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 Context / Motivation:
better understand the heat source

« Software OpenFOAM-1.6.x
— open source CEFD software
— C++ library of object—oriented classes
for implementing solvers for continuum mechanics
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" Numerical simulation of Ar—-x%CQO. shielding gas and its effect
on an electric welding arc’
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Here focus on a comparison of different electromagnetic

models IIW Doc.212-1189 -11



Model: thermal fluid part

Main assumptions (plasma core):
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Main assumptions (plasma core):
 one—fluid model
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Model: thermal fluid part

Main assumptions (plasma core):
 one—fluid model
e Jocal thermal equilibrium

 mechanically incompressible, and thermally P(T)
expansible
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Model: thermal fluid part
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Argon plasma density as function of

temperature.
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Model: thermal fluid part

Main assumptions:
 one—fluid model
* local thermal equilibrium

- mechanically incompressible, and thermally —2(T)
expansible

 plasma optically thin
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Model: thermal fluid part

Main assumptions:
 one—fluid model
* local thermal equilibrium

- mechanically incompressible, and thermally —2(T)
expansible

 plasma optically thin
 steady laminar flow
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Model: electromagnetic part
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Model: electromagnetic part

« 3Dmodelwith V,A == E JB
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Model: electromagnetic part

—

+ 3D model with V,A == E J B
e 2D axi-symmetric models:

v'Electric potential formulation V = E,j = B,
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Model: electromagnetic part

—

+ 3D model with V,A == E, J,B
e 2D axi-symmetric models:
v Electric potential formulation V == E J == B,

v'Magnetic field formulation B, == E,J

M.A. Ramirez , G. Trapaga and J. McKelliget (2003). A comparison between two different numerical
formulations of welding arc simulation. Modelling Simul. Mater. Sci. Eng, 11, pp. 675-695.
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Test case: Tungsten Inert Gas welding

Applied current: I=200A

Ar shielding Shielding gas
gas inlet inlet T=2.36m/s
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Picture of a TIG torch Sketch of the cross section of a TIG torch

IIW Doc.212-1189 -11



r

8, =12 [ 3, 1l

0

Magnetic field magnitude calculated with the
electric potential formulation (left) and the 3D
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Magnetic field magnitude calculated with the
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Maxwell’'s equations

» Gauss law for magnetism: V-B=0

= Ampeére's law: £olts0,E =V xB—p,J
» Faraday’s law: 6tl§ —_VxE

= Gauss’ law: V-E =¢,"0y

+ charge conservation 0,0y +V-J=0

+ generalized Ohm’ s law‘J = Jaie T Jing T Jran T it T Jiher
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Assumptions (plasma core)

s Aoye *10°M<< L, = local electro—neutrality
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Maxwell's equations

» Gauss’ law for magnetism: V-B=0

= Ampére’s law: &, 1, O, E :Vxl§—,u0 J

= Faraday's law: 0, B=-VxE

= Gauss’ law: V-E :gg]'qm\
Yo

+ charge conservation O +V-J=0

—

0
+ generalized Ohm’ s lawd = Jaire T Jing T +\qu‘ +\~1m\e‘r
0 0
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Assumptions (plasma core)

s Aoye *10°M<< L, = local electro—neutrality

o Lol 0 E << quasi—steady electromagnetic

phenomena
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Maxwell's equations

» Gauss’ law for magnetism: V-B=0

= Ampeére’s law: €0 Hy G E =VX|§—,UO J
8\0

= Faraday's law: \ B=-VxE
8\0

= Gauss’ law: V-E=¢;'q,

+ charge conservation 0, qt0t+V-3: 0

. 7_ 7 Bt E1 q q
+ generalized Ohm’ s law‘J = Jaie T Jing T Jnan T Juirr T Jiver
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Assumptions (plasma core)

s Aoye *10°M<< L, =

a Lolo==> 40 E<<J
phenomena
ﬂLar :VLar /Vcoll <<1 m—)

local electro—neutrality

quasi—steady electromagnetic

Jyat =— IxB << Jyq =oF
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Maxwell's equations

» Ampére’s law:
» Faraday's law:
» Gauss’ law:

+ charge conservation

+ generalized Ohm’ s law

J=

tI§:—V><E
V-E—Soqm
(9t q,+V-J=0

- - - 3 -
'Jdrift + ‘Jind "‘%l + Vuiff + Jther
0
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Assumptions (plasma core)

Apenye 10°M<< L, =p local electro—neutrality

Lol = 400, E << J quasi—steady electromagnetic

phenomena
Blar =Viar Veor <<1 == J, =— IxB << Iy =0E

— —

Re, <<1 == jinol =0 UxB << Jyi
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Maxwell’s equations

» Ampeére’s law:
» Faraday's law:
» Gauss’ law:

+ charge conservation

Gt B=-VxE
\% E’ch—)lqmt
0. +V-J=0

t ot

. 71_ 7 J q q q
+ generalized Ohm’ s law‘J = Jait +\‘1k§+ Jiant T it T Jiner
0
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Maxwell’s equations

= Gauss’ law for magnetism: V-B=0

= Ampere’s law: &0 Moy G E =VX|§—,UO J
8\0

= Faraday's law: \ B=-VxE
8\0

= Gauss’ law: V-E =g;'6

s
+ charge conservation O +V-J=0

0
+ generalized Ohm’ s lawd = Jain +\\1u§+\‘lv@ +\~1qu +\~1m\e\r
0 0 0 0
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Electromagnetic model for arc
plasma core

= Gauss’ law for magnetisM:B =0

» Ampeére’s law: Vxl§:po J
» Faraday's law: VxE =0
= Gauss’ law: V-E =0

+ charge conservation V-J=0

—

+ generalized Ohm’ s law= Jair = OE

IIW Doc.212-1189 -11



Electromagnetic model for arc
plasma core

= Gauss’ law for magnetisM:B =0

= Ampére’s law: VxB=p, J
» Faraday's law: VxE =0 = E=_VV
» Gauss’ law: V-E=0

+ charge conservation V-J=0

—

+ generalized Ohm’ s law= Jair = OE
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Electromagnetic model for arc
plasma core

= Gauss’ law for magnetisM:B =0

» Ampeére’s law: Vxl§:po J
» Faraday's law: VxE =0 E=_VV
» Gauss’ law: V-E=0

+ charge conservation V-J=0 = V.(6VV)=0

+ generalized Ohm’ s law= Jair = OE 7
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Electromagnetic model for arc
plasma core

= (Gauss’ law for magnetisi: B=0 —) B=VxA

= Ampére’s law: VxB = U, J

= Faraday’s law: VxE =0 E=-VV

= Gauss’ law: V-E =0

+ charge conservation V-J=0 V-(GVV):O

—

+ generalized Ohm’ s law= Jair = OE
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Electromagnetic model for arc
plasma core

= (Gauss’ law for magnetisi: B=0 B=VxA

= Ampere’'s law: Vxl§:p0 J - VxVxA=p,oVV
= Faraday’s law: VxE =0 E=-VV

= Gauss’ law: V-E =0

+ charge conservation V-J=0 V-(GVV):O

—

+ generalized Ohm’ s law= Jair = OE
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Electromagnetic model for arc
plasma core

= (Gauss’ law for magnetisi: B=0 B=VxA

= Ampére’s law: VxB=p, J =R szo o VV
= Faraday’s law: VxE =0 E=-VV

= Gauss’ law: V-E =0

+ charge conservation V-J=0 V-(GVV):O

—

+ generalized Ohm’ s law= Jair = OE

(1) with Lorentzgauge: V- A =0 IIW Doc.212-1189 -11



V-(cVV)=0

—

AA =p,6VV

with

i
|
Q
M,
|
|
E

(1) with Lorentz gauge : V - ,& =0

Electromagnetic model for arc
plasma core
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V-(cVV)=0

AA = H,oVV

with

i
|
Q
M,
|
|
E

—

(1) with Lorentzgauge: V- A =0
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Electromagnetic model for arc
plasma core
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Argon plasma electric conductivity
as function of temperature
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2D axi—symmetric case

V-(cVV)=0

—

AA =p,6VV

with

i
|
Q
M,
|
|
E

(1) with Lorentz gauge : V - ,& =0
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/¢ J (1) A
2D axi—symmetric case %
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/¢ J (1) A
2D axi—symmetric case %

Then

y
r /
Ony ST

0
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/¢ J (1) A
2D axi—symmetric case %

Then

O ’
X _8 =

0

V(r,2z)
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/¢ J (1) A
) s o ke s o e g Logoreliete %

(r.ﬂ.z)T\;
|
Then :
—>
5?\ | 7 Y
X _9_ a?
0
V(r,2z)
'&:(Ar 101 AZ) Wlth AI‘ (r,Z), AZ (r,Z)
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: ! (1) A
o s 0 s Kol s (W)K
|
Then : .
5}\ ro| // )
X _9_ a?
0
V(r,2z)
A=(A,0,A) i AZ), A(r2)
J=(J,0,J) Jntlz), J (r,z)
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. J (1) A
2D axi—-symmetric case '- (W)Kr
|
Then :
5}\ ro| // }
X _9_ —
0
V(r,2z)
'&:(ArioiAz) Wlth Ar(r’z)’ Az(r’z)
J=(J,0,J) Jtiz), J,(r,z)

B=(0,B,,0) with B,(r,z)
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| J (1)
2D axi—symmetric case

10 oV o oV
——I|ro + o =0
rar( arj az( azj

1 a( aArj O°A, A, oV

7 = o0 ——

ror\ or 0z° r or
10 raAzj+aZAz_ v
rarl or ) a2 &
with
J JrzcsEr:—Gal Jy =0
or
= oA  OA
0z or

—

(1) with Lorentzgauge: V- A =0
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| J (1)
2D axi—symmetric case

oV %) oV
o + o =0
or j oz ( 0z j

1o( oA ), &A A _ OV
rorl or a2 r2 %%
10( oA A _
rarl or ) a2 &

with

J JrzcsEr:—cal Jy =0

or
= OA. OA
0z or

—

(1) with Lorentzgauge: V- A =0

5
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(1)

'_ b , A T/
2D axi—symmetric case "
|
1o oV o( oV |
r or or) oL\ oz | "
T
r |, y
X _9_ —
1 a( aArj O°A, A,
ror or oz°
10( oA, A,
——r + =
ror\_ or oz°
with
‘_j J =ck :—Ga—v JQZO JZ:O'EZ:—O'al
r r or oz
o) oA OA
B B :O B — r z B
r o or B, =0

—

(1) with Lorentzgauge: V- A =0 IIW Doc.212-1189 -11



¢ /| (1)
2D axi—symmetric case

l@(raAr}LazAr_Ar_ ]
rorl or ) a2 2 o

10 (r aAzj O’A, oV

rorl or o220

(1) with Lorentz gauge: V- A=0
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¢ /| (1)
2D axi—symmetric case

10( oA, A A _ By N __
ror\ or ) a2 2 '° " oz o0 T ther
lﬁ(rﬁAszr@ZAz_ v 100B) N _
rorl or ) a2 o r or (005 Ho

—

(1) with Lorentzgauge: V-A =0
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¢ /| (1)
2D axi—symmetric case

B, _ v
7 Ko

1 a( aArj A A oV
r + — =

rorl or ) a? 2 %% )
16 (r aAzj+aZAz - 10(B,)
rorl or a2 r or

(2)
Induction diffusion equation /

o(1 8(rBe)j+5(iﬁBej_o
or\or or oL\ o 0z

—

(1) with Lorentzgauge: V-A =0

2\/ _ A2
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2D axi—symmetrie case - equivalent
formulations

B, _ v
7 Ko

18( 8Ar) A A oV
r + ——r =

— — o——
rarl or ) a2 2 %% "

10 (r aAzj O’A, oV

- 4 — _
ror\ or a2

1 o(rB,)
or

Induction diffusion equation
0(10a(rB)), 0(138,)_, 2)
or\or or Oz\ o OZ

B.(r)=[ 9.0 dl + B (rz,)

IZZO

(1) with Lorentz gauge: V- A=0

2\/ _ A2
(2) as O,V =0,V IIW Doc.212-1189 -11



2D axi—symmetrie case - equivalent
formulations

F1
1o oA +52Ar_Ar_ i By N __
rorl or @2 2 o 0 e
10 (r OA, j+ O°A, o 10(rB,) oV :
— o — — —_— — 0—:
rorl or m2 o r or Ho0 5 ~Ho

Induction diffusion equation
o(1a(rB,) L0188 _,
or\or or Oz\ o OZ

|=z

B,(r,z)=| J,(r1)dl + B(rz,)

IZZO

(1) with Lorentz gauge: V- A=0

2\/ _ A2
(2) as O,V =0,V IIW Doc.212-1189 -11



2D axi—symmetrie case - equivalent

formulations
la(raArijaZAr_Ar_ Gﬂ %:ﬂaﬂ:_ﬂ\]
rorl or ) a2 2 %% oz 0 T e
10 (r 6Azj+82Az o 10(rB,) oV :
R p— _— e ———— 0—:
ror\ or a2 " r or 05 THo
Induction diffusion equation
F2
0 ( 1 8(rBe)j+ 0 (Easej_()
or\or or 0z \ o 01
1=z
B,(r,z) = J, (r,1) dl + By(r,z,)

IZZO

(1) with Lorentz gauge: V- A= 0
Aog P
(2) as 0,V =0,V IIW Doc.212-1189 -11



2D axi—symmetrie case - equivalent

formulations
F1
la(raArijaZAr_Ar_ Gﬂ %:ﬂaﬂ:_ﬂ\]
rorl or ) a2 2 %% oz 0 T e
10 (r OA, j+aZAZ o 10(rB,) oV :
_ = — — = —U0 —— =
ror\ or a2 " r or 05 THo
Induction diffusion equation
F2
0 ( 1 8(rBe)j+ 0 (Easej_()
or\or or 0z \ o 01

B.(r)=[ (1) dl + B (rz,)

IZZO

F3

(1) with Lorentz gauge: V- A=0
(2) as O;,V=0.V
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2D axi—symmetrie case - equivalent

formulations
F1
la(raArijaZAr_Ar_ Gﬂ %:ﬂaﬂ:_ﬂ\]
rorl or ) a2 2 %% oz 0 T e
10 (r 6Azj+62Az o 10(rB,) oV :
_ = — — = —U0 —— =
ror\ or a2 " r or 05 THo
Induction diffusion equation
F2
0 ( 1 8(rBe)j+ 0 (EéBej—o
or\or or 0z \ o 01
F3 =2
B,(r,z) = J, (r,1) dl + By(r,z,)

IZZO

(1) with Lorentz gauge: V- A=0

2\/ _ A2
(2) as O,V =0,V IIW Doc.212-1189 -11



Magnetic field formulation

B, _ N
oz % or

1 0(rBy) oV
- — _ —=u.J
A HoO oz Ho Y,

(2)
Induction diffusion equation /

o(1 8(rBe)j+ 0 (Easej_()
or\or or oL\ o 0z

—

(1) with Lorentzgauge: V-A =0
(2) as O;,V=0.V
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| J (1) ; v
2] axi—symmetric ca

Se (r.ﬂ.z)T\f
|
16( 8Vj 8( 8Vj |
—I|ro + o =0
I or or 0z Oz | o
r |,
a
1o( oA ), &A A _ OV
£ ror or oz 2 %%y
10 raAZ +82AZ_ Uﬂ
rarl or ) a2 &
with
3 oV oV
J J =cE. =—0c-— J —6E = —6—
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0z or

—

(1) with Lorentzgauge: V- A =0
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| J (1)
2D axi—symmetric case

10 oV o oV
——I|ro +—| o =0
rar( arj az( azj

Induction diffusion equation

g2 8(1 8(rBe)j+ a(EaBQJ_O
or\or or oL\ o 0z
with
J JrzcErz—cE;—\: and  J, =oF, _08_\2/

—

(1) with Lorentzgauge: V- A =0

5
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Electric potential formulation -] <r~9-41<\
|
18( 8Vj 8( 8Vj |
ro + 0
r or or 0z oz | >
r |, y

Induction diffusion equation

F2 0 ( Fk
or \ or 8r az

with

(1) with Lorentzgauge: V- A =0 IIW Doc.212-1189 -11



Electric potential formulation

10 oV o oV
——I|ro +—| o =0
rar( arj az( azj

I=r

B, =" 13,0 dl + B,(R)

|=r0

with

—

(1) with Lorentzgauge: V- A =0

5
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Electric potential formulation

10 oV o oV
——I|ro +—| o =0
rar( arj az( azj

B, )= [ 1 3,y dl + B,(r)

|=r0

(1) with Lorentz gauge : V - ,& =0

g
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Test case: infinite conducting

rod

V=707V

ll

re}{l }

surroundings with
poorelectric conduction

rod with
large electric conduction

V=0V

I 6=27000/(V.m)
o =10°A/V.m)
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Test case: infinite conducting
rod

2
‘]axial"]L [A/m ]
V=707V 2.0e+08
1.8e+08
P Current density:
14e+08 i .o J i
12408 i | eeeeeeeee NN
Fext I’
> &
1.0e+0 J
. . >> ]
surroundings with axial 1
poorelectric conduction U
I'Dd Wi'th 6.0e+07
large electric conduction 4.06+07
2.0e+07
V — U V 0.0 "=eessssssssssssssssssssnns T el
0.0 1.0e-03  2.0e:03  3.0e-03  4.0e-03

B - -2700A/(V.m) aly
o =10°A/(V.m)
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Test case: infinite conducting

rod
V=707V
Analytic solution:
Hodugul .
Bo(r) = oY axia if r<r,.
Fext }l‘ 2
2
surroundings with Boil it e
poor electric conduction By(r) = o 7 if r>r,

rod with
large electric conduction

V=0V

I 6=27000/(V.m)
o =10°A/V.m)
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Bo[T]

0.12
0.10
0.08
0.06
0.04
0.02 — Analytic solution
; + 3D approach

® 2D axi-symmetric approach

0.00 @ Electric potential formulation
0. 1. 2 3. 4. v [10 °m]

Azimuthal component of the magnetic field
along the radial direction (ro= 10">m)
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Test case: Tungsten Inert Gas welding

Applied current: 1=200A

Ar shielding Shielding gas
gas inlet inlet T=2.36m/s

! —= 15

W
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NOZZLE NOZZLE
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JAOHIYD
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«0.5mm

w7

8.2 mm

v

ANODE

Picture of a TIG torch Sketch of the cross section of a TIG torch
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B, ()= [ 2 14l B, = (Vx A),

B Magnitude

E025
0.02

B Magnitude

EOZS
0.02

Magnetic field magnitude calculated with the electric
potential formulation (left) and the axi—symmetric



B, =(Vx 'E‘)e

B Magnitude

E.025
0.02

Magnetic field magnitude
calculated with the axi—



B Magnitude
025

0.02

I-
o
—

Current density J



B Magnitude
025

!

0.02

I-
o
—

Current density J




B Magnitude
025

0.02

I-
o
—

|

J, >>J,

o

Current density J

J, >>J



B, ()= [ 2 14l B, = (Vx A),

B Magnitude

E025
0.02

B Magnitude

EOZS
0.02

Magnetic field magnitude calculated with the electric
potential formulation (left) and the axi—symmetric



electromagnetic model / conclusion

—

+ 3D model with V,A == E J B
e 2D axi-symmetric models:

v Electric potential formulation V == E J == B,

v'Magnetic field formulation B, == E,J
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Conclusions

—

e 3Dmodelwith V,A == E J B

e 2D axi-symmetric models:
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Conclusions

—

e 3Dmodelwith V,A == E J B

e 2D axi-symmetric models:

v V,A A == E JB,

IIW Doc.212-1189 -11



Conclusions

—

e 3Dmodelwith V,A == E J B

e 2D axi-symmetric models:

v V,A A == E JB,
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Conclusions

—

3D model with V, A == E, J B

2D axi-symmetric models:

v V,A A == E JB,

v V,B, = E,J

v Electric potential formulation V == E',j — Be
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Conclusions

—

3D model with V, A == E, J B

2D axi-symmetric models:

v V,A A == E JB,

v V,B, = E,J

v'Electric potential formulation V = E,j = B,
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Conclusions

—

e 3D model with V, A == E,j,é
e 2D axi-symmetric models:

v V,A, A, == E, JB,

v V,B, = E,J

v'Electric potential formulation V = E,j = B,

v'"Magnetic field formulation
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Conclusions

—

+ 3D model with V,A == E J B
e 2D axi-symmetric models:

v V,A A == E JB,

v V,B, == E,J

v'Electric potential formulation V = E,j = B,

v'"Magnetic field formulation has an “additional degree of freedom”
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Measured temperature profile for
a current intensity 200 A and 2 mm long

Figure from- PN Haddad and A.J.D. Farmer (1985) . Temperature
measurements in gas tungsten arcs, Welding J, 64, pp. 3559-542.

Boundary conditions:
M.C. Tsai, and Sindo Kou (1990). Heat transter and fluid flow in
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