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The effectiveness and profitability of welding operation depends upon the efficiency of each individual phases of the process namely, joint 
configuration, welding parameters, quality of weldments and subsequent repair of defective welds. Out of the four phases, welding process 
parameters and quality control are the foremost areas where evaluation of data is carried out extensively. These data in turn are used for the selection 
of the most suitable process of welding along with its parameters, for a particular use. The thermal based problems, e.g. transient heat transfer in 
weld and base metal, transient thermal stress and strains, transient metal movement during distortion, residual stresses and distortion after welding, 
etc. may easily be solved by numerical techniques employing computer facilities. This paper first describes the different numerical techniques 
generally employed in solving these welding problems along with their suitability and applicability. Later, it elaborates a generalised approach of 
numerical technique for predicting temperature histories in a weld cross section and associated cooling rates. The validity of the model was 
ascertained through experiments carried out on indigeneously produced HSLA steel plates employing submerged arc and carbon-di- oxide welding 
process. A comperative study with Rosenthal equation confirms a better match of the numerical technique with the experimental values. The cooling 
rate information thus obtained may then be used to assess the related microstructure and mechanical property changes for a particular steel. 

q(r,t) = Heat flux on the surface of weldment, q (x,y,z) = is the power density with moving coordinate (x,y,z) of a reference point, q 
= prescribed heat flux at the boundary, r = Characterstic that defines the region in which 95% of heat is deposited., h = Heat transfer 
coefficient., t = Time., c p = specific heat of the weld material., Kx,y,z = Thermal conductivity of the weld material., K1 = Constant., 
K2 = Constant., KaT/an = Heat flux in the normalized direction , Q = Heat input., S = The number of dimention in the analysis., ST 
= Surface of the domain where specific temperature is prescribed., Sq = Surface of the domain where specific heat flux is applied., 
Sh = Surface of the domain where there is heat transfer to surrounding., T = Temperature of interest., To = Initial temperature of 
plate., TS = Specific temperature at the surface., T1 = Temperature/peak temperature where cooling rate is to be found., T1,j = 
Temperature of a nodal point (i, j)., Te ~ Temperature of an element (finite element technique)., V = Welding speed., W = Thickness 
of the plate., at = Time interval., DX = space increment . , a = Thermal diffusivity ., o = Fourier number . , R = Radial distance. 

INTRODUCTION 
T h e t h e r m a l b a s e d p r o b l e m s e.g. 
t rans ien t heat t rans fe r in we ld and 
base meta l , t r ans ien t me ta l m o v e -
m e n t d u r i n g d i s t o r t i o n , r e s i d u a l 
s t resses and d is to r t ion af ter we ld ing 
are of ma jo r c o n c e r n in a we ld ing 
industry. T h e s e t h e r m a l p rob lems are 
the o u t c o m e of the app l i ca t ion of a 
loca l ized in tense heat input f rom the 
we ld ing arc. A c c u r a t e p red ic t ions of 
d is tor t ion, res idua l s t resses , re la ted 
m ic ros t ruc tu ra l and m e c h a n i c a l prop-
erty changes , etc., requ i re a met icu -
l o u s e s t i m a t i o n o f t e m p e r a t u r e 
d is t r ibut ion in the w e l d m e n t for a par-
t icu lar w e l d i n g p rocess . P la te d i m e n -
s ion, th ick o r t h i n , a f fec ts heat t rans fe r 
ana lys is and s u b s e q u e n t coo l ing rate 
ca lcu la t ions (1-4). L i te ra ture su rvey 
revea ls an a rb i t ra r iness in spec i f y ing 
th is t h i ckness pa rame te r . To r e m o v e 
th is d i s c r e p a n c y an un ique w a y of 
t h i c k n e s s d e t e r m i n a t i o n h a s b e e n 
s u g g e s t e d w h i c h is o f g rea t pract ica l 
impor tance too. Pos i t ion of heat af-
fec ted zone , w h i c h can be ca lcu la ted 
theore t ica l l y (5), w i th in the t h i ckness 

of t he plate has been used as the 
cr i ter ion for this purpose. Only af ter 
t hus spec i f y i ng the t h i ckness of a 
p la te t he d i f fe ren t numer i ca l t ech -
n iques m a y be app l ied for f ind ing the 
the rma l profi le and cool ing rates. T h e 
relat ive meri ts, demer i ts , app l icat ion 
cr i ter ion, etc. for these too c o m m o n l y 
e m p l o y e d numer ica l t echn iques have 
been deta i led in Tab le 1. 

A g e n e r a l i s e d a p p r o a c h to a heat 
t ransfer mode l for accurate de te rmi -
nat ion of t he rma l h istory has been put 
fo rward in this paper . This is of im-
m e n s e s ign i f i cance in unders tand ing 
the heat t ransfer aspec ts of a we ld -
ment and helps in ascer ta in ing var i-
ous remedia l measu res , e.g. f ix ing 
the mos t su i tab le we ld ing pa rame-
ters, choos ing proper preheat t em-
perature etc, to y ie ld a defect f ree 
we ld . The val idi ty of this mode l w a s 
first ascer ta ined th rough expe r imen-
tal work . Later , a compara t i ve s tudy 
wi th the analy t ica l approach name ly 
the Rosen tha l equat ion w a s also car-
ried out . 

Theoritical Considerations 
T h e p roposed gene ra l i sed m o d e l for 
ca l cu la t i ng the t h e r m a l prof i le and 
coo l ing rate has been p resen ted in 
Fig. 1. T h e var ious s teps invo lved in 
th is m o d e l has b e e n de ta i led as under 

Input data : T h e input da ta requ i red 
for such ana lys is m a y be d i v ided into 
t he fo l low ing 

i) G e o m e t r y o f t he jo in t e.g. bead on 
p la te , g r o o v e d but t j o i n t s , f i l let 
jo in ts , etc. 

ii) M o d e s of heat input e .g . normal , 
w e a v i n g , pu lse or arc spot . 

iii) Mater ia l p roper t ies e.g. conduc t i v -
ity, latent heat o f fus ion , heat ca-
paci ty, me l t ing point etc. 

iv) W e l d i n g p a r a m e t e r s e,g, t h e r m a l 
e f f i c iency, arc cur rent , a rc vo l tage 
and w e l d i n g s p e e d etc. 

Heat s o u r c e m o d e l ; T h e g e o m e t r y 
and locat ion of me l t ing zone in a we ld-
men t are great ly i n f l uenced by the 
d is t r ibut ion of heat f r o m the arc to the 
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weldment surface. For a welding situ-
ation, where the effective depth of 
penetration is small, the surface heat 
source model as suggested by Fried-
man(11) is found suitable. The heat 
distribution on the surface at time, t, 
and at a distance r is then given by 

E x p C - 3 C V r t f (1) 

H o w e v e r , for high power densi ty 
sources such as of laser and electron 
beam, where the depth of penetration 
is large, a more realistic hemispheri-
cal Gaussian model of power distribu-
t ion^ ) is more suitable. The power 
density distribution for a hemispheri-
cal volume source is then written acr 

iTT yjt 

- - a n V f V - a i * / ^ <2> 
c . e 

Heat f low e q u a t i o n : The tempera-
ture, T(x,y,z,t), as a function of space 
and time (t), at actual welding condi-
tion can be found from the following 
parabolic heat transfer equation 
c'lcx Kx cT/cx+c/cy ky ST/<?y+ didz kz 
dJIdz + Q = p c p cT/ct (3) 

subjected with conditions 

*T = T s on part of boundary S T 

*!<„ dl / cn=q on part of boundary S q 

* Kn cT/cn=h(T-T 0 ) on part of bound-
ary S h and 

* The initial condition T(x,y ,z ,o) = 
T0 (x,y,z) 

If the partial differential equation, the 
initial condition and the boundary con-
ditiflns are consistent the problem can 
be solved numerically. 

T h i c k n e s s d e s i g n a t i o n : The speci-
fication of thick plate and thin plate in 
heat transfer study is based upon the 
following considerations. If the plate is 
thin, the bottom surface should be 
essentially at the same temperature 
as o f t h e top surface. However , if the 
plate is thick, the bottom surface is 
unlikely to be as hot as the top. In the 
later case the plate itself will be acting 
as a heat sink, causing the heat to flow 
through the thickness o f t h e plate to-

Tab le 1 : Compera t i ve Study of Nemer i ca l T e c h n i q u e s for t h e r m a l P rob lems 

in We ld ing 

Finite difference 

Approach: General finite difference 
technique with appropriate condition 
is used to find temperature distribution 
in thin plates during welding 

Advantage : i) Easy to model regular 
and simple geometry, ii) Computer im-
plementation for the problem is easy, 
iii) Easy for predicting temperature 
distribution 

Difficulties : i) Difficult to model very 
complex and arbitrary geometries ii) 
Subsequent analysis for stress, dis-
tortion etc. is very difficult. 

Practical/Industrial applicability, 
i) Used for solving the thermal based 
problems. 

Previous Research : 

i) Simulation of heat flow during the 
welding of thin plate(1), ii) Rapid melt-
ing and solidification of surface due to 
moving heat flow(6), iii) Computation 
of temperature in thin tantalum sheet 
welding(2), iv) Computation of tem-
perature in actual weld design(4), (v) 
Ecperimental and computed tempera-
ture histories in gas tungsten arc 
welding of thin plates(3). 

Finite e lement 

General finite elementtechnique is used 
for sorting thermal problems during 
welding. Mostly applied for higher num-
ber of unknowns. 

i) Ability to model the most complex and 
arbitrary geometries, ii) Ease of transi-
tion from heat transfer to thermal stress 
and other types of solution iii) Ability to 
easily accommodate complex condition 
such as int imate contact change in 
physical properties. 

i) Computer implementation is cumber-
some and requires more memory. 

i) Widely used for all sorts of numerical 
analysis of thermal based problems. 

i) Computer modelling of heat flow in 
welds(7), ii) A new finite element model 
for welding heat sources(8), iii) Com-
puter simulation of thermal stress and 
metal movement during welding(9), iv) 
on the calculation of temperature due to 
arc welding(10). 

Flow chart ofthe generalized approach for estimating temperature distribution and cooling rate 
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w a r d s the b o t t o m su r face and a lso in 
the t r ansve rse d i rec t ion . In th in plate, 
t he heat f l ow is sa id to be b i the rma l 
and in th ick p late, it is t r i thermal , as 
i l lust rated in F ig.2. 

Th i n p la te B i - t he rma l 

Back su r face as hot as t o p su r face 

Th i ck P la te Tr i - T h e r m a l 

Back su r face d o e s not heat up 

Fig: 2 

A w e a k n e s s o f t h e th in p la te and th ick 
plate a p p r o a c h to t he heat t rans fe r 
ana lys is is tha t o n e d o e s not k n o w 
wh i ch p late is th in e n o u g h for cons id -
er ing heat f low is b i the rma l or w h i c h 
p late is th i ck e n o u g h for t r i thermal 
heat f low cons ide ra t i on . 

T h e au thors feel that t he s ize of heat 
a f fec ted z o n e in t he c ross sec t ion m a y 
be the gu ide l i ne for d i s t i ngu ish ing the 
th in plate f r o m th ick p la te for par t icua l r 
heat input. If the H A Z d u e to a par t icu-
lar heat input , ge ts t r unca ted w i th the 
ac tua l t h i ckness o f t h e p late then the 
plate is spec i f ied as T H I N and if the 
H A Z is ly ing w i th in t he t h i ckness the 
plate is T H I C K as c lear ly s h o w n in 
Fig.2. S o the de te rm ina t i on o f t h e s ize 
of H A Z and its pos i t ion w i t h respec t to 
th i ckness are p re requ is i te fo r the pre-
sent ef f ic ient mode l l i ng of heat t rans-
fer aspec t . 

A p rev ious w o r k of the au tho rs (5) 
de ta i l s gu ide l i nes for pref ic t ing the 
s ize o f t h e H A Z , w h i c h can be used to 
d e s i g n a t e t h e s p e c i f i c a t i o n of th in 
plate of th ick plate. 

N u m e r i c a l s o l u t i o n s : The t w o most 
c o m m o n l y app l i ed n u m e r i c a l t ech -

n iques have been d i scussed in the 
fo l lowing paragraphs . 

i) Fini te d i f fe rence : The t rans fo rma-
t i on o f t h e m a i n h jea t t r a n s f e r 
equat ion 3 by an expl ici t f ini te dif-
fe rence me thod ( two d imens iona l ) 
w i l l l ead to the fo l low ing noda l 
equa t ion for equa l inc rement in X 
a n d Y d i rec t ion for a par t icua l r 
node 

where T n + 1 j j and T n j j are the 

nodal temperature at time, t+At , and 

t, respectively. 

0 = oc A t / AX2 

x= K /pCp and Ax is the node spacing 

The t ime s tep in the expl ici t f ini te dif-
fe rence analys is is l imi ted by 

The contr ibut ion of w e l d pool convec-
t ion is incorpora ted into the compu ta -
t ions by mul t ip ly ing the conduct iv i ty of 
the l iquid by a factor ranging f rom 3 to 
10. S ing le va lues of phys ica l proper-
t ies m a y be taken near the mel t ing 
point o f the al loy for computa t ion (2). 
S u c h cons idera t ions g ive accura te re-
sul ts o f t empera tu re d is t r ibut ion near 
the w e l d poo l vicini ty wh ich is the zone 
of interest for the the rma l ana lys is . 

ii) Fini te e l e m e n t : Fini te e lement for-
mula t ion for t rans ien t heat f low, in 
case of we ld ing , m a y also be de-
r i ved f r o m the m a i n hea t f l o w 
equat ion : 

T h e u n k n o w n t e m p e r a t u r e , T , 
w i th in each e lemen t may be repre-
sen ted as 

T ( e ) ( x , y , f ) = S n
1 Ni (x ,y ) Ti(t) = [N] [T]e 

w h e r e [ N ] = [ N i , N 2 , N i N „ ] a n d , 
Ni, Nj etc. are the shape func t ions 
de f ined p iecewise , e lement by ele-
ment and in the s u m m a t i o n , the 
appropr ia te funct ions for the par-
t icual r point mus t be used. Ti,Tj. .. 

etc. are the va lues o f t h e t empe ra -
ture T ( e ) at va r ious n o d e s i,j o f the 
e lemen t . T h e T ( e ) va lues ob ta ined 
f r o m t h e a b o v e e q u a t i o n w h e n 
subs t i tu ted to eqn. 3 w o u l d g ive 
equa t i on for n va lues of T ^ . To 
m in im ize t h e w e i g h t e d and inte-
g ra ted res idua ls , t h e s e n -se ts of 
equa t i ons m a y t hen be equa ted to 
zero , lead ing to t he fo l low ing gen-
era l equa t i on 

H + T + Q = 0 (5) 

in w h i c h , t h e r m a l s t i f fness conduc-
t iv i ty H is g i ven by 

a x Wj<£s 

and the rma l heat vec to r Q is 

S i = - - ^ J ^ K I i f i / c h c . d^-cft" + 

£ f K k < y . d s - 2 £ N t b T 0 d s 
» 

T h e s e sets o f equa t i ons are then used 
for ca lcu la t ing n e w se ts of t empe ra -
ture at pa r t i cu la r t ime , if the init ial tem-
pera ture is k n o w n . S imi lar ly , at each 
new t ime-s tep an ident ica l p rocedure 
may be used unt i l a p resc r ibed t ime is 
reached . The t ime- t e m p e r a t u r e val-
ues t hus ob ta ined u l t imate ly mater ia l -
ises the t e m p e r a t u r e d is t r ibut ion. 

C o o l i n g rate : T h e concep t of bi ther-
mal and t r i thermal heat f low in we ld ing 
leads to the fo l low ing coo l ing rate for-
mu la t ions for th ick p late and th in plate 
(12) 

K1 (T1 - To )2 
Th ick plate : R= 

Q 

Th in P la te K 2 W 2 ( T r T 0 ) 3 

R= 
Q 2 

T h e coo l ing rate at a par t icu lar instant 
is d i rect ly re la ted to t he p e a k t e m p e r a -
ture at a point in t he w e l d m e n t at a 
par t icu lar t ime. 

INDIAN WELDING JOURNAL, OCTOBER, 1993 
10 



Experimental Work 

To check the validity of this general -
ised approach of heat t ransfer analy-
sis, exper iments were carr ied out on 
indigenously produced H.S.L.A. steel 
plates of chemica l composi t ion as in 
Table 2. The thermal profi les of these 
plates were exper imenta l ly obtained 
employ ing C 0 2 and submerged arc 
weld ing processes. The detai ls of the 
exper imenta l procedure is d iscussed 
e lsewhere (5). Wi th the aid of thermo-
couples connected to var ious record-
ing units, it is possible to record the 
heating curve, peak temperature and 
the cool ing curve of any point of inter-
est in the plate. 

Result And Discussion 

The Fig. 3 shows the f low chart of the 
numer ica l techn ique (finite d i f ference) 
and analyt ical solut ion to predict the 
thermal profi le to check the validity of 
the genera l approach of a nemer ica l 
technique for heat t ransfer in a weld-
ing process. The calculated value of 
HAZ w a s first speci f ied to ascertain if 
the exper imenta l plate was thick or 
thin. Fig.4 shows the thermal profi les 
obtained through exper iment , analyti-
cal solut ion and present numer ica l 
analysis (solved by iterative method 
by ICI. 370 digital computer) for a 
part icular point. Simi lar plots were ob-
tained at severa l points in the plate for 
checking the cons is tency of the re-
sults. 

Simpli f ied f low d iagram for finite dif-
ference analysis of temperature dis-
tr ibution dur ing welding 

Flow d iagram for analyt ical solut ion 
of t empe ra tu re d is t r ibut ion dur ing 
weld ing. 

Fig 3 

However the validity of the Finite ele-
ment model to be applied to thicker 
plate are being carried out presently 
in the Depar tment of Matal lurgical En-
gineer ing B.H.U. From the result as in 
Fig. 4 it is clear that 

Table 2 : Properties and Chemical Composition of the Low Alloy Steel 
Symbol Value 

Solidus temperature. °C 1443 
Liquidus temperature oC 1468 
Density Pg mm'3 0007833 
Thermal conductibity K.Cal/sec °C.mm 0.01250 
Heat capacity(solid). Cp Cal/gm °C 0.1427 
Heat capacity(liquid) Cp Cal/gm °C 0.1427 
Thermal diffusivity *m 2 /sec 11.11 
Chemical composition 
Carbon 0.1 Max 
Manganese 0 35 
Sulphur 0 0 4 
Silicon 0.04 

i) The thermal profile calculated by 
expl ic i t f ini te d i f fe rence method 
closely matches wi th the experi-
m e n t a l one . T h e e x p e r i m e n t a l 
curve was somewha t depressed 
and it may be due to the s low 
response of the thermocoup le to 
sudden changes in temperature 
dur ing weld ing. 

ii) T h e a n a l y t i c a l resu l t d o e s not 
m a t c h w i t h t h e e x p e r i m e n t a l 
measurements The reason might 
be that the thermal conduct iv i ty of 
carbon steel can be three t imes 
lower at melt ing tempera ture than 
at room temperature . 

Assumpt ion of constant thermal 
propert ies causes the d iscrepancy 
in both magni tude and gradient of 
t he t h e r m a l p ro f i l e d e p e n d i n g 
upon the values used. The con-
centrated heat source model has 
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Fig. 4 : Time - temperature profile for a point in the weldment. 

a singular i ty at the source. So the 
calculated tempera tu re by analyt i-
ca l equa t i on b e c o m e s inf in i te ly 
high at the source and low in the 
area away f rom the source. 

It may be inferred that the present 
numer ica l approach is very sui table 
for predict ing the tempera ture distri-
but ion for any type of plate. Once 
these the rma l prof i les and cool ing 
rates arc calculated at any instant, 
these data in turn may easi ly be used 
fo r p r e d i c t i n g t h e m i c r o s t r u c t u r e 
through the use of C C T d iagram (5), 
residual s t resses and meta l move-
ment (9) etc. Thus the impor tance of 
accurate predict ion of thermal profile 
of a we ldment is clearly understood. 

CONCLUSION 

While using the p roposed heat trans-
fer mode l based on numer ica l ap-
proach. 

i) An accurate tempera ture distr ibu-
t ion may be obta ined for any plate 
employ ing any weld ing process. 

ii) A more realist ic v iew of thick plate 
and th in p late spec i f i ca t ion for 
heat t ransfer analys is is possible. 
The th ickness parameter is ren-
d e r e d i n d e p e n d e n t of w e l d i n g 
process and weld ing parameters 
and instead it is made a var iable 
with respect to the H A Z created. 

iii) The ca lcu lated cool ing rates may 
be used for est imat ing the micro-
structure, residual s t resses etc. 
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