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Abstract

This paper presents an analytical solution to predict the transient temperature distribution in fillet
arc welding. The analytical solution is obtained by solving a transient three — dimensional heat conduction
equation with convection boundary conditions on the surfaces of an infinite plate with finite thickness,
and mapping an infinite plate onto the fillet weld geometry with energy equation. The electric arc
heat input on fillet weld and on infinite plate is assumed to have a traveling bivariate Gaussian distribu-
tion. To check the validity of the solution, GTA and FCA welding experiments were performed under
various welding conditions. The actual isotherms of the weldment cross—sections at various distances
from the arc start point are compared with those of simulation result. As the result shows a satisfactory
accuracy, this analytical solution can be used to predict the transient temperature distribution in the
fillet weld of finite thickness under a moving bivariate Gaussian distributed heat source. The simplicity
and short calculation time of the analytical solution provides rationales to use the analytical solution
for modeling the welding control systems or for an optimization tool of welding process parameters.
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Fig. 1 Coordinates of weldment for analysis
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Table 1. Physical properties of the weldment

Property Notation(Unit) ~ Weldment
Thermal conductivity k(W/me°K) 303
Specific heat c(/Kg°K) 752
Density p(Kg/m® 7860
hest ol WK 5
WEE wen
Table 2. Welding condition
Condition Notation ;:_ﬂue
. onary
(Unit) | GTAW | poiy | FCAW
Welding current A 200 150 240
Heat input w 4000 | 3600 | 7200
Gun travel speed mm/sec| 0 0 5
Arc length in GTAW
Contact tube to mm |3&7) 20 20
workpiece in FCAW
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Fig. 7 Heated zone shapes on the weldment with statio-

nary arc

A--GTAW, current : 2004, arc length : 3mm, thick-
ness - 9mm

B--GTAW, current . 2004, arc length : 7mm, thick-
ness . 9mm ;

C--FCAW, current : 1504, thickness : 3mm
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Table 3. Chemical composition of the weldment

C Mn Si P S

015% 13% 0.35% 0.016% 0.007%
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A1 Transformation

Fig. 8 Temperature distributions for various distribution
parameters(distance from arc start point=35mm,
arc efficiency="78%, current=2404, voitage=30V,

travel speed=5mm/sec)
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A1 Transformation

Fig. 9 Temperature distributions for various arc efficien-
cies(distance from arc start point=35mm, distri-
bution parameter=4.25, current=240A, voltage=
30V, travel speed=5mm/sec)

Journal of KWS, Vol. 13, No. 2, Jun., 1995



gl &4 FANN 2% X 22 9% 43 =g 77

3.2 4 ¥

€4 of=ol o3 Y9 X5 u)E 7317
st AA olzaz AYPL &Yk Fig 79 @9
(be TIGE 433 A$=z &34 sholn
H3 7k=& 100% Arold A3F9 AEL 24mmE
AHE-EACE APA £ AFE 20002 QASA
ol Zole 3mm 7mm F A$2 d¥sigen
€4 BAle 7 9mme} 15mmF 7R & AFR-E )
ES A dF diidol FCA €322 A FCA
SHo2E YAt o] A4 TIGE &8 &3
&Y ANz EHA Q] 71E 29le] Bao] 4
@ol F7 3mme) gk HA9 "Wy &H sty
AU Fig 79 (O€ &7 15042 A8l
10% F<t 7hg3ldch

TE T XS B ] slol M REHSF] ghat
olZREE T MY YL HFE
3te] FCA €322 43S i394t g &
HAAE stgfoln &3 stolole] AEL 12mm
AWS E71T—1 43 EF & AMH-3lY T B3 712 & CO,
100% & AHE3IATE AHSE Bale Huh Hlzgos
g 2ol DnV HF2A AHR2E AMRsd 200
mm*50mm Z719] A|AE FA ommzZ Y3 5
el I8 Sl st £ &% 2H AF &4
A4S A7t g HIAA FHEA AYe F93)
Ak A7A S &5, 44 AHE o9 wAg g
g 27 AH L F 27 AL 9 ¢
el EXo 94%E vk 4Y ZAF gEAHQ
AZ1E Fig 109 2t} 8% ¥= 9ue ddsly
dutetar A 3 A1 HHA(7230) 3 2444 (1495
)& BA3NA Fig 1194 Zo] T S48 A4 2
e} vl w3l

3.3 Mg Amel AN Fole| BT ZHE

B ol $yoe YA M=gAE ¢ A9
obze] EXE FulFoln} 3y gal SN
wale] 7188ha Wabel wat ok R ¥s} gaban,
ez WY SN olagze) s ¥
HE 73t7] A8t Fig 73 o] A=) o}=0) o8l Fig. 10 Cross sectional views of weldment for various
AR 102 T 7taE ¥R LY gz distances from arc start point{current=240A, vo-
FAE +Ho2 3 /19E 299 HeE 9o ltage=30V, travel speed=>5mm/sec)

KRB EBOLE #13% #2%, 1995F 64 117



78

/¥ .ot Experiment

§ — : Calculation

Fig. 11 Temperature distributions on cross section for
various distances from arc start point(distribution
parameter=4.25mm, arc efficiency=78%, cur-
rent=240A, voltage=30V, travel speed=5mm/
sec)

118

#2804 (@)= k=2 2o)7t 3mmE &1
2A2 FAE 9mmS AL TIGE 71g3sgan,
() e otz 407 TmmE 22 A9 FA<S 9mm=
GA TIGE A&k (€ 2A 5771 3mmed
7% FCA £32o 2 71493 Afolt) o] Ayl
71 BHe oladelrt 24 Yol mAzt gF
on golxXe AL ¢ & Aew £3 £3 Wy
gIdME 1 A7]e ekt a8y 7tgE 2999
BAAXRL olaMo|, BAFA 181 SHWH F
BEA P4 vYE olFnUT IPNAY o
TIGY A%+ ZAA ul$ HE&sA eptx|g
FCA £4¢ A%E £8F5 L AEEY olgo s
AA7L FR3A] ol 2} ola gfle £
T} o}z o] Foll J¢L AT Fig 1914 g
xyz ABAZ BAG ola BEXNE REFPS
HE 1002 4335 Fig 1914 y5& B9 #3908
2} FelElo] gleB g o 7| £XAS ] H7L 1091
A& AA Aefelr #asid /271 Ao
A E A2 A, Fig. 82 A7HA XA 5o
il EXAFIL 25 BX 4 03] 49 By
FI ok 2N BHRe] EXAYF7 AXH &
5 9T EY EL HojxT Yole Fo] v}
Iy A=A x ol AXE $45F L d9TR
Hole & EX, d9PHe PA EEHAT &
$5E 238 £o] €1}, o) EYH o] WA
EEFoZA 499 A e 999 At
ol &858 AT B3EE7] gRoln)
Fig 95 ola&&o] & X4 ulxle 4L
BoAFT vk 2PoAM9} Zo] TUF By AL
st A Elo| F/13hd 9GP L g g 3
o7t B5F Frheic), v E wku e ol
o ZA Gl Jehdc)
ol3e] ZAde o= AlFAA 35mm FolW &
ol B AFolt) ol 01% Ao 2 Py o
EEXE 2SS $85 9 G9FEI o Ile
W] ARG HAH A2 57 ol F4o]
AAskE e oyt H9e, 49FEe o 15%
o] Fof fAd=E= Aoz vehg of AIrE mxje]
FAY F 44F Ao P wer 2z
T AAde] FYg NP 49 AL ot
Fig. 102 FCAW=E ¥ &3¢ ©@U& ola Az
Fo.2 ¥¥ 5 20, 35mm YA ©He] molu),
o] Zgely BRo] AT we} Rofo] A xfo]
YA g Ayt 48 2 859 998

Journal of KWS, Vol. 13, No. 2, Jun., 1995



R 84 FANM L% 2E 22 98 H4H wa

7 ERMe 4 ¢ Ao

si4afot 4P wBE Fig 1191 Uk 2Pl
HZol AAHo 2 AL dote AY Ao vy
FERAA &0l 21 7))ol He Yz
Yehdth GG gRME N2 vse S HolT
Aot At Aot 23 AA Jehdd o] Hole=
NN o} dYYe) mA)e HEHo) A 7}
e Aoz A Ax LGN E 24340
B AR olare g2 Q) )
AAHDL FEFEE $8 QAo oste] e
EAd ALEc) agjeg RERNE 13
L& FE0 FNH D g7 Rolmz xv)o e 27}
olfldle t o]¥ &0 Brbssit Tema A
SN FERME £900] L 4A Ao] way
ok A% A9} A Aoto) v g8 o
18—23%, €9EH] £2 3-9%9) 238 Holx
on LERMe gPlole ol A o
#2 & X8 Holuylth 23 H=w g9)e
13-17% 9] 228 Bolx glt} 9 x}e) =:7)E o}z
ARG ZAANE 231 Yo Firg 52 A
et 283 ANy g9 gae g3
olAT AAE ZEA @) ojFhe T R o
Rl BAdL R97 EA8}7) ok ey
B8R DHE BEIA 2 A Alolr} dEHY AL
At Aol $YE st € AYL A28 5 Y.

4. 4 £

T EAT $UF T YREHA majo)A g
2E XS 43% 5 Ade HNHE sEauo
AN AT WP A Frd el g A
232 A8 {F& FA 29 HuoN o] W
B TE ddo] olFde Ao Yot ex &
EE T F 08 FAAMT oY) BE wgale
°l&ste] Y SHoNY & BEE 78 £ 9
Aok 223 ANHY A Asto] A Ay
d4Y 23 vasdo wa 23 degeey
B3 P90 2% REE I o3 31 gles B
T AT 2 88 Rl AFoz REy
8T Y, o] 8252 B9 w9y &
FE0 £F 220 FY 52 nA8A Yty
WEe] A7t WA a8 PPy
LHEHA F 2R Alold] Bd& 297 =g

KRIBEREEE, H13% #2858, 1995 64

79

s R 10 T T 1=

5 % = #

Ho

L. Daniel Rosenthal, : Mathematical Theory of Heat
Distribution during Welding and Cutting , Welding
Research Supplement, MAY 1941, pp. 220—234

2. C.L. Tsai, : Modeling of Thermal Behaviors of Me-
tals during Welding, In Trends of Welding Resea-
rch in the US, ASM, 1982, pp. 91— 108.

3. N.D. Malmuth, : Temperature Field of a Moving
Point Source with Change of State , Int J. Heat
Mass Transfer, Vol 19, 1976, pPp.349—354

4. A.C. Nunes, : An Extended Rosenthal Weld Model
. Welding Research Supplement, JUNE 1983, pp.
165—170.

5. TW. Eager, and N.S. Tsai : Temperature Fields
Produced by Traveling Distributed Heat Sources,
Welding Journal, DEC,, 1983, pp. 346—355.

6. K.S. Boo, H.S. Cho : “Transient Temperature Dist-
ribution in Arc Welding of Finite Thickness Plates”,
IMechE Part B,Vol 204, 1990, pp. 175— 183.

7. YK Sung and Y.S. Han ; “Application of Welding
Technology in Shipbuilding”, Journal of KWS, Vol
10, No 4, DEC, 1992, pp. 82—90.

8. SJ. Na and SY. Lee, : A Study on the Three Di-
mensional Analysis of the Transient Temperature
Distribution in Gas Tungsten Arc Welding , IMe-
chE, Vol 201, No B3, 1987, pp. 149— 156.

9. P. Tekriwal and J. Mazumder : “Finite Element
Analysis of 3— Dimensional Transient Heat Trans-
fer in GMA Welding”, Welding Journal, JUL 1988,
pp. 150—156.

10. H.S. Carslaw and J.C. Jaeger : “Conduction of Heat
in Solids”, 2nd edition, 1980, Oxford University
Press, pp. 441—447.

11. NN. Rykalin and AV. Nikolaev : “Welding Arc
Heat Flow”, Welding in the world, 1971, 9(3/4),
pp. 112—133,

12. E. Friedman, S.S Glickstein : “An Investigation of
the Thermal Response of Stationary Gas Tungsten
Arc Welds™, Weld. J., DEC, 1976, pp. 408—420.

119



2E 1.

270 H Geol o8 S8 Tl 2ot HuoMel
D MEle] 25 BE ASE FE 0 €Y T
EEE R 27 Gl o8t WEo|Me| BE BE
Mol RE

A add g% 2% B¥ 4 (19§ £X 29|
zHshe A g tiste] Apstd £X 4
og ¢ REE TS vk 222 F4lol 14
FEA ] Ao AAsHE £ BE ol At 4
duf maje] MR A ZAMY 2E BEEE
e gol 78 F Utk

- 1 q(t)dh
dT,(t) =
J = f = 2nkd(t— 1) 2no’

o U tol V?\ - (W-vy+V-vy )
2t 4ali—1)

<_

- 3 A, exp(—pilt— )

e
. (cos(—— w)+—— Bna sm(—— W)\dU av’
Vv a Un Va

B 1 q(tDat
onkd(t—t)  2no’

. iAn exp(—u(¢t—4))

(cos(——— W) +—— P sm(‘— W)) exp
\/O. i
U+ v ~ ,, x 1
( 4a(t— t) -m exp{ U 204 (t—t1)>
' 1 \ Y 2U -~
VZ( 2* +4a(t—t1))+U(4a(t—t1)>+V
2V -
(m(t—t,))] au v
1 q(tl)dtl

Tonkd—1) o6’ ZA exp{ —12(t—1))

120

Bvia o b
N . sm(\/aW)) exp

ol

o) el )

4a(t—t) 26t dalt—t)

( (GAU)Z ) (i+ 1 ).
(o +2a(—t)ed? ‘2  dalt—t)

(*V)? x =
((o"+2a(t—t1)cﬁ)2>] . 1exp[—

1 o'U o2
. U____#___Z_ o +
4a(t—t1)> ( o*+ 20—t/ <204

1 o'V ; i
40.(t—h)> ' W— o'+ 2a(t—t)ok ” av av

1 q{tydt =
= - N A, exp(— 2t —t))
onkd(t—t) 2no® nZO XPL T '

(cos(—— W) +—— i sm(——.. W)) - exp
v a M va

[ (o420 (t— ) U+ (of+ 20— tl))V]
2+ 20t —t)) (ot +2a(t—1))

1
f e~ (20 4(1(t’_t1)>‘

c*U ) _cﬁ_ 1 ]
(U c*+2a(t—t)o? )Z (2& +4a(t—t,)>

( . 0'4V )2] dU’ dV
o'+ 20(t—t)oh
1 q(tl)dtl

:2nkd(t—t1) 2no’ . nZ‘oA" exp(—p:,(t*h))

(cos(— w)+—— Ba sm( H’_ W)) exp
v ‘a Hn A ‘a

[_ (24 2a(t— ) U2+ (24 20t — )V ] )
2(c2+2a(t—t)) (63420 (t— 1))

Journal of KWS, Vol. 13, No. 2, Jun., 1995



g3l 84 BN ex BE o2g

2no*4alt—t,)
v (26'+4alt=1)6? - /(20" + 4ali—1,)0D)

_q(tl)dtl
npcd
o

V2=t - o+t at-tie) P

[ (o8 +2a(t— ) U+ (624 2a(t— 1)) 12 ]
2(ci+2a(t—1)) - (c2+2a(t—1))

2An exp(—2(t—1))

(- cos(% W)+ By = W))
' Vva ™ Va
78 2

HE EloA SN HElEo| AME4 S5

1, B2 wel R Alolo] A g4

*H}(MAPPING) °lEF ¥ & skl (+)9
4 9 (UPPER HALF PLANE) | A}4A17]+ Schwarz
—Christoffel °1&% 2&A17]7] 93l Fig 49 C
D3, B, EF& Al doz Adsiy

aw 0.
—=C-R-0)

CRA@ (=D
dR

W=C InR+C,

BTE T st A 23e LAY EY

KBIAEEB G #1344 $25, 19955 64

A% H4H na

81

M R=1 Ui W=0 |22 A4 C,=0 ot} &
BHANM R=—g 4 W_v+dz olmg A C-—*7]'
Ho. ngeg A g

d n
W==In R R=¢?" ol
n

ol WHH el BEY AXE (4in g o) o)t
2, BAHY RI 7 Abolo] Ay B4

TUE Wio2 BH, EY, CDYL 3oz A
98t Schwarz— Christoffe] o] &2 #8303

3n 0
L R R=DA e g

dR
1
_CR-D?
- 1
R(R+q)?

CEER

- 1
z=—% g (H(R D )2

\/’/a ) R(d + 1)

VEID+yR-D

+CIn Yt YR
VRO —R-D

TE T A3l Ab¢ zAL MeAFY B
°ﬂ M R=—q AW Z=—p+H; o]z

)

c=Hopm 4=y o,
n h

121



