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ABSTRACT Because of its high gas velocity and heat input, plasma arc welding (PAW) can
penetrate thicker workpieces with a single pass because PAW can operate in the keyhole mode.
Compared with electron beam and laser beam welding, keyhole PAW is more cost effective and more
tolerant of joint preparation, so that it is widely used in manufacturing structures with medium thick-
ness. However, the keyhole establishment and sustainment during the initial stage of PAW process,
i.e., the keyholing process, has a critical effect on the process stability and the weld quality. Thus,
modelling and simulating of the keyholing process and its influence on fluid flow and heat transfer in
keyhole PAW process is of great significance to completely understand the process mechanism. With
considering the interaction between weld pool and keyhole, a three dimensional transient model of
fluid flow and heat transfer in weld pool is developed for numerical analysis of keyholing process in
PAW. The volume of fluid method (VOF) is used to track the keyhole shape and size. The latent heat
and momentum sink due to solidifying and melting are dealt with by enthalpy–porosity technique.
Considering the larger ratio of PAW weld depth to width, a combined volumetric heat source model
is established, and one of its distribution parameters is adjusted dynamically with the variation of
keyhole depth. The evolution of fluid flow and thermal field in weld pool, and the keyholing process are
quantitatively analyzed on the stainless steel plates of thickness 8 mm. The feature of fluid flow in weld
pool is revealed. The predicted keyhole size at bottom side of workpiece and fusion line at transverse
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cross–section of welds agree with the experimentally measured results.
KEY WORDS weld pool, keyhole, fluid flow, heat transfer, plasma arc welding

!�?�"� (PAW) #�@� ! $!"%&
 '("#!, $#"��("$, %�%&&�&@'
(�)*'( [1,2]. @'("+)�#�) %$*!!
PAW %& !#�@, #!"! + *!&,,""
!#'A. $+@,�#!", #!+$+#(-$-#(
B(; #!!C-./".0.�-$($+@"%%%
/-1"#�; 0$+/&#�%/-1"C&01#!
"!C-./1DE2-$. &', 2('3)41*3
"�#�"#!5'+1"'AF�$63)&B [3−9],
217 PAW$++#!#G4"%%%/+1"()"
3)+53�). *+()'(,-, $463) [10−15]

3.*#!"5%, /E78% PAW ,(6-$+!C
"-H+,-. .$463) [16−18] ./.*�#!5

', 2*�,--8+9-0/#�, :019$%#!
!C, ;1 PAW ,(6-$+!C$*-H+,. 1
0-3) [19,20] 12I4.*$++#!"2(B(, 2
<1"3"*,7"97 PAW. 3=4! [21] 47$+

81-"283:5 , 54�5 J6&#!!C"-
8+9, 78�#!96!(!!"K0'A, 271.
*$+%%%/1#!"B(. :&B54$++#!#
G4"!! PAW #�-H69+9, ;(%%%6;-
(VOF) <LM#!71, 9869<1#!"$+%%
%/-1"(), =$*:>>?.

1 NOPQR
2 1 3!! PAW #�;@2. %& -545 

S><, S>A7=7& -81+"9T>"27=U,
"�=BC x TDB, & '(=B* z TDB, y T*
& 8(=B. E7!! PAW #�",,), ?F$*
,-, G@, ?,:@1;: (1) A) ""B<-C"-
V( &81H2<--,(1>', =A""!)D-
(:>(-9"<-!) :*E-. (2) $+@"/&#�
*V)3�IB%%, =%/*F%.

?C$+ –#!1"-%/";A=�WG<�8-

X 1 ���	#
	��	�JD
Fig.1 Schematic diagram of keyhole plasma arc welding

(PAW) process (u0—welding speed)

/8-Y8"E:=�. ;(Z – !F(< [22] =H#"

�#�@"@?$-(). %0/AK("B%7L(,
B$I@%@, ;("Z3:<0/'(/#%66-=
A/?/71. 9M) ""Z H *

H = href +
∫ T

Tref

CpdT + βLm (1)

Æ@, href *D.Z, Tref *D.,(, T *,(, Cp *

C"C, β 3/%%66-, Lm 3$-D".
β 9M:@:

β =

⎧⎪⎪⎨
⎪⎪⎩

0 (T < Ts)

1 (T > Tl)

(T − Ts)/(Tl − Ts) (Ts ≤ T ≤ Tl)

(2)

Æ@, Ts *?#>,(, Tl */#>,(. G@, β % 0(?
%) ( 1(/%) N>0-.

�8=�*

∂

∂t
(ρH) + ∇ · (ρ�V H) = ∇ · (k∇T ) + SV (3)

Æ@, t *">, ρ *>(, �V *%%G(H8, k *"B

<, SV *OP.
?C$+%%%/"/8=�-EQ)=�6J*

ρ(
∂�V

∂t
+ �V · ∇�V ) = −∇p + μ∇2�V + S (4)

∇ · �V = 0 (5)

Æ@, μ *V(, p *I2, S */8=�"OP.
Z – !F(<KBCA (?/?4A) LF$[C!

@Y=H#, B%7L@"C!)!7/%%66-. %
IF@?A, C!)!7G, G@%/G(0*G. /8
=� 3 %=B-"OP (Sx, Sy, Sz) 8MÆ:@:

Sx = [−Amush(1 − β)2u
(β3 + ε)

] + Fx (6)

Sy = [−Amush(1 − β)2v
(β3 + ε)

] + Fy (7)

Sz = [−Amush(1 − β)2w
(β3 + ε)

] + Fz (8)

Æ@, RDE$P*?/?4AKE7@?S "/8J
K; ε *+6H3*G"#-; Amush *E- ((=N8\
ITF, GHU$, ) @?"G(UA); u, v, w *%%

%/G( �V % 3 %S>-"68; Fx, Fy, Fz *HO2
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% 3 %S>=B-"68.
L!�?�"8B(%& 81", ND$+"! 

=O3OE$, %!�?I2"B(@! #!. $+-
#!"#(B(-$D,(6-%6"0-#�. G@,
:PU^#!"V73+,!! PAW ">F(). ;
( VOF 1#!"P/71$*LM. %%%66-G*
φ,:Q φ(x, y, z, t)=1,8;1'7LRWQ�%%; :Q
φ(x, y, z, t)=0, *H7LR; :Q 0 < φ(x, y, z, t) < 1,
RS%%71=7G7LR(. %%%6;-";A=
�*

∂φ

∂t
+ u

∂φ

∂x
+ v

∂φ

∂y
+ w

∂φ

∂z
= 0 (9)

�8=� (3) "OP, 3& -"("OP, X25
4O("%6"O+9=% ?C. *�.*!! PAW
"XYIZ[C""S!T, =.*E7"9Y/S "
"O31\), ;(X4PU% + _%["W4Æ%6"
O+Æ, 8MÆ:@:

C& '(=B, -46*4PU%"O

q(x, y, z) =
12
√

3ηUI · m1

π
√

πb(a1 + a2)c
exp(

−3x2

a2
1

)·

exp(
−3y2

b2
)exp(

−3z2

c2
) (x < 0, z ≤ c) (10)

q(x, y, z) =
12
√

3ηUI · m1

π
√

πb(a1 + a2)c
exp(

−3x2

a2
2

)·

exp(
−3y2

b2
)exp(

−3z2

c2
) (x ≥ 0, z ≤ c) (11)

@46*_%"O

q(r, z) =
9ηUI · m2e

3

πh(e3 − 1)(r2
e + reri + r2

i )
·

exp(−3r2

r2
0

) (c < z ≤ c + h) (12)

Æ@, r =
√

x2 + y2; η *"5<; U *H�HI; I

*"�H%; a1, a2, b, c *4PU%"O"6]D-;
re, ri *_%"O%--@81"^J; h *_%"O
+(; m1, m2 3--@V46%6"O"�86W<-

(m1 + m2 = 1).
./W4Æ%6"O"8MÆ (10—12) +QR [23]

#S, 2ZX h ND#!�("0-00-, K%B$%
">I_#T, 2ULL'"#!�(1 h % V". "
�MT"`T"N, $+WW! , 2+U! #!, @"
/ h ;*G, O14PU%""OB(. ND!�?�1
& "PQ%", %!�?�I2B(@! #!, @"
""O;(X4PU% + _%["W4Æ%6"OB(
+9. aND#!�("[%, h 0N#!�("[%0

[%.

`T5 *

T (x, y, z, 0) = T0, u = v = w = 0, t = 0 (13)

V75 *: %& 1\1

y = 0 (14)

∂T

∂y
= 0 (15)

∂u

∂y
=

∂v

∂y
=

∂w

∂y
= 0 (16)

& 81"Y"JKP*

−k
∂T

∂n
= −αcr(T − T0) (17)

Æ@, n 381<BH8, αcr 3G1%-XZ0YK""

%>(.
%#!71"Vb, /#-P#@Y"I2c[Q7

81H2<- &81\<^J

pg − pl = −σgl∇ · (∇�nk

|�nk| ) (18)

Æ@, pg - pl 6J371VbP#-/#"I2, σgl *

81H2<-, �nk 3#!d"7=<BH8. pg R3!

�?�I2 pa(x, y), ;(4P\6]+Æ [21]. Æ (6)—
(8) @"HO2 (Fx, Fy, Fz) 68eQR [24] @"=Æ
H#.

2 `abc
;(0/%%/28] FLUENT $*-H+,.

<1:&B3)"!! PAW #�, KX2VWH#"
/8-�8=�"OP &Y8=�"Y8K9!, ^(
C ]^f_ �`+S, %)((Td9M;- (user–
defined function, ,_* UDF) @, $*Y#MZ-%
)-;U, :�1!! PAW#�"-H+,. +( UDF
9MV75 -) �)-=�OPNT, X#fa UDF
;-"OQ , %b�`+S. %:&B"0/+9@, Y
f_" UDF +SÆ2G<: (1) 0/K"`T-; (2) 9
MN#!�(0-"%6"O+9; (3) X#BCA-7
#Y8=�_UcZ#�@/&#�-#�c`N>"
Y81Z; (4) 9M!�?�I2-HO2-E2-[2-
81H2 &E7Y/da"/8-�8=�"OP; (5)
^( VOF <0/\%7L"/#%66-, b9/#+
P#71"S>, :"V[#!"e$�(.

%H>-/0/AK$*�Y, ;(3:e[R: $
+]W;(\[R, =AAKf("g[R. 0/";(
0">I_. [RX6;(hY7c1%"1\^:e
[R=H#0/Z(+0/5<N>"d_. %B%%6
7L-1�YT";A=�&=V75 $*_U. ;(
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PISO /< (_UI2"gÆ6�/<) 0/%%G(
6 [25]; +(Z – !F(<+,@?$-(); #!71
"LM;( VOF <.

47I26�/<"%�,C:@: %@%MTN
', ]010/AK`T-. MT@%NT, %BI@%N
'`[$*$#(Td9MV"�`, /T_U (x, y, z)
3 %=B-"/8=�; _UY8Ea=�=O1%%G
($*bh. �@=3_U�8=� &=A"$6ZY
=�C: VOF =�!. NT, 1!)D-$*bh, G
<d\9M"$6) �). /TR31'("%6-
,(6]Q$*^efO,  Q93PQ0/+3_f
@%.

3 ghijk
1 ) *3ic 0Cr18Ni9, 1 ./_ 200 mm,

8 80 mm, i' 8 mm. $*� 3 W3S&jD-"!
! PAW :>, "�H% I -H�HI U :8 1 Y;.
=A"�&jD-:@: !�?P%*j Ar P, %8*
3.0 L/min, k^P%0*j Ar P, P%%8*

20 L/min, "�G( 120 mm/min, "9_�& 81
5 mm, "9gl.J* 2.8 mm, W `(B8* 2 mm,
!l_( 2 mm.

+9@;("46D-*: a1=1 mm, a2=12 mm,

b=8 mm, c=1 mm, re=1.2 mm, ri=0.6 mm, η=0.63,
m1=0.6, m2=0.4. 3ic 0Cr18Ni9 ) ""!)D-
DaQR [24].

:>#�@, ;( CCD hk`9& m1dN-

ih#!2k, V[#!"!C-./!Æa. "T^(
>jeAB1l, %&H#T$*fb, /T+( Stemi
DV4/DR 4%Æcdbih'("S"gd##mk.

1i' 8 mm "3ic1 PAW e&#!!  

&$+%6-"6$*�-H0/. 2 2 3 I=170 A,
U=24.2 V ", $+@#!!C &%6-,(6"e&
n0#�-H69]Q. @", & U$�, 0U,�!
!, Z+:>dN]Qf4. "�#�@,�6! (blind
keyhole, K71!!, #!"�(#7& '(), #!M
(69C&""e$mB�(* 2.1 mm.

2 3 3 I=175A, U=24.7 V ", $+@#!!C 
n 1 nchdoeifjogg

Table 1 Welding conditions of keyhole PAW

Test Welding Arc Penetration Keyhole

current voltage extent status

I, A U , V

1 170 24.2 Partial penetration Blind

2 175 24.7 Full penetration Open

3 180 24.9 Full penetration Open

X 2 I=170 A, U=24.2 V h��(
��&�����������	
Fig.2 Simulated evolution of the longitudinal (a, c, e) and transverse (b, d, f) cross–sections of keyhole shape, the

temperature and fluid velocity profiles in weld pool when I=170 A and U=24.2 V at 0.49 s (a, b), 1.0 s (c,

d) and 1.1 s (e, f)
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X 3 I=175 A, U=24.7 V h��(
��&�����������	
Fig.3 Simulated evolution of the longitudinal (a, c, e, g, i, k) and transverse (b, d, f, h, j, l) cross–sections of

keyhole shape, the temperature and fluid velocity profiles in weld pool when I=175 A and U=24.7 V at

0.50 s (a, b), 0.70 s (c, d), 0.805 s (e, f), 0.82 s (g, h), 0.94 s (i, j) and 1.1 s (k, l)
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&%6"e&n0#�. %@klD-@, ! $!"%
& "#! (open keyhole). + 170 A "�&j5 #

C, #!%�(=B-[%� 5.9 mm, [%8p"%&
 '(" 73.8%. � h,, "�H%M($9�(",

OO[% 5 A, #!"e$�(R&�i0, #!�(9
2.1 mm "6!ijK0*$!& '("!!.

2 4 3 I=180 A, U=24.9 V ""0/]Q. %G
&j5 @, !!">% 0.80 s pR, C:> 2 "!!"

X 4 I=180 A, U=24.9 V h��(
��&�����������	
Fig.4 Simulated evolution of longitudinal (a, c, e, g, i, k) and transverse (b, d, f, h, j, l) cross–sections of keyhole

shape, temperature and fluid velocity profiles in weld pool when I=180 A and U=24.9 V at 0.50 s (a, b),

0.70 s (c, d), 0.77 s (e, f), 0.80 s (g, h), 0.90 s (i, j) and 1.0 s (k, l)
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> 0.805 s A� 0.005 s. %$+! "`Tkm, %!
�?�I2B(@, $+81,�@o0!; H�D@=
"/&#�$46E$+81%B$+n4; 0%H�@
q>"Vb, E7n4"/&#�plM, 9jW#!d
"Vb%,. G@, $46/&#�CD#!d%B$+
o4; %$+81, /&#�E+,A%Bp,A, :2
4a—d Y;. ND#!�("[%, :2 4e—h Y;, !
�?�I2"qqB(2l#, %mm1MT1Æ%"/
&#�,�. %!!! "`Tkm, :2 4i - j Y;,
rm1-%$+81E+,A%Bp,A"/&#�, %
$+"VrsÆ%($+@q; %$+"@-4=, [+
d@0-"/&#�#t, ! 3ku"%/. L#!6
9NT, %mm1-, H�'=$+-4"/&#�3B
-%/", =v$46"/&#�`3k@%/. 0%r
m1-, $+-4"/&#�0E+,A%Bp,A, m
##!%B$+T4, $+@@4"/&#�uE-k@
%/, :2 4k - l Y;.

9mm169� h,, #!"'d"s, /&#�
CD#!dB@%/; 0rm1-"%/C",,, %#
!n-46, /&#�C#!dB-%/, 9+,A%B
p,A; 0%#!"@@4, /&#�C#!dd-0@
%/. `I69o*, rm1-B-%/"/&#�L%
/(& -81", %!�?�I2"B(@, /&#�
m##!, %B$+T=. � h,, mm1-"%%G
(2$7rm1-"%%%/G(. `I693E7%m
m1-"#!'d, !�?�r2"qqB($46sB
#!Td, G@, #!Td"%GC"$. 0%rm1, E
7!�?�r2"qqB($46[s-, G@, [np
/&#�B@"%/G(.

8 2C"�& m1#!./"0/+N1]Q. :
> 1 &j5 @71! !!, Y 0/-N1"#!.
/`3 0. 17:> 2 - 3, $+(! !!; & m1#
!_(-8("0/H+N1]Q4:f4.

2 5 t,�3S"�&j5 @"Srm10/H
+:>H"C"]Q. 2@0o,�0/"#!71. 9
2 5@� h(, 0/'("$4>+:>]Q4:$q,
2$4>%& -^46"rB-+1$9lc, 0/Z
(+1t?+.

n 2 upwcvwupmsxnysvx
Table 2 Comparisons between calculated and experimental

keyhole dimensions

Test Keyhole width, mm Keyhole length, mm

Measured Calculated Measured Calculated

1 0 0 0 0

2 0.912 0.939 0.771 0.991

3 1.066 0.985 0.925 1.015

X 5 	��q��ro�	����y
Fig.5 Comparisons between the calculated and experimen-

tal weld cross sections in tests 1 (a), 2 (b) and 3 (c)

(KB—keyhole boundary, FL—fusion line)

4 gk
(1) .*!�?�"�$++#!"G4B(, 54

�5 e&#!-$+%6+,(6/&**"-8+

9. ^(Z – !F(<H#@?$-#�@#0D" 
&/8Jw(), ;(%%%6;-<b9#!"!C+
./, 98?C�$+"!!#�.

(2) 0/#�@, UL#!�(0-1X4PU% +
_%[W4Æ%6"O+9"6]D-% /&V". 1
i' 8 mm "3ic& !!!�?�"�#�$*�
-H+,, V'�3S&j5 @!�?�"�#�@$
+,�-#!! -%%%/+,(6n0-& $�-!

!!/&#�"9869]Q.

(3) !�?�"�&j:>]Q8q, "Srm

1-& m1#!./"-H69+:>N1]Q4:
f4.
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