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A Study on the Distribution of Temperature by Moving
Heat Source during Welding

Jeeseok Wang

Abstract

A methed of calculation of temperature distribution during welding was studied and
compared with the existing formulas and experimental results.

In contrast to the existing formulas which are founded cn the suppositions that the heat
source is a point and that the dimensions of welded pieces are infinite, we tried to make
the distribution of calorific density of heat source approach reality more closely, so we
considered it as a normal distribution of Gauss, and we presented the formulas for cal-
culation cf temperature during welding. We also used the principle of superposition for
the temperature calculations of finite welded pieces.

We compared the formulas presented in this paper with the existing formulas by cal-
culations for the welding of various materials, and considerable differences arcund the
heat source were convinced.

The thermal cycles of various points were traced through the welding experiments for

the mild steel, and they were compared with the results of calculations.

Ha BBEE Fase e HEA £ ¢
1. B % el BE R BEBLHRE N mEs
Aol W EEsbth el gmEhe @

Of

B v HildA Yy HEe FEEst BEofmdl BAg B wol #FEslo) glon o
fre 4 Rosenthals} Rykalinee] §ige -} b=k =
o ot MBEM o8 BHY =e e lephed, o] 59 WM BMEE B
LNy BHgo| BAsted, R, kel MK oleli Bt =it fktel =& EHAe B
RERZER, BMEe] B4, RWEMHSRE, & fisted, BIFES FELC R sl BuEe #ETHM
BEL, HiEd, A8 LBNE Fol ziolr). o + SO E HGShe BREERE Al #

*EE R, BEREAE



52 EBEMABHESR. F65 428, 1982

Holl B EHEIREESY Mo AFEKE Az o]
AT T e BESMRE HHEsI

B Eholeha foed 508 ApelA HeEl
o el Al 4135} o WESNGEE 2 #|E AHE
Relvk, SellA Figme o2 7b=] HElgy, (L
SRl deivn v REEHAAE 4
gl ZzEsL Az e) BiH=ol, wula] o] E Y
Koz sl g BEE ot ¢+ A

3L BEEES delE o sl

el NS BERENI B JET &
e 3he 2 BAENe BEEEe . HEE
Eehel B7le WVEBIE-X o] Harel Hids]
of glaL o] Hare] MBJ->- Heototza e Wik,

i

|

BE, %JJ/L B, PERE, TR R,
ofotz. o] Aol o] BE L HL‘“E} AR 5Ll A
= ol %-— ool HBE & o A
8}7] 153k éﬂ/)?m}*(ﬁ%iﬁ?ﬁﬁ'%? BT RS

¥ 7r wholze] = #ED2 S Gaussel IF
Waotmet 1 HEXE Hgstden, w3t H
BIS So By HEI =279 MRS D
ol o ARl WEReL KEI-S RIS
BESTE HHEE 7+ A&E 2o

REgLAA R G ERe st k3 g
g @EaTiel BTFFIE K Kslel skt
WEST7 oA 2A b7 [L#Shs]) Bstd, #
HEFRET ofF v EPF(Z—0-040a1/Cm/
°C/sec), #ELEMAMT HiEe) M (A=0. 11cal/
cm/°C/sec), BEHMFAEN - 2 5=
0.57cal/cm/°C/sec) | 558, HHEdel @RE A
= K% ISk Eskaeh. = BT W
B sk kbR BBEEMEE e K
shod sREbaL FRLe) dkshed sk AEE Mkl
Heweskod vk

2. EFIER

—iEg HEE BEdH, s FEELR I
shan el AR sfe 2 Aor, BN
& Ao #Ee] LM BET HRE VE
o mshe B AEEREA ?ﬂ‘@éﬁﬂ] BARE X
BS Al eI RS A =k

ke Zol e ERAR EBfgstnm oA& ¥
o, e BESMHERSE 713 2ol &

o]+ Rosenthal®] & ke < b, o] &L
el e whoh ol EAKIES MM IR

Ko Mol B BEyel Ri2e BEH =
AR =01 §lvh. 22l = ® Rykaline & ¥tk
el TR HEMEHY HAYT £ Y=EE
factor& rzsbalct.

Y BESAiv W e BEY o
= 2(?(/Lam};‘tﬁﬂiui° 21 RS A v Ee
S&Juzm éﬂﬁx‘j Erh ol HEAEL
4 e REEE 0CCC)et obsl, 2RITEE
ﬁffhxtn:
0Cx, )=y s BXP(=-Lox) KCpr) (D

ol 1, SRICEMENTHRS
EXP{—%(H—,@)}

v

8(x, ¥, 2) =~§§7

o] 7] 4]

Q @ PR ¥ (cal/sec)

A B R B (cal/cm/°C/sec)
3 ptel Al (em)

v FEEEE E (cm/sec)

a: M#ﬁ”'ﬁ(‘?%{(cmz/sec)

T W@H Ltﬁ‘ﬂ(g/cm?‘)

¢ Ak (cal/g/°C)

o A REF B (cal/ecm?/sec/°C)
r= 237 (2RIL)

r=xi 422t BRI

Ky ()= 00K #2f2) Besselii#r =
s zro) EFHAE .

oltl.

1 e

Ky (ury=] e = Mdp

3. mERES o
obotzifpol vk shatiBel Lol A BRErE wb



g BEishs i KT RELMA M i 53

Electrode

Ll Arc
"A\\ \l\

[LY SR EN

.J.

-ke2

1=9,,€

L,

T

Fig.1. Arc and calorific density

< #BE-L Fig. lel4 ¥ upe} 3o] ofelze
ORI A JhE BmAlste AR ATE A
3] gBfbelch. whebd BEWE (RARRE BLAL
B BOR7F -2 #EDe) 4% Gausse] E

Woativtz o og K3t Zel #HRE 4
9)\41,3)- .
q:qm”g‘k’z .................................... (3)
o] 7] 4]
g:otetzbho B R Ag rol Ehe] #u
mx g (cal/em?/sec)

Omas * BREEES] BAMEER ololzduigse
R 1 (cal/em?/sec)
riofolzfp o 2N E o] A (cm)
D EAREE
k:ghige] EdRE(l/em?)
PR (AR R, MO wbol Bol: 2%
) QCcal/sec) & chg3b 7o) zhas ot

¢ =S:q2ﬂrd7=§:q”‘"e—k'227trdr=-ﬂg7§‘aj“

b Ea K GF KX e RAT =4

q= 7‘7"6""2 ................................. (6
o el
BmiEe BRRE ke BMIEEESGE B
E Bifolh. BHRE T MES o BE

vl BUEEEZL OB
of slvh. ofotziFfee] M2 slafEEe] 17
Hoeh B EIL g Bel o ghol dkhElel gl
I uwbebA] ololm EhiE ] EHREIT SLA M
AR @k B o (electron beam)izgze)
Bl & ®ARECT obotmMe] 2x ¥
A=k #Ee] R RN BEEHR, WE,
Whe FE, B HRE o wel gebalo.

obotafHee] Hiillel] sloiA] #ige) Mo RM
= & O)2FH R¥E ¢+ Ut

o kel firis]

A7 Ay #FhFe| 1w [= BEER, Ve 5
BR|t}.

obot= FiErel BB MEWELS A 9oLz 7
% Fig.2 ¥ Fig.3o] el gicld. Fig. 24 4]
He oupel o], -8 BRI (I=150A) F ¢
*1 EEGEE S ol cletme AolE AA §hA

RRBEE Qe = WIS B E BT
& o] ofotzmel Aol 2 A whu Ja/‘\ﬁa‘s{
BEs #ngrt. =3 AEEEL s slo
(V=38volts)olol=m. 2] #lo] & # A OM e
e BmAlrl | BRKBUEE S BNk

g Lal q Seol_

cmisec omisgee
800 l 1600
600 i 1200}
38v
400 800
200 | 400
|
% 8 0 &
rmm
12150 A 2

Fig.2. Infuluence of current and
on calorific density in case of car-
bon electrode

veltage
o2



54 ERBEMAHEREGE, H6H Mok, 1082

cal
7 cmit 3¢c
6000} 545,
' ¢ 9004
4000, 3rv
000}
¢ 1750 b 1003
1580 sy
d 9004
38V
0
16 8 0 a 16 ram

Fig.3. Distribution of calorific density in
case of carbon electrode (a),
metal electrode (b),
and submerged arc (c).

Fig. 30041 xi= uwbs}l o] A Hujo]x] =i
(submerged welding)2] il ffhe] 58
Bl #ike) @4 o #HFiEle slrt

4. 2R7T BESH

HES o RS BEY v e WA
Hiel Rl ke HKkElE #ARS mRE
271 gonz o] #iE-S& Newtond] B{EEFRE
a(cal/cm?®/sec/°C) 24 HEsta, #Hel 427
o ARA @EZE 2o E o denE 2R
BEH AT tkeled BEAMIHERE KT
y

welding bead

point o
welding

[] , X
startin heat source

Fig.4. Bi-dimensional coordinates system.

+ rt.

Fig.de] Rolf ule} o) MBS FE
LR 3 BMIES ETFAS xho = R,
FES Avz s BET BE yEoes e
BCEARERE #A 2RTHERE MEEFR
£ Forskd vhg3 2ot

7] A O MEEEe] Akl o tsecsi o] Wy 3l
oA B (x, »9 I .

A (8ol gl Zsdkel HIBL R Wl
A Hiiol @At fKkste] HA%E = Bftd HE
S ALY BEEES ERSHE ME

sy AR e el BEAT. o
SRS e Thes) e,
= kQ f EXP{-—b(t—z‘)}
ﬁ(xg Y, t)—— 7rCo o 4kd(f—z‘)—|—1
B[ G005
EXPL 4ka(t-r)+1 ]dr ......... (9)

gike] B Mo BEAKE X (D4 B
S LBUIE mEse TIRE shd Dok Hela A
Beol BAfis o tosecthol fifizo] Bl ekl
te=H/jv7} A5 (374 His B#T 20, R
DE g3} o] A,

o(x, ¥, t)———Tk]%J,(x, Yy B eeereeeeees (10)
q 714
e, v, =] BEAER]

to=inf(¢, t.)

Rosenthale] Ko o} 7o) #ME-S FE R
st BB S ETHMS xlie 2 BGEhe BEIE
MEEAE A4 BESAS Bnstda, RO
ol 4] xffrel] xdvtE KASHE Ao

kQ

o 3 D=l |

' EXP{—=b(t—1)}
o dka(t—r)+1




HHeh BEstE A KL BEMTH WY FR 55

EXP [__ R{(x+vt—v) +5°) ]

Thati—o+1 4D

o] MAfE=l L F4rdt Befo]l xvid, BHIE
HMEERZ RRNA EEREEY oJ2A Huz
F (DA t—o®E Fom

EXP(—bw)
ox, = nrca j dkaw+1

. _ R{(xtvw)*+ 52
EXP [ 4kaw+1

]dw —.(12)

b "Heh A7 t—r=w) BEE#mE stgc.

Rosenthale] {HEgr vle} o] K-S Bhe)
2t Bfgskd 2o Rel FEshed o] F Mol
W orhe3 Zrh. #ES Eolwl o E ko
cool X (12)&

6(x, y)= 4%0 EXP(——5—x)
o~ )
Jo w
EXP(— x42‘j )dw .................. (13)
K (13l A
o] By b4
(x, W= 5 Q\O EXP(—-Tx)
Socwr SOS KOG e ('13)'

o171 4

_/@;)":

olr}. 3k (13)'+= vl Rosenthale] = o)},

r=JITR

5 & L]

Rifiel Y BEE XL HEMRIT &R
Hrobn Bfsta B8 Aselth. —ul &
e BB o mEMME S o, M P
Aol wheh @mB7E e o= AL BED
chd EEp R 28l Ha Sl e X A0,

(1D,12),(13) & (A3'%s 2H=Z BEEFH
HAYE 7 vk o¥d ElEs BRAZ H
et = #2sl WA ohat HBE BERE
BBy TF Jevl He MM 2 —fl
ot aEm= o] HBE KBt ERELT A
Hste2A HRIE 2719 BERES SRS
= WRA7 = Hs #rge

Fig.5¢] Mol whe} 3ro] fgo] Hyela Aol
7h RSl HEE PgAtE] A—Ad A AE
PHAE Siol M-S BET MBS A el M
upe} Zre] REAERIS FEIOE Sha HHEH

= o2 Hsle BlREAEBERE FATc).
v *Palx,2Hy + 25, - y)

,,P3(x,2Hy +y)

welding bead

heat source

L
Fe

xP_l(x,—ZHy + 25, - y)

*P_o(x,-2Hy +y)

PRI I Sl R A N

Fig.5. Superposition in direction y.



56  WERAMABEEE, B6E F25R, 1982

wher FApHh e Webd, BEASTS R (0
ok of Hiiel %ﬁzﬁﬁﬁ Fot % 7%

A2} B—BZ igste] m2rh. go] Hyal
144 shaAie] A—Ash B—Bel| AHEAFS
ﬁ)ﬁﬂﬂﬂ Fsted A ol % sbRabele] 27l 7b
R JiFie] CEel Bk —Fo% mstelok
wp. = ob% 7Mz}ali mekd BEE #
WA Giel Ao o) el i EAE Bl Hyo)
3 7ol 7 f}s&[ﬂikﬂ Btel 7o) seh b
sbele] —F.o| #hifiAs Mistele 70 b

| ARl Ea R WE bRl E
Bow s GAbA7E 25 e

6,3, = ;Lu Py £) e (14)

A7 A y=—2H,42S—y, ye=¥, ¥3=25—y
=4k Fig. 63} o] Aol & MRE At
T gyl AR ok MR T sl 2l
Flo = E T Aok gt webs Fig.63h 3F
o] Aol7b Heol i el Hyol AhktE el jjll—"ﬂ
oz iubape] 2 Sl e HHET Ao

E\ }ﬂz'/‘ }"‘

PV AL BRI S

heat source

Fig.6. Coordinates system for a thin plate

RO 3 S L(x, vt (15)

6y, 0= 7YCO i1 1
H j

o] 7] 4] xy=—x, xy=x, x3=2H,—x
6. ==k

T RESH

e B el BT TRITHHNTS AR
o Al Fyifel el WiEEsE —iEshebed 2

Eppe w3 vk % o
= WS mEEct BesieE
HWHE w7t 5%14- ;131“»‘: A WE BEY
A RIEIES BESE mRT Frh i =K
FERHTE kR gk OJ:%:P-

TURICEENTS BEHe RRALRA B B EARIERS
o FEie 2 sba #AEel ETTHAE SR
Al WEEAEEAE Flsked ZRICIFER

SEDMH RIS giRstd opiak e (Fig 7
starting
point of welding bead
weldin /
|
! heat source
}
1
|
|
Y 1
b

Fig.7. Tri-dimensiona coordinates system.

# L AQ —R{(x—vt)?
a‘“*—___ e
+y2_ 1 .“i ............... (16)
& (16)2] M b A
BCxsy, 2, 8) = 2kvE @
TN TTYC
[
o (dka(t—o)+1]17
‘ Rl(x—vo)24324 2% Y.
EXPL Thati— 1 d ......... an
o il o Mol wx el @EAAE X
(Il A Bim RS HBERTREZ 3 3

v}, uheba] gEBse] BAfIIEl T £, sechel] Ao

A sleld t,=H v} =l (H. 2 B5EY A

o) & (AN chgst o] 2ok
r9(x,.v,z,t>*vk‘/kQ 1.

7[»\/71(

X, ¥, 2,80 - (18)

of 7] A



HER BBt M K BESTHEA WT R 57

ty 1
Ji(x, ¥, 2, t)=jo [Tka(l—0) 115

ki(x—ve)?+y242%)
T dkali—o)+1 ]d’

to=inf(¢,t.)

Hzo] wAfES T AT KMol AvH, BEE
AEEFRE Eas A EEREBd B H=
2R ADAA x Hd 2+0vtE A I-

o0& T o

EXP [

_ 2%k/EQ
O(x,y,2)=-"C0 2 %
(5,3, 2) T/ MTC

= 1
50 (dbaw F1HTF

Ri(xtvw)®+3° 4228
Exp[_ o ]du (19

Rosenthale] i35zl vlel 7ro] #ki-s Biolzlx
Efgstd k—ooclz & (1DE

Q
6(x,y, z)=mEXP< ——Zz;—x)
J e BXP(— g+ ) e

7] A r=JPFyF2 ol ek R (20)e] A
7 2

YN
o) BE@mE o}

EXP {——-v—(r—}—x)}
6<x:ya2)= 232 2a

X CO'E= =R BESHR
thale] Xzt F—3stet.

K (18, (19,20 92 20)'+= #H¥el =77}
IR of o} fEold AEe] =y oh e =7
ol g wl= ZRITEHT BEe whAsRE
EBA 7 E 2t wels] Fig. 8o o]y ups}
zro]l Aozt Hoola f§o] Hyolw Sl 7k H.ol
HES A=tz 28 Sl X Aol FRLeR
s o ARl BESHE obSmk el 5
r}.

BiEr Rosen-

Fig.8. Coordinates system for a thick plate.

0(x,y,2, )="TYX_*_
T

]‘(xi,yj’ zm,t) ........................... (21)
AN 2=z, 2,=2H,—2z, z23=2H,+z

1. EEFStERXTIC L&

Argeedl A #Bg HERXCRE R KEgEde
i Ao BRI Rl K3 A S BEs
®7] 135k, AEEAEIT oS- =& ey
(1=0.04 cal/em/°C/sec), #EBFEE 7} HiE
ol #HM(A=0.1cal/em/°C/sec), #MEFFHH
o §- 2 okr] - (4=0.57cal/cm/°C/sec)d] %5}
of &4 BERe BESHE IS fgs
ZE ek BRtel 2zl Fig.9¢] Mol whe} 2+
o] 7lo] 240mm, & 140mm, 77} Smms}l
30mmo] 1 fEEE fEE W dfe] A Aol
Frgele] (EHEHEE Smm/sec olth. A 7}
Smme)l HEe BES e SRICHELXS FIA
shol R x, Tl 30mmel Aol A& =K
FTHERE FAEstd . Table 1.2 FHEe &
A HREe pEmEe Bl v E el
c}.

o 7} Smmel Aol skl gl ffEs
T 32secr) =& BEEL(E=32sec), =TIr] =3lA
#ifo] IBEAIEE o 2 4e 160mm TS o
o] @EsfmiKe Fig. 10, 11, 12¢] el ¢
b BHEABERE Jepio] xihe] SFFo)



58 HEMABMEOE, #6% Hog, 1082

L._-——_ 240

fo———— 160 ————

I heat *_—" X

souree

Fig.9. Dimensions of welded pieces and coordinates system.

Table 1. Material Properties and Welding Parameters

Term ! Symbol‘ Unit I Titaniuml Steel Anliuurxl;i-
Thermal Conductivity ‘ A cal/cm/C /sec 0.04 0.1 0.57
Specific Weight b4 g/cm3 4.5 7. 2.7
Specific Heat ¢ cal/g/C 0.135 0.15 0.21
Coefficient of Heat Transfer a | cal/cm?/T/sec 0.001 0.001 0.001
Welding Speed v cm/sec 0.5 0.5 0.5
Intensity of Heat Source { Bi_. | Q cal/sec 650 1200 750
Tri- 950 1850 1850
Concentration factor of Heat Source k 1/cm? 1.5 1.5 1.5
Length of Welded Piece H, cm 24 24 24
Width of Welded Piece H, cm 14 14 14
Thickness of Welded Piece { Bi_. 8 cm 0.5 0.5 0.5
Tri- H, cm 3 3 3
Situation of Welding Bead S; cm 7 7 7
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Equation (15)

""""" Formula of Rosenthal
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Fig.10. Temperature disbtriution in welding of titanium (thin plate, bi-dimensional analysis)
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Fig.13. Temperature distribution in welding of titanium (thick plate, tri-dimensional analysis)
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———————— Formula of Roserth:d
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Fig.14. Temperature distribution in welding of steel (thick plate, tri-dimensional analysis)
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Table 2. Material Properties of Samples and Welding Parameters

Term Symbol Unit properties
Thermal Conductivity A cal/ecm/ € /sec 0.1
Specific Weight 7 g/cm3 7.8
Specific Heat ! c cal/g/TC 0.15
Coefficient of Heat Transfer J o cal/cm2/ T /sec 0.001
Concentration factor of Heat Source ‘ k 1/cm? 1.4
Welding Speed v cm/sec 0.12, 0.15
Welding Current l 1 ampere 60, 85
Welding Voltage \‘ 1% volt 10, 12
Intensity of Heat Source Q cal/sec 101, 171
Length of Samples ‘z H, cm 20
Width of Samples H, cm 7.5, 10
Thickness of Samples | 8, H, cm 0.5, 2.5
! distributor voltmeter and amperemeter
| ‘,__-__-_%_{____-__-‘__-_-__.aa_j\
.{ |
- ®/ tungsten
A\ electrode
carriage
, argon
Sl Sl bottle
ns i & fo

}-—l\—-—-—q\/ "

y sample

&round \emplac ement of thermocouple

Sm— welding current
generator wmme=-wse high frequency
—-—-— argon gas

recogder ice box cooling water

Fig.16. Schematic diagram of experimental device
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