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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.

|
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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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Technique (after McGannon [1]).

13



P

]
/

/

: LS .
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



-~

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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Fig. 2.1:

The-Details of the Axisymmetric
Element.
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