy
A(JGF+I)=D(JGF+L R . L &

 CONTINUE: .

/V-(ABS (DEN)=0.

WRITE(7, 32)A(1) A(6),A(37),A(42), A(lki) A(lSO),

FORMAT(' ',7F9.2) I I '
WRITE(9 ﬁ)(n(:) I=1,JGF) L
wnnz(x& *)TN,DEN,NO1, HNSE,NO2, HSSE, NO3 e R r
“contnte - < o L ®G E o . e ¢
RETURN e B it 5w
END . 4 ‘ o wa, 4% '

» p 3 . . i %

@'3\ ' “a-

. ;
. = %
i ° .
:A, : A'
; . . ,




acocanapa.

LISTlNG OF THE SITIROIJTII“ 5 th. STRESS *h
THIS SUBROUTINE COMPUTES THE TH!IHO - ELASTIC STRBSSBS 0! 'l'll!
CYLII{DI CAL INGOT &

. THIS 'SUBROUT‘K.NE USZS THE lHSL ZPDLAR‘ . :

503"

.~As(:)-oo . : A

SUB!DI]‘EIII! ST!BSS(A D!H KB) HHSB KEZ,HSS! JKE3) *
COMPLEX ROOT( ) »
- DIMENSION, NS(3),R(3),2(3), B(3), C(J) m)‘L(IODO
DIMENSION ROOT1(4), D!HER(IOOO) ALPHA(ZDOI‘I)
DIMENSION. NSS(6), 33“3(6 6), !P$(5) BS(4,6), CS(S.f) ns( ﬁ
DIMENSION STlA(l) STRE(4),ETS(4), US(G') AS(HODD) SMII(]DOD’)

DIMENSION RSTRE(1000);,ASTRE(1000), csuz(woa) usl(& 1000) - kS
DIMENSION '$1(1000), sz(mou) R
"REAL HNSE MSSE" - 0 ey YR G

YST(T)= esoooteasa 76-( (3450046498 76)"(’(‘-298)/1100 0 . e
¥HOD(T)=206842.8E6~ (c1o34z1. u;s)*(r-zga)/lzoo 0y - 4

DATA "NCL/1/ - . g

PHI=3.142857 . S P

pr=0.3 5 o o et
* TINIT=298.0 ° Tl . C % s
ICRIT=0 . #F e a
OPEN(UNIT=8,FILE®'OUTFUT2 DAT", TYPE="0LD') - =

PEN(UNIT-9 ElLB-'DUTPUT; DAT' ,TYPE='OLD') g . .
OPEN(UNIT=10, FILE='COEF .DAT'yTYPZ-'OLD') 3 ’- .
READ(10, %) (ALPHA(L), I=1,2000) = bl FENCEE
xuu]a(a -)nr NE,NBW - | v , i = .

REWIND 1 0 .

NPS=NP*2:0 °_ ° o ¢ o = TF
NBWS=NBW#2" T

. JGPS=NPS —-. -
JGSHS=JGFS+NES . 5 e
uuns-msusmrs*uws e

DO 503 I=1,JENDS - s ;% .

DO 130 KK=1,NE i - =5
READ(3,%) NEL,NS,R(1), zu) R(2), 1(2) R(3), z(a) 1s10E
RAVER=(R(1)+R(2)+R(3) /3% N
ZAVER=(Z(1)+2(2)+2(3))/3. o -

DO 140 I=1,3 $
AA(x)-A(su)) . s ! v .




b

501°

502

©.7 DS(2,3)=RAT*PR

VER=(AA(1)+AA(2)+AA(3))7/3.0
- YM=YMOD(TAVER)
vsnz-vs‘r(nv:l)
ITEMP=IFIX(TAVER-273)

ALP=ALPHA(ITEMP)
DT!HP-‘I'.AVII-TINIT - ¥ r -

RAT= YM/((1. onn)t(x z'px))
DSE1,1)=RAT*(1-PR) . °

DS(1,2)=RAT*PR P
' DS(1,3)=RATAPR ', o y = .
DS(1,4)=0.0 J .
DS(2,1)=Ds(1,2) § ¢ H ) -

S(2,2)=RAT*(1=PRY " a

- ps(2, l-)-n.o'
DS(3,1)=Ds(1,3)
D8 ¢3,2)=D8(2{3)

_//ps(3, 3)-nui(1-n)

BLLICH Aj-u;-(l 2~n)/1 0

B(§)=2(2)-2(3)

B(2)=2(3)-2(1) . .

B(3)=2(1)-2(2) '

€(L)=R(3)-R(2)

C(2)=R(1)-R(3) —

C(3)=R(2)-R(1)

AR2=(R(2)*Z(3)+R(3)*Z(1)+R(1)*2(2)~R€2)*Z(1)-R(3)*2(2)
=R(1)*2(3))

DO 501 I=1,3 - - v
NSS(2*I-1)=NS(1)#2-1 i
NSS(2%1)=NS(I)*2

Do’ 502
DO 502, J=1,
BS(T, J)-oio

e

BS(1,1)=B(1) ; .
~BS(1,3)=B(2) . 4

BS(1,5)=B(3) « .
»'.IS(Z.Z)-C(I.) g
~iBS(2,4)=C(2) -

BS(2,6)=C(3)_

BS(J,:I‘) (R(Z)'1(3)-R(J)*Z(Z)H(l)'RAVnOc(l)tuvu)luvn

<BS(3,3)=(R(3)*2(1)-R(1)*Z(3)+B(2)*RAVER+C(2)*ZAVER)/RAVER

IS(3’5)-(l(l)'z(z)-R(I)lz(l)+n(3)'uvn-rc(s)'zavn)luvn
BS(4,1)=C(1) - X
BS(4,2)=B(1), » . *

usu 3)=c(2)



510
508

512

511

130

BS(4,4)=B(2) > . .
BS(4,5)=C(3) -
BS(4,6)=B(3)

ETS(1)=ALP*DTEMP

ETS(2)=ETS(1)

ETS(3)=ETS(1)

ETS(4)=0.0 . =

IF(ICRIT.EQ.1)G0 TO 531

© DO 507 I=1,6 O

DO 507 J=1{4 -

CS(I,J)=0. 0 .

DO 507 k=1,

cs(rI, J)-CS(‘ 3)+BS (K, 1)*DS (K, 1)

DO 508 I=1;6 '
SUM1'=0.0. .

DO 509.K=1,4 =
suul-suu1+cs(1 K)*ETS(K)
“Do 508 J=1,

SUM=0.0

DO 510 K=1,4

SUM=SUM+CS (I,K)*BS(K,J) .
ESMS(I,J)=SUMAPHI*RAVER/AR2
EFS(1)=SUML*PHI*RAVER. .

DO 511 I=1,6 -

1IS=NSS(I) . )
J55=JGFS+IIS

AS(JSS)'AS(JSS)+IPS(I)

DO 512 J=1

JJs-nsp(J)

JJIS=JJS+1-11S % ®

1F(JJSs)512,512,51)3 -
J55=JGSMS+(JIS-1)*NPS+IIS

AS(J55)=AS(J5S)+ESMS(1,J)

. CONTINUE . g

CONTINUE * y {

CONTINUE

CALL BOUND(AS(JGBHS+1) AS(JG"‘S#l) NPS,NBWS,NCL)

CALL BlCOHP(AS(JGSHS-O-l) NPS,NBWS) -

CALL SOLVE(AS(JGSMS+1), AS(JGPS+[) AS(\) NPS,NBWS,NCL)

REWIND 3 X ; =

.~ REWIND 11

ICRIT=1 I

- NUM=1 -

READ(3,*) KD,KD -




-189

* . GO TO 537

‘531 KK=NUM
DO 504 I=1,6,2
NO1=NSS(I)
NO2=NSS(I+1)

125 - US(I)=AS(NO1)

: <. 504 US (1+1)=AS(N02)

DO 505 I=1,4
. STIA(I)-O o : \
DO 505 K
505 sru(t)-srn(l)us(x x)tus(x)/nz

DO 506 I=1,4
* . STRE(I)=0.0
DO 506 K=1,4
SERB(I)-STK!(I)*DS(I K)'(ST!A(K)-BTS(K))
- 506 CONTINUE -

_RSTRE(KK)=STRE(1) - o %
ASTRE(KK)=STRE(2) .
CSTRE(KK)=STRE (3)

-. SSTRE(KK)=STRE(4)

DENER(KK)=( (0. 5*((ASTRE(KK)=RSTRE (KK))*#2))+(0. s-((ns-nuz(u)
~CSTRE(KK))*#2))+(0.5%( (CSTRE(KK)~ASTRE (KK ))**2))
3*(SSTRE(KK)*#*2))*%0.5

++

\ ROOT1(1)=1.0
1001‘1(1)'-(RSTI!(KK)+ASTKI(KK)?CSTI!(KK))
loorl(!)-lstl!(lx)-Asrlz(xx)+AsTls(KK)'csrnx(xx)+xsrnz(xn)
+ *CSTRE(KK) -SSTRE(KK)*SSTRE (KK)
« ROOTI1(4)=-(RSTRE(KK)*ASTRE (KK)*CSTRE(KK)~CSTRE(KK)
+ *(SSTRE(KK)*#2)) !

CALL ZPOLR(ROOT1,3,RO0T,IER) . -

a DENER(KK)=DENER(KK)/YSTRE
% _S1(KK)=ROOT(1)/YSTRE
$2(KK)=(ROOT(1)=ROOT(3))/YSTRE
NUM=NUM+1
2 LF(NUM.LE.NE)GO TO 537

of.
REVIND 3
DEN=0.0 .

J MNSE=0.0
. MSSE=0.0

DO 605 I=1,
u(us(n“n(t)).u ABS(DEN))GO TO 605
DEN=DENER(I)
+ REl=I?
t. 60s CONTINUE




DO 606 I=1,NE
IF(ABS(S1(I)).LE.ABS(MNSE))GO TO 606
MNSE=S1(I) -

KE2=1

CONTINUE

DO 607 I=1,NE
IF(ABS(S2(I)).LE.ABS(MSSE))GO TO 607
MSSE=S2(1)

KE3=I .

CONTINUE

RETURN 2
END . i

190




% c SUBROUTINE ay BOUND = ###%

\ SUBROUTINE BOUND(GSM,GF,NP, NBH NCL) Sl
DIMENSION GSM(NP, NBH) GF(NP IICL) IB(1),BV(1) . 4
; DO 216 JH=1,1 -
* - 1D1=0 3 3 . .
8 INK=0
202 .READ(11,*)IB,BV o ® &
203 lﬂl!AT(SIJ 2X,6F10.5)
1D=0 .
. DO 204 L=1,1 \ : X

Ko IF(IB(L).LE.O) GO TO 205: -
ID=ID+1 .
" I=1B(L) . - c
204 . GR(I gu)-nv(nyws(x My o Vsl
. © . GO TO < 4l
. 205 INK=1 K . :
IF(ID.EQ.0) GO TO 216 * . 4 & *
206 IF(ID1.EQ.1) GO TO 222 Sl
222 IF(INK.EQ.1)GO TO 216
s s . IDl=1
. GO TO 202 -
216 CONTINUE
© INK=0
209 uAn(u *)IB,BV .
1D

. Do 221 L= : -
"tr(IB (L), LB o)co 10 215 .
v ID=ID+1 5 -
1=IB(L)~ . 5
% BC=BV (L) g
K=I-1
DO 211 J=2,NBW
M=1+I-1
IF(H.GT.NP)GQ TO 210
DO 218 JM=1,NCL T
218 GF(H, .m)-cr(u JM)~GSM(I, 1) *BC ; i
' + GSM(I,J)=0.0 ~ :
210 IF(K.LE.0)GO TO 211 - E
DO 219 JH=1,NCL
219 GF(K,IM)=GF (K, JH)-GSH(K, Jy*sC
GSM(K,J)=0.0 . =
=K-1 T

211 CONTINUE = =~ . : 2
DO 220 JM=1yNCL . ‘
220« GE(I,JM)=GSM(I,1)*BC . -

221 CONTINUE . i 2
co 10 214 J : 1 - A
.. 215 . CINK=l g =

= ’ IF(ID.EQ.0)RETURN * ' =




214

IF(INK.EQ.1)RETURN )
G0 T0 -209 )
END N

SUBROUTINE *k* ' DECOMP bl B

SUBROUTINE DECOMP(GSM,NP Nw)

DIMENSION GSM(NP,NBW) » .
10=61 . 4
NPL=NP-1 o

DO 226 I=I1,NP1

MJ=I+NBW-1

TFQUY.GT.NP) MI=NP - . . .
/NJSI+ o G

MK=NBW
IF((NP I+1). LT. NBW) HK'NP 2

BD 225 J=NJ,HI N .
MK=MK-1 *
ND=ND+1

NL=ND+1- - " , s

DO 225 K=1,MK . b
NK=ND+K *
SSM(J,K)=GSH(J,K)-GSH(I,NL)*GSH(T, NK)/GSM(I,1)
CONTINUE

RETURN = g
END

SUBROUTINE. add S‘OLVE LAl

" To=61

NP1l=NP~-1

DO 265 KK=1,NCL

« IM=KK

DO 250 I=1,NP1
MJI=I+NBW-1
IF(MJ.GT.NP) MI=NP
NI=I+1

= ahed



: v s 251

252

265

L=1 !

DO 250 J=NJ,MJ . -

LeL+1

GF(J,KK)=GF(J,KK)-GSM(I, L)tcy(:,x;x)/ssn(t o]

X(NPKK) =GP (NF, KK)IGSH(NP 1.

DO 252.K=1,NP1

I=NP-K

MI=NBW

n((unaw 1).6T.N2) MI=NP-1+1”
UM=

no 251 .x-z M3 : -
N=I+J-1 J *
SUH-SUH+GSH(I J)*X(N,KK)
X(I,KK)=(GF(I,KK)~ SUH)/GSH(I 1)

CONTINUE

RETURN

END Lo [
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