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Enhanced Models of Heat Sources in Welding and Plasma Spraying
(2-nd Report) - Examples of Thermal Plasma Models'
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Abstract

Several multi-scale models of thermal plasma produced both by arcs in TIG and PAW welding and used in
plasma spraying are analyzed here from the perspective of mathematical modelling of the complez problem of
energy transfer from the plasma to a work-piece. Such analysis is desirable before making a decision about the
development of new software or a critical evaluation of avatlable commercial software. The evalualion of trans-
ferred energy plays a key role in the numerical simulation of welding with solid phase transformations, analysis
of hydrodynamic effects in a weld-pool, and simulation of micro-contacts of impinging granules and substrate in
plasma spraying. Unfortunately, energy dissipation effects, which occur in a weld-pool, are omitted here and they
require the further consideration. Simple one-dimensional theories are presented in the descriptive manner but
multi-dimensional models of plasma are shown as schemes with tables of assumptions and boundary conditions.

KEY WORDS: (Thermal plasma) (Welding) (Plasma spraying) (Arc column) (Sheath) (Pre-sheath)
(Momentum balance) (Energy balance) (Maxwell’s equations) (Ohm’s law) (Am-

pere’s law) (Saha equation)

1 Introduction

The major objective of this report is to study the pos-
sibility for upgrading the heat source model used in
welding and thermal spraying numerical simulation,
the identification of necessary theoretical and analyt-
ical tools, and the evaluation of the effort and costs
of the new codes related to the implementation of en-
hanced models of energy sources into existing com-
mercial or our own codes. A better understanding
of plasma modelling can be achieved by considering
the multi-scale models and the corresponding identi-
fication of microscopic and macroscopic plasma pa-
rameters and state variables important for the plasma
diagnostics and plasma generation techniques. Mod-
els of plasma sources applicable for welding are con-
structed for the simplified axisymmetric arc geometry
and can be seen from the perspective of a sequen-
tial energy transfer from cathode (or anode) via an
electric arc through weld-pool to HAZ. Considering
this, the most complex model is proposed by Wendel-
storf in [58] and Wendelstorf at. al. [57] where only
two stages of energy transition: cathode-arc, and arc-
anode are included and the process domain is split into
five sub-regions: cathode sheath, cathode pre-sheath,
arc column, anode pre-sheath, and anode sheath. Un-
fortunately, this model does not seem to be supported
by any algorithm suitable for the solution of such com-

plex plasma transition problem and only partial prob-
lem solutions are illustrating the author’s modelling
effort. The model proposed by Choo at. al. [9] con-
sists of three stages of energy transition: cathode-arc,
arc-anode surface, anode-weld pool. The-domain is
split into four regions: cathode surface, arc column,
anode surface, and weld pool. The idea for the devel-
opment of the algorithm is roughly the same as for the
next model by Haidar at. al. The model proposed by
Haidar at. al. [21] can be seen as the simplification of
the previous one as it does not include the weld pool
area but it offers very clear and simple strategy of
the plasma problem solution, i.e. evaluation of eight
plasma state variables: J., Jz, Be, V, vp, U, P, h
or T. The model for transferred plasma arc welding
(PAW) proposed by Aithal at. al. consists only of
two regions: flow within a torch, and external plasma
jet. That model seems to be easy applicable for the
development of our own software code. The simplest
plasma model was proposed in the 1930’s by Elenbaas
[14] and Heller [25] for the axisymmetric case and suit-
able for the evaluation of the maximum plasma arc
temperature.

The general rules and characteristics of thermal spray-
ing are briefly presented here. Three mathematical
models suitable for high-velocity oxygen-fuel (HVOF)
and wire-arc spraying are considered. The simplest
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one-dimensional model proposed by Joshi at. al. [31]
is suitable for HVOF spraying. The wire-arc. spray
model proposed by Kelkar at. al. [32] includes the arc
model and plasma jet model with the consideration
of particle breakup and transport model. The most
complex model of plasma-injected particle interaction
is proposed by Proulx at. al. [47].

This paper is the continuation of the review
of magneto-hydro-dynamic (MHD) plasma theories
given in [49].

2 Plasma Characteristics and Generation
2.1 Plasma characteristics

2.1.1 Plasma parameters

Plasma can be characterized by microscopic and
macroscopic parameters

Parameter Refers to
microscopic interactions between individual particles
macroscopic | specific plasma properties in a continuum

that can be described by the basic MHD
equations

The most important macroscopic plasma parameters
are .

Parameter Definition

Langmuir plasma frequency
(harmonic oscillations)

Wpe = (arn(® e? /m(®)
= 5.64 x 10*nY?; [rad/s]

Debye screening length

Xp = (kT/4mn(®?)1/2

of the potential V = 7.43 x 1027 ?n~=Y/2; [cm)]

Landau length i = 2 JkT
(critical length)
33
Collision path length A= _0.6x10°7%
n(e>31n<3D/lL>
(mean free path length) ~ 1‘3X1S r
Collision frequency ve=T 1=2

(collision probability)
or in terms of the
collision cross-section

ve = n(D oo (v)

Where the meaning of each parameter is given below
e Langmuir frequency

— The natural collective oscillation frequency
of a charged species: electrons, or ions, in a
plasma, in the absence of a magnetic field
or at least parallel to that field.

e Debye screening length,

— The characteristic distance over which
charges are shielded in a plasma. Debye
length is also the ratio of thermal velocity
to plasma frequency.

e Landau length

— The Landau length specifies the mean dis-
tance I, between plasma particles to pre-
vent recombination of ions and electrons,
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ie. lp, > lr. The condition, Iy, > AD,
means that there is no plasma, because of
the lack of cooperative interaction between
particles. A plasma exists when I <lpp <
AD.

e Collision path length,

— Average distance that a particle travels be-
tween collisions. The mean free path is

~ o(v)ne)
e Collision frequency

— Collision frequency, v,, for the Maxwellian
distribution of velocity is such that

Ve o~
~
Wpe

’\TD, under equilibrium conditions.

2.1.2 - Plasma diagnostics

For decades the confrontation between theory and
experiments has driven the development of plasma
science. The correct experimental identification of
plasma states and parameters is the milestone in the
development of plasma theory. The basic understand-
ing of plasma diagnostics can be provided by e.g. [30}.
Plasma state variables: temperature, enthalpy, veloc-
ity, and density, can be measured by complex instru-
ments.. Only the general ideas of measurement tech-
niques for state variables are mentioned here. Tech-
niques for plasma diagnostics are described in a num-
ber of papers, eg. [55], [56]. The measurement meth-
ods can be split in two groups: plasma diagnostics,
and particle diagnostics. In plasma diagnostics

e plasma temperature can be

— measured assuming LTE and using atomic
or molecular spectroscopy, applicable only
when T > 6000K,

—and deduced from the integrated volumet-
ric emission coefficient £1(A\g) of suitable
emission lines for " plasma gas” (eg. nitro-
gen or argon). The local emissivity is ob-
tained from the observed side-on intensity
I1, by Abel’s inversion [24].

o plasma velocity can be determined by several
techniques:

— enthalpy probe and Pitot tube [7], [12],
[19],

— laser Doppler anemometry - optical method
(13], [17], [37], [38],

— measurement of particle velocities ”in situ”
(i.e. in correct place) by using a spatial fil-
ter for particles radiating light [35],

— cross-correlation method based on the mea-
surement of travel time [24],
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Techniques for determination of particle velocity, par-
ticle temperature, and number densities are

e velocity measurements

— Mach probes [30],

— laser-induced fluorescence [46]
e enthalpy and velocity

— Pitot probe technique [7],
e particle temperature

— two color pyrometry at two wavelengths
[55] for plasma with seeding particles,
— spectroscopic method [20],

— electron temperature along the plasma col-
umn determined using a modified Saha
equation and a corrected Boltzmann-plot
after providing argon upper excited states
remaining in excitation saturation balance
[36],

e number densities

— Rayleigh scattering of argon-ion laser radi-
ation [15]

e electron temperature and electron density

— Thomson laser scattering [18],

2.2 Plasma generation

There are three basic kinds of plasma dischargers: arc,
glow, and corona. Typical physical conditions for gen-
eration of such plasmas are listed below

Conditions Arc Glow Corona
Frequency [MHz] | 0 — 40 0— 40 0 — 40
Power [KW] {1 — 20)10° | 0.1 — 100 0.1 — 200
Flow rate [kg/s] 0 10°° 10°°
Electron 107 10T — 10" 107
concentration

[m %]

Electric field 2% 10 5% 10° —10° | 2 x 10°
strength [V/m]

(intensity of )

(electric field)

Pressure [N/m?] | £ x10* 2 % 10% % x 10"
Electron 107 10% 10%
temperature [K]

Atom 10% 7 x 107 7 % 107
temperature [K]

Degree of moderate high low
homogeneity

There are two basic mechanisms to initiate ionization:

Mechanisms of ionization
collisional ionization,
photo ionization due to
electromagnetic radiation
in the hot gas,

particle radiation
electromagnetic radiation
formation of electrical
current in gas

Forms of energy transfer
application of heat

with substantial
temperature increase

radiation or electric current
without substantial temp.
increase,
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Couplings of these two mechanisms frequently occur
in technical generation of plasma. Methods of plasma
generation based on such mechanisms can be classified
in four categories:

Method of plasma
generation

through application
of heat [50]

through compression
by radiation

Description

King’s plasma furnace,

Q-engine,

ballistic compressor

electron beam focused on

on a diluted gas produces plasma

by formation of electric current in gas:
glow dischargers,

arc dischargers,

by electric current
(gas dischargers)

Arc discharge generators, following [53], can be di-
vided into three categories:

[ Attributes | Application ]
spraying

welding

melting

low velocity

gas heating
operations with
high pressure
hydrogen heating
spraying

welding

cutting

melting
surfacing
spraying

gas heating

[ Generators [ Type of arc

low
voltage

electrode
plasma (EP)

non-
transferred

high
voltage

direct
work
heating

electrode transferred

plasma (EP)

secondary
electrode

electrode
plasma (EP)

electrode-less
plasma. (ICP)

high power

gas heating
particle heating
low power

gas heating
particle heating
spraying

high resistivity
gases

high pressure

low
frequency

high
frequency

ICP
super-
imposed
on EP

particle heating
gas heating

hybrid

3 Plasma Arc Models in Welding

A simple arc model [14] and [25] invented in the 1930s
together with three complex thermal plasma theories
for TIG welding shown in [9], [51] and [57] and one
for plasma arc welding (PAW) described in [2] can
be identified in the literature as the most welding-
engineering oriented models. More complex theories
are presented here in the form of schemes with equa-
tions and relations expressing the continuity of fluxes
and balances of energy transmission from the cathode
(or anode - PAW) to HAZ. Fundamental assumptions
and appropriate boundary conditions are listed in ta-
bles for each presented theory.
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3.1 Simple model of arc column

A simple model for the arc column [14] and [25]
was based on equating a temperature gradient term
div(—®)VT) with one related to the generation of
an electric field ¢E2. Thermal diffusion and effects
of radiation were neglected in that model. The basic
equation for the axisymmetric case took the form

1d, odT

Introducing the heat flux potential S = fOT xedT,
Eq.(1) can be express as

2)

where S(T') is the function of temperature only.
Integrating Eq.(2) and using Ohm’s law I =
2nE, fOR ordr, the solution obtained by the method
of characteristics, following [39], can be shown in the
form:

E = L8 (2w

I = T.2TR(2fSo00) 3 e~ 57,

3)
(4)

5o
ds
where f = ioa—;o——~ Following the above solution and

[24], it can be deduced that
EI= f1(5) = fo(T) (5)

and therefore the maximum temperature Tpuay =
fo YEI ) is a function of the power input per unit
length L = IE. This means that the maximum tem-
perature of a plasmatron appears to be limited only
by the power input as opposed to a flame torch where
the maximum temperature is limited by the internal
enthalpy of the combustion gas.

3.2 Scheme of TIG and plasma arc model pro-
posed by Wendelstorf, Decker, Wohlfahrt
and Simon [57]

Physical regions of the thermal plasma model pro-
posed by Wendelstorf, et. al. [57] are shown in Fig. 1.
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| Cathode
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ye length oy 8.
10nca §. e mlSpat:e charge zone : w,. 2 Sheath _gﬂ _;
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100 ‘m 25 8| lonization zone 5§ 342 pre-sheath( |3 2 §
E: 2 £%
PLTE ] £5
3 iy
or -4 O = §
LTE = g
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{PLTE)
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Local Thermodynamic
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{LTE)
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25 =
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-5 3
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layer >_8
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10 nm Space charge sheath : Sheath Trangrion taverl ] ,,g
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Fig.1 Physical regions in TIG arc

The fundamental assumptions for this model are ex-
tracted in the following table

Arc column
the fluid flow is laminar and Re < 400
the fluid Aow at arc fringes can become turbulent
(in MHD theory sense)
is in local thermodynamic equilibrium (LTE)
is quasi neutral, i.e. free of space charges
the fAluid flow is 2-D in cylindrical coordinates (7, z)
Cathode region
electron temperature T(®) is equal to the heavy
particle temperature 7@
Pre-sheath
this zone is quasi-neutral
two-fluid flow is appropriate
radiation losses can be neglected
thermal pressure is constant and equal to the atmospheric
Sheath
ions are mono-energetic
is collision free
field emission is negligible
ions re-combine at the cathode surface
velocity distribution of electrons at the sheath-edge
is Maxwellian

ot

b

ol [ O

Pt

[N RSN

Ot [ o B[

Anode region

1 | appreciable deviations from LTE prevails throughout

the zone

modelling of anode layer is similar to the cathode modelling
3 | excess pressure (deduced from the column modelling)

is constant within the zone

[+

The flow problem for plasma species and the energy
transmission consists of equations depicted in
Fig. 2 and Fig. 3.

The boundary conditions are given originally only for
the transition from the cathode to LTE (or PLTE)
thermal plasma and can be listed as follows

Arc subregion T P

arc plasma - far Tp = 21000K

from

cathode surface % = —2.7-10"k/m

Pre-sheath 1.013 - 10°Pa
cathode surface either T, = 3000K

The additional conditions for this model are

Arc subregion daot [ Jiot
pre-sheath 1.10 *m
cathode surface 2.63¢V | 1.2-105A4/m?

3.3 Scheme of TIG and plasma arc approved-
model proposed by Haidar and Lowke [21]
and Sansonnens, Haidar and Lowke [51]

The plasma arc model proposed by Haidar and Lowke
[21] and Sansonnens, Haidar and Lowke [51] is illus-
trated by the scheme in Fig. 4 where balance equa-
tions and continuity requirements are appropriate for
the single-fluid MHD model. Boundary conditions for
the arc column, depicted in Fig. 5, are listed below
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Cathode Sheath
(space charge zone)

Total electric current density

Jtot = Jemi + Jion + Jrep ‘
73
!

Cathode Pre-sheath

re—|

Electrons emitted from Tons accelerated Electrons repelled
cathode surface towards(ec)athode vep. [ 5T
Jemi = JR(TC7 <I)c) = ion = €N 5 UBohm J"'ep = ey m%x
2/ @ LT exp(——Ved

ARTE (- 5.5) enii)(m;if:)” p( m)
Electron flux T = nqul®) = (1)
() (&) (e () () p{®)
_(m(gT(e) + n :f}t(e) De )VT(E) — m—p'ﬁDeevn(E) + %eDeevV

J

Energy balance of electrons in cathode pre-sheath eT®) . VV = (2)
V- (AOVTO) + 3kpal® - VTO + (3kpTE 0 + Eion)n + Wen

Ton Aux TG = n@u® = (3)
-1 (namaDigVi(® + n@m) Dy Vg + P n*ndm DigeVV)

P =n@kpgT® +3,_; an(h) kT

Energy balance of ions in cathode pre-sheath (4)
—el®D . VV 4+ W, = =V - (sWVTH)

Continuity of mass: (5) For Mach numbers Ma = |v|/v. < 0.3

B 2p+V-(pv)=0 V-v=0, p=const
Balance of momentum (6)
I pEv=-VP-V .7 +IxB+p-g

Energy balance for electrons (7 ) Electron heat flux g(®) =
P(e)'D%H(e) =V.q®+J . E—Sg— Fe ﬁVH(e)-F%—ff—pH(e)

Energy balance for{ 8
heavy particles (ions Heat flux for heavy particles q(h) =

pRH® =V . q® + B,y | [2VHW + V- [S (0D - £)(HO)VCY)

Arc column

Diffusion of the metal vapor into the shielding gas

pBCY = V- [DV(pCV)]

Maxwell’s equations: (9)
Ohm’s law
J=0-[B+vxB— 15 xB+04152VT]
- Current continuity
vV-J=0
Ampere’s law
VxB=0A=—pd; V-A=0

Anode pre-sheath

Saha equation: Thermal ionization equilibrium (1())
(R) \ (R yle) ) (& g T AR,
e)(n T T __ 29 m'® kpT 3/2 __Eion—AFEioy
nle)( na Y = T4 (P o) /% exp( bnT(® )

Variables for fully ionized plasma are: P, p, vr, vz, Br, Bg, HE HM B J

where n(® n(™ = n() can be evaluated from P and p by formulas
and T, T can be determined from tables HE(T), HM(T)

Fig. 2 The first part of the scheme of TIG plasma arc model proposed by Wendelstorf, Decker, Wohlfahrt, and

Simon [57] and [58]
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Anode pre-sheath
together with
anode sheath

—

Heat flux to the anode (Dinulescu’s formula for energy flux density)

Ga = Ga,elec T Qa,conv + Ga,rad

Weld pool

Heat affected zone
(HAZ)

Flectronic contribution of energy flux density

(e).a
Gaclee = Ja(5 + oiey) B 4+ T W + JoVi

Radiative contribution of energy flux density
ared = €s5CseT2; Csp ~ 5.67- 1078 [W/m?]
esp = —0.0266 + 1.8197 - 1074 - T, — 2.1946 - 108 . T2

Convective contribution of energy flux density
(&) (o)

Ga,cony = L3 (B2 )04 (1 po, B2 )0 5(H(®) — HL)

Fig. 3 The second part of the scheme of TIG plasma arc model proposed by Wendelstorf, Decker, Wohlfahrt, and
Simon [57] and [58]

The boundary conditions for the weld-pool are

Weld pool subregion I Up I Vs I T ] |4 | ) l J2 | n() l
CcrDP I T Topr [ 1
within ABCDEFA? | | | | [ | [0

in addition within BCDEOB D =0

Equations used in Fig.4 are denoted by the following

symbols:

Subregion Ur | Uz T |4 P Acronym in the scheme
A®Be 0 Ovg oT _ g 2V _ ¢ for Haidar and Lowke Equation
a7 ar ar
BeC® 0 model [21]
C*De Vgif ECC electron current continuity
EYF? 300 K CD current density
FeGe 300 K CC current continuity
G*H" 300 K TCD total current density
H? 101 kPa MC mass continuity
within AMC axial momentum conservation
BCDEOB*® RMC radial momentum conservation
EC energy conservation
The rough idea of the strategy for the solution of
Subregion ¥ o) the plasma problem formulated by Haidar and Lowke
Aepe 22 _ o [21], and by Sansonnens, Haidar and Lowke [51] is
B . . .
BaCe 2& = TR | |Jp| = AT? exp(— e described in [34] and can be listed as follows:
CVih, B
T
cepe van = ( Skp yi/2 e Substitute
m(e) 1% an(®)
D7E” * Jp=—0Z 4 eD T (6)
within or or
BCDEOB*® 0 to
% indicates the assumption of uniformity of J, l E‘(T‘Jr) + E(Jz) -0 (7)
over the circular plane at the cold top face r Or dz ’
of the cylindrical cathode .
in addition it is assumed that within BODEOB DU = 0 e Substitute ov o (®
Jy = —o— 4 eD® (8)
Oz 9z

to Eq.(7),

e Then V becomes the only unknown in the following Eq.

10V . v a2v)
B or2 8z2
1 one 82n(® 8%n
Dt 4+ =0, 9
Te ( ar 872 Oz2 ) ©)

e solve Eq.(9) for V,

e changing potential V evaluate J. from (6) and J, from

Eaq.(8),

e knowing J, and J, evaluate By from

IB(B) J
-\ = z
7 or 4 Ho

(10)
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Cathode surface
13 = 3@+ {39

ities: |J(®)], |J
Energy flux to cathode Current densities: |J\¢|, |Jg]

< 13| < |Jg| and then [J|® =|J| - [Jg]

= ckpT* — |J©@|® + [FO|VE
e B | ‘ ! 1 [JR[ — AT2 exp[—®(e)€/(k3Tﬂ

Mass continuity (MC)(l) Total current density (TCD)
L 28 eve) + F(pvs) = 0 3= Jr J2); 245 (rdn) + §5(J:) =0

| r 6‘7‘ (TBG) /J’OJZ

Arc Column

Amper’s equation to evaluate By

Energy conservation (EC)

?
O+ L 2 (rpur H) + o) = 2 () + ZUE G + Bt LB ~ U

cp Or
: av. . _ 8V
Electric field components E. = — % B, = — %~
Radial momentum conservation (RMC) (3)

z =z 6 =
Farrod) + Flpvaen) = 152 e) + (e %) - 5~ JBo — 2

Axial momentum conservation (AMC) (4

)

12 (rporvs) + 2 (pv2) = 2 (20%) + 12 (rpB + rn8)e — S8 — J,Bo + pg

Current contmmty (CC)(S)
T 67‘ (T'] ) (J ) =0

Current density (CD) gﬁg
U, = —03 +eD(e>8” sy = ‘W +eDle) 2

Electron current continuity (ECC) equation for ambipolar diffusion
laﬁ(rDa an'e) oniy 4 (D on® )+ arec[Gn(e)n(a) _ (n(e))3} =0,G= (n(e)*)Q/n(a

@ 5z
Three-body recombination coeflicient
if T > 3200K then apee = 1.29 x 10732(L:353x10° 4 9) 5 exp(478x10%) 651

if T < 3200K then qyee = 1.1 x 10787 45cmbs1

0

Current densities [J©)|, |Jg|

Anode surface Fnergy flux to anode )
31 =13 4o = cksT* + |30 [39] = 0 because |J| < |Jx|
Jgrl = AT? exp[—®®e/(kpT))]
Weld ! Current density
€ 00
i 3= (Jo, J2); 22 (nT) + £(2) =0

Heat affected
zone (HAZ)

Model variables
’UT;,UZ) P: H: Jf‘: Jz, 397 V

n(®), T - evaluated from the auxiliary relations

Fig. 4 Scheme for the model of thermal plasma for TIG welding proposed by Haidar and Lowke [21] and Sansonnens,
Haidar and Lowke [51]
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e knowing J, J. and By evaluate velocities vr, v, and pres-
sure P from

— mass continuity equation

7 o
- r — z) =90 11
5y (TPvr) + 5y (Pv=) (11)
— radial momentum conservation equation
1 1é] 9P
——(Tpv )+ —(pvzvr) =_——— —J.By
or
10 Bvr Bvr dv, Uy
—=(2 = —2p—=, (12
tog@rnmm) + g ( S tng -, (12)
— axial momentum conservation equation
18 I} apP '
= (rpvave) + o= (pv2) = = 5= = JnBo
v, 190 8v Su,
(277 —)+ -5 T) +ma— +2pg, (13)

e knowing v,, v, Jr, J, evaluate enthalpy h from the energy
conservation equation

18 17}
- —(rpvrh) + "“(Pvzh) =

h
¢ (ia—)+JE +I.B. —U,

14
6208 (14

e knowing enthalpy h define temperature T,

e knowing 7T calculate the new values of plasma transportation
parameters gtd(T),

o substitute the new plasma transportation parameters to
Eq.(9),

e solve Eq.(9) for V,

s repeat next steps with Egs.(11), (12), (13), (14) until the
solution of Eq.(9),

& repeat all steps until ¢t < ¢ty .
Data and unknowns for the problem formulated by

Haidar and Lowke [21], and by Sansonnens, Haidar
and Lowke [51] are the following

Data

initial enthalpy ho
electron number density nte)
defined from the graph for argon
obtained for the quasi-static
solution assuming LTE for plasma

Unknowns
pressure P
velocity Vpy Vz
current density Jry Iz
magnetic field Be

The effective algorithm for the solution of the plasma
problem stated in [21] and [51] was proposed by [43],
[44] [45] and [54]. The solution technique is known
as the volume-control method, and is one of the first
examples of using the finite-volume method in fluid
dynamics.
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F-Y
Oa s © Fa
e igﬂow
Ba G
outflow
Arc Column
Aa a Ha
AP Fp EP
Weld Poo
B
HAZ
CP LDp

Fig. 5 Boundary conditions for the model proposed
by Haidar and Lowke [21] and Sansonnens ef.
al. [51]

3.4 Scheme of TIG arc model proposed by
Choo, Szekely and Westhoff [9]

The welding problem formulated and solved by Choo,
Szekely and Westhoff in [9] is the most complex and
covers the problem of-energy transfer from the arc col-
umn to both the weld pool and the cathode surface.
The fundamental assumptions for the weld pool model
are given in the following table

1 the weld pool is small and thus the laminar flow
assumption is appropriate

2 | the surface is a gray body

3 | the surface tension is a linear function of
temperature

4 | physical, electrical and transport properties-of

liquid and solid parts of a weld pool are constant

and independent of temperature

5 upper boundary on liquid temperature is 500 K below
the boiling point

and the assumptions for modelling of the TIG arc are
listed below

1 | the arc is radially symmetric

2 | the arc is in steady-state conditions

3 | the arc is in local thermodynamic equilibrium i.e.
temperatures of heavy particles and electrons are
not significantly different

4 | the arc plasma consists of pure argon at atmospheric
pressure

5 the effect of metal vapor from electrode and workpiece
is neglected

6 | the flow is laminar

7 | the plasma is optically thin so that radiation may be
accounted for using an optically thin radiation loss
per unit volume

8 the heating effect of viscous dissipation is neglected
9 | buoyancy forces due to gravity are neglected

The governing equations for the theory of welding arc
with a deformed anode surface are listed in schemes
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Cathode surface

Energy flux to cathode

4c = |Jct‘/c

Cathode fall voltage
vV, =2 5&122(5_)
€

Cathode current density
if r<Re 0 if r>R.}

_ 1
va—{ﬁg or

Mass continuity
L2 (proe) + £ (pv2) =0

(1)

Radial momentum conservatlon
18 2 )
s (prvl) + 55 (pvrvz) =

w, (2)

ol
+ r ar [UT(FUTE } 2

@“4>]~JBQ

1)
+& (5 +

L (prorvs) + £ (pv2) =

Axial momentum conservation
19 Jv du
T ar {7‘77 ( _8—711 5;2

+ 22 (%) + J- By

-5+ ()

bt

Arc Column

2452
+{%_

Thermal energy conservation in terms of enthalpy
m(ﬂ"”er) + 5z (pvzH>

1 6H
SR +25—£(J22;*$

)

cp Oz

)} H(T)

rr OH

rar(c _8_(

Oz )+

81')+

1 8H
Tc Br

Yy=T

1.9 (Ur%‘f

T or )+

Current continuity in terms of electric potential (5)

(055) =10

Current density from de
J=—-0oVV,ie Jr=

f. of electric potential (5)
oV Jz — v

Ampere’s law for self magnetic field (7 )
By = £ [ J,rdr

Anode surface

Heat flux to anode surface
da = Qa,rad + Ga,conv + Ga,elec

Heat flux due to electron flow gg elec
= J (2 eD(® kBT(e) w
= a( .5 + —kB_G'> e + Ja

Weld pool

0.515
Pr,y,

Convective heat flow ¢a conv =
{e) yle) )0'11(77 P )0 5(h(e) . h )

(L=
Radiative heat flow

TP
{da,radtis = Jo, 4M2 cos Ydw;

—k BT tot

- qvap Ga

Boundary conditions for AP F? region

I

Qyap = qvap

Heat loss from anode due to vaporization

Bmass hvapLyapP'”

+aay ThnessThoap) ETowp

qvap

Mass transfer coefficients

hv ap

Rheat =

= [(2m) ' RT)(mpy” +

—1/2)

C, (ﬂ(a ot )0.11
Pr Nw Pw

hmass = Rheat [pﬁp( %

\/anw‘;z3 C_p

)nLc}—l

= (T = T,)" [2° CpaT

V:Bd VrBd

Model variables
Vpy Uy Py H(T) = T, Jp, By, V.

Fig. 6 The first part of the scheme for the model of thermal plasma for TIG welding proposed by Choo, Szekely

and Westhoff [9]
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Weld pool L Coilf‘?(g\:amoé;)fvnaass @
For T er T
Conservation of axial momentum (2) 1B
2 2 8
— ol ol v G = 5 (G + ) :
L8 p gB(T — T;) + JoBs — Kv: 5 9% sup = Tar
Drag term
if T>7, then K =0
if T <T<Ty then K =Kpospiop
if T<Ts then K=
Conservation of radial momentum (3)
2
R R R - s T
02 (%) — J,By — Kvr s 05 lawp = 72
Conservation of thermal energy (4)
]8T aT oTy _ 8°T | 19T | 9°T AH 2
(F+oE+0.30) =DGE + 1 E+ 55 - 2%
Volume fraction of liquid
if T>Ty, then fi=1
if Ts<T<Tr then fi— 2%
if T<Ts then fL:O .

Heat affected
zone (HAZ)

Model variables
vr, s, BT

Fig. 7 The second part of the scheme for the model of thermal plasma for TIG welding proposed by Choo, Szekely
and Westhofl [9]

shown in Fig. 6 and Fig. 7.

The boundary conditions for the arc model subregion

. Cathode Fe
in terms of (v(®, h{®) or (T, V) and the weld pool &) . l .
model subregion (v(l) LT V') are listed in the follow-
. .
ing table ¢
B outfiow
?@é\ it
Arc Ur Vz horT v convection
subregion , | radiation A2 Hal
A“B® 0 GE=0 [ 2= =0 NG A &
B°C® 0 0 T =3000K | Jo= —%5 g Zuojgoe
mRZ £ Solidifioafig 3P
(g = JeVe) % ! HAZ —’1\l
ceD* 0 0 T =3000K | Z¥ =0 g conduction ;
D“E® 0 0 T =3000K | Z£ =0 g ;
E°F*° 0 p2= —0 | T=1000K | ¥ =0 & icp Dl
FeG® oo =9 | %= =0 | T=1000K | 2¥ =0 Anode (-) M Ly f
a U Jvy _ —
G°H® Sor =0 [ 20 | =0 ¥ =0
HeI® 1] 0 T = 1000K V = const
17A® 0 1] T = 1000K V = const

Boundary conditions for Choo’s et al model [9] in the
weld pool subregion, shown in Fig. 5, are listed in
the following table

Weld Uy v, T vV
pool
subregion
APBP 0 e =0 %:0 %_0
BPCP 0 0 [o g oV
CPD? 0 0 T =288K | 57 =0
DPEP 0 0 T =288K |0
EPFP 0 0 L =gy | Ja=
_ge v
Az
FPAP nZrl =10 ~keL = Jo =
Zx oL —da + quap |~ Y
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Fig. 8 Boundary conditions for the plasma discharge
model proposed by Choo, Szekely and West-

3.5

hoff [9]

Scheme for transferred arc in plasma arc
welding (PAW) proposed by Aithal, Sub-
ramaniam, Pagan and Richardson [2]

The model of the transferred plasma arc consists of
two regions: the internal flow within a torch, and the
external jet impinging on the surface of a work-piece.
Such model is applied to plasma arc welding (PAW)
and is presented in [2], [3] and [4].
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The discharge in plasma arc welding (PAW) is initi- 12

ated b.etheen the inner electrode.— (.:a'tbfode and the T L AB8. —. 2. ? £
constricting nozzle - anode. It is initiated by ap- % : :

plying a high frequency voltage superimposed on a g &7 g E ]
dc bias between electrodes. The main arc - trans- 36 4 l | !
ferred arc, is subsequently struck between the work- g . : E
piece (grounded) and the inner electrode by transfer- g * T I I .
ring the discharge. The inner cathode is biased nega- § 2 + . . i

. . . K .
tive with respect to the workpiece - anode, by approx- 2 o J %H %G LA E

imately 30V. 2 0 2 4 6 8 10 12 14 16
Radial extension of domain [mm]

The fundamental assumptions of PAW model [2] are

listed in the table below Fig. 9 The domain for the external plasma flow prob-
lem
1 plasma flow is laminar, the maximum of Reynold’s
number for the transferred arc is less then 100 Boundary conditions for the external flow problem are
2 plasma consists of neutral Ar atoms, singly ionized atoms,

listed below

and electrons

3 workpiece is considered a boundary of the fluid domain
4 modelling of the arc is not coupled with the weld pool
5 plasma is assumed to be quasi-neutral, i.e., 7 = n(® Region | p Ur Vz
6 sheath regions adjacent to electrodes are not considered AB Sol.IFP Sol.IFP Sol.IFP
7 standard assumptions for MHD fow are assumed BD Ma (n(e) + ng) —v, tanf[a{r)] | qadr. distr.
8 plasma geometry is two-dimensional and axisymmetric of v,
9 only the azimuthal component of the magnetic induction, such that
By, is significant frz vrdr =
10 single temperature can represent the plasma T -
11 | the above justifies the assumption of the local 0.1127[m"/R]
thermodynamic equilibrium (LTE) DE ma(n® +n,) | 0 0
) 2
EF me(n(® +n4) %’Qﬂ =0 %—r%é =0
. . . FH %2 =9 0 0
The problem is formulated using the compressible oA g 5 -
. . . Br Ar
Navier-Stokes equations that include the Lorentz force
terms: J,By and J.Bp, in momentum conservation
equations and additional terms in the energy equa- Region | T n(®) Bo
tion representing ohmic heating and work done by the gg §gé'I§P gg”gg Sol. IFP
Lorentz body forces. Equations controlling the inter- DE - 500 K O
. . 2 _
nal and external plasma flow in PAW are shown in - 5T — o HE ey
Fig. 11 o 25
. . _ ante) _
T B |
.. . . —a1(T|z=1 —
Boundary conditions for two sub-domains: internal —br [ 1”] '
. . . a; = Tbe 70 |=
and external, are shown in Fig. 9 and Fig. 10. ro = 12.7[mm]"
- . Ty, = 00K
The boundary conditions for the internal flow problem oA 5T _ & _ g
. . . ar_— Ar
are listed in the following table BC 2ot
T
cG T
DB =
Region | p U Vs GH 5 0
% AH 0
ABCD | 22 = 0 0
p 2
DE Mma(n( +na) | L2 =0 | 2% =0
i) P2l
EF 22— 0 Tvz _
FGH 22 =0 0 0 3
(@ 8%v,
HA Ma (TL =+ na) 0 i 0 )
r 3
I
=y
Region | T n(® By 0
F4
ABCD | &L, = P
a‘l(TIT:TQ - Tco)a A4 Confin
a; = —0.0347[m],
T.. = 300K o2al0) 2l
) 2, (e) 2B, P =
DE i_g. =0 Q_ﬁ?? = L =0 3
EF %:0 a;ér()=0 0 [N N NN AN NS HN O N
FGH 27 =0 Lol =0 4 0 1 2 3 4 5 6 T 8
—5 e jal |
HA Th (32(:(2) _ Radial length {mm]
GBCD By = 2oL Fig. 10 The domain for the internal plasma flow prob-
—Fagl
FG By = 2mrl, lem
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Mass continuity (MC) (1)
‘E + 57 6T(T'DU’“> -+ az(pUZ) =0

(2)

Magnetic transport eq. (from Maxwell’s eq.) (ME)
_;.Balie) + ,«6 ar( )= #O%(UZB@ - UO%(UTBG) =0

)+ & (

r\g Or

lﬁ_(zﬁ.@
7 O

Amper’s equations AE

188y [
T and J, =

JT = #0 3r ('I’Bg)

(3)

Total internal energy (TIE)
U = 3nrkpT + 7 Eion

7';(5) = kn®ng — kp(n(®)®
(UT + Pvz) =

Ur = U + 3p(v} +v2);
nT =Ng + 2n(e)‘
[UT + Pbr]'f') +
) -+ T]¢ + Jrszg — Jov.Bg +

P =nrkpT;

BUZ
+ T Br
JZ +J2

P rkr8T) + &k g

(4)

Internal
plasma arc

Radial momentum conservation (RMC)
ot S (ovr) + 35 & (rpv?) + 5 Z(pvrvs) =

=)

6_1);)} J:Bg + az[ﬁ(@‘

1 vy

%)H,_n(@_v;

8P Fil Sv.
-8+ Blon%r - 3n(c %

(5)

Axial momentum conservation (AMC)

8 (pv.) + 1 & (rpvev) + & (pvﬁ) =

— 2p(L e 4 By - T By + L& Inr(5E +

gl

+ az[277

FExternal
plasma arc

Current continuity (CC)(ﬁ)
(TJT) + 62("] )=0

r6r

Current density CD
L@ rBy) = o9 +eDO %2

"o 37‘(

7)

Electron current continuity (ECC)

2 (v, ©r) + £ (n(e v,) + li( i @ B,
()
D2 2 (nlOKT)) = g

E. =E, +v.Bp

(e)
~ 2 2 (nOkT))

Bn(ﬂ)
at

r&r

+5:(-n e)#("‘)E; kT

E'/r = Er — UZBg;

Mass density MD
0 = Mang +mOn + m@n® xmg(ng +n@)

= MmN

Anode surface

|

Weld pool

l

Heat affected
zone (HAZ)

Model variables
Py VUps Uz, T: n(e)z B9

Fig. 11 The scheme for the model of plasma arc welding (PAW) proposed by Aithal, Subramaniam, Pagan and

Richardson [2]
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4 Thermal spraying e the powder chemical composition, particle size
distribution; and its injection, powder morphol-

4.1 General information ogy, injector internal diameter, shape, length,

Thermal spraying is the common name for a group position, torch tilting and hose length, gran-
of processes where finely ground powder of metallic ule hidden trajectory between the powder feeder
or non-metallic materials or a reacting gas (methane) and. the injector,

or a droplet of melted wire is accelerated to high ve-
locities through either a combustion flame or dc or rf
thermal plasma arc. Pieces injected or formed (eg. in e composition of enveloping air or inert gas at
the case of diamond coating) in a plasma jet, are in pressure < 10° Pa,
a molten, semi-molten or solid state and they are de-
posited on a prepared substrate. The substrate coat-
ing is developed by successive impingement and bond- e substrate material and its surface preparation:
ing of thin splats. Energy transfer in plasma spraying eg. cleanliness and roughness, oxidation, pre-
can be split into three successive stages: heating, temperature, temperature control dur-
ing and after spraying,
o transfer of energy of an electrical potential field

to a plasma gas manifested by ionization and

plasma heating, e relative motion of the torch and substrate that
controls the coating thickness deposited per pass
and, to some extent, the heat transfer to coating
and substrate.

e heat and momentum transfer from the plasma
to injected powder particles,

e transfer of thermal and kinetic energy from par-

ticles to a substrate. Main plasma spray parameters controlled at preset

The process can be characterized by the following levels are shown in table:
unique features [52]

Region Parameter
e various types of materials, ranging from metal Workpiece (substrate) te’?é’eri‘t‘:re
. . resiaual stress
through ceramics to polymers, and any combi- particie quenching rate
nation of them, can be created, Plasma gas composition

heat content
plasma stream temperature

e mixtures of components with a wide range of velocity
vaporization pressures can be deposited without air dilution of plasma stream
C . . . Pl Powder particle size and shape distribution
mgmﬁcant changes m coatmg COHlpOSlthI’l, elemental distribution within particles
dwell time in plasma stream
e homogeneous coatings with time invariant Powder injector carrier gas
Plasma torch relative movement

changes in composition can be produced,

workpiece stand-off

e in contrast to the electron-beam technique, mi-

““““““ Atiira writh Bre pantisvial oraing and vl

> + 1 it
Crostructure witn ine, equiaxial graiiis ail witii-

out columnar defects can be deposited,

Types of thermal spraying processes are listed in the
following table [26]:

e graded coatings with a smooth variation in a Spraying Basic description
ceramic-metal mixture composition can be pro- process _ _ i
- Combustion uses compressed air or oxygen mixed with
duced: flame a fuel
High-velocity | special torch design where a compressed
e high deposition rates can be achieved, oxy-fuel flame undergoes free expansion upon
(HVOF) exiting the torch nozzle, thereby experi-
encing high gas acceleration (over 4 Mach)

e the process can be conducted in alr, reduced Two-wire two current-carrying, electrically conduct-

pressure, inert gas, and underwater. electric-arc ive wires feed into a common arc point
where melting occurs and the molten
material is continuously atomized by

Properties of coating, produced on a substrate, de- ! !
compressed air, forming a molten spray

pend on five controllable groups of process variables with a high material throughput
[16} Plasma A torch operates on direct current sustain-
’ spraying ing a stable, non-transferred electric arc
. . between a water-cooled tungsten cathode
e the jet formation for a flame or a plasma that and an annular, water-cooled cooper
is related to the torch design, a combustible gas anode. An arc gas introduced at the
. . ces f back of the gun interior, swirls in a
or shielding gas composition and mass flow rate, vortex and exitsout of the fromt of
the dissipated power and many other process pa- the nozzle. The arc glows between the
cathode and the outer face of the anode
rameters. and forms the exiting plasma flame.
119
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Spraying Basic description
process
Radio-frequency

(RF) induction

electrode-less thermal plasma is gener-
ated by inducing a current in the plasma
gas.

powder granules are accelerated in the
supersonic gas stream produced by conver-
ging/diverging de Laval nozzle and the
effect of hyper-velocity impact fusion
occurs athermally when solid particles
deform ballistically upon impact with a
substrate or deposited layer.

Cold-spray
technique

4,2 Mathematical models of plasma spraying

Mathematical models of plasma spraying consist of
two major sub-models:

e plasma jet,
e plasma-particle interaction.

One-, two- and three-dimensional models are re-
stricted to specific techniques of spraying due to sim-
plifying assumptions ignoring some important features
of plasma-particle transport process. There is a large
number of papers devoted to plasma spraying mod-
elling and we will only study some of them which are
representative of the various theories. We will dis-
cuss three plasma spraying theories proposed in [1],
(6], [28], [31], [32], [42], [47].

4.2.1 One-dimensional theory [31]

The inflight particle parameters during plasma spray-
ing can be predicted by a one-dimensional model [31].
This ‘model accounts for the large temperature gra-
dients and takes into consideration the Knudsen flow
effect when the rate of flow does not depend on the
viscosity of the gas for the model of gas flow in a con-
tainer at a very low density. An injected granule of
a powder is subjected to a varying temperature and
experiences changes in thermo-physical gas properties.
This model can be developed to be suitable for a high-
velocity oxygen-fuel (HVOF) spraying process. It is
assumed that a granule is spherical and the particle
(granule) loading is low and does not affect the tem-
perature and velocity of the plasma flame. The model
consists of two processes of energy transfer: '

e gas-particle heat transfer
— heating of spherical particle
oT

oT_ 10

P:DCPE = 2 8T(r2“p5—7,‘) (15)
— initial condition
dp
T(rt)=Ty for t=0, r< 5 (16)

120

— boundary conditions for ¢t > 0 at the parti-
cle surface

oT
gy =0 =0
8T
(rip or )[rszp = M(Nu)(Ty —Tps) (17)

— h(Nu) in Eq.17 is a function of the Nusselt
number determined from Ranz-Marshall’s
correlation [48]

hd
Nu= —£ =2.0+0514Re?,  (18)
Kg
— Reynolds number is
itg
Re = dplv, — vg[—g—t—g— (19)
Hg
— where x}/9 is defined by
T,
k19 — L/ "kgdT  (20)
9 Ty — Tps T, g

— P9 and 9 are defined by formulas like
Eq. 20,

— the Knudsen flow effect appears as the
temperature jump at the granule surface
Ty > Tpy and then the temperature dif-
ference term (T — T}s) in Fq.20 should be
replaced by ¢(T, — Tpy) where

2—-6 Tps Kn
8 1+7T, Prps

p=1+4 (21)

e gas-particle momentum transfer

— the corresponding equation can be written
in the form of ODE for a granule velocity

dv,  3Cp(Re)pgy
S L D () — ) v — 22
a idypy (vg — vp)|vg — vp|, (22)
— where Cp is corrected for the Knudsen ef-
fect by Cp = Cp¢®5,
— initial condition: v, = vy for £ =0,
4.2.2 Effects of plasma-injected granule inter-
action

The model, that can be seen as the extension of the
concept [6] and the procedure described in [41], is pro-
posed in [47] with the following assumptions:

Region Assumption

in local thermodynamic equilibrium (LTE),
optically thin

plasma gas
(argon under
atmospheric

pressure)

flow steady, laminar, axisymmetric,
negligible viscous dissipation

electromagnetic one dimensional

field

no particle-particle interactions,
no internal heat transfer in the

injected particles

particle
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The problem is described by energy and momentum
balance laws, continuity and mass transfer equations,
electromagnetic field equations, the particle trajectory
equations, and initial and boundary conditions. Equa-
tions and laws as well as the information circulation
between them is shown in Fig. 12, and the initial and
boundary conditions are

e Initial condition

— all particles (granules) have zero initial ra-
dial velocity, i.e. U](,e-) =0
e boundary conditions for the electromagnetic
field set at r=0and Ly <z < Ly

_7T
X=3
By =0

—Zz

Bz = Bcoo {[Rg-l-(lizz—z)z]l/? _—

L1—2 }
[R2+(L1—2)?]/?

e total power input to the plasma Py is specified
as an integral boundary condition,

Py =a.P=27 szzle :i)o Pdrdz,
where . =(%)Y/? should be specified,

e boundary conditions for the plasma field

— inlet conditions at z =0

Uz =0,

Up :%1“ r<nr,

Uy =0 r1 <7 < T
_ Q2

Ur = odorzy T2STSTS
— Qs

Ur = oD rg <r < Ry,

T = 350K,

y =0,

— centerline conditions at (r = 0)

v, =0,
ov,
ar 0,
OH
o O
Oy
J =90
or ’
— wall conditions at r = Ry
Vp = v, =0,
x OH
RO s
cp Or w wo),
Oy
4 =0
or ’
Two = 350K,
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— Exit conditions at (z = L) for sufficiently
large Peclet number i.e. Re- Pr

65’5 =0
a—z ~ 0.

The solution algorithm for this problem is:

e (step 1) compute electromagnetic fields: Eg, Hz,
and ¥,

e (step 2) neglecting effects of injected particles,
compute temperature 7 and velocity fields v,
v, for plasma,

o (step 3) evaluate plasma fields: Ty, Urp, Uzp,

e (step 4) calculate particle source terms: Sp, SE,
SM
p b

e (step 5) evaluate new plasma fields: T, vitt,

vitL,
e repeat steps 3, 4 and 5 unless all field of plasma
remain unchanged.

This model of plasma spraying can be used to inves-
tigate effects of particle size and loading, and carrier
gas flow rate.

4.2.3 Wire-arc spraying model

In the wire-arc spraying process, the arc is struck be-

wrivoa Fhat i
wires that melt as the wires are

tween two metallic
continuously fed through the torch head. A model
describing the entire wire-arc spraying process is de-
veloped by Kelkar at. al. in [32] and consists of
three parts: a gas dynamics model based on [8], an
arc model following [33], and a plasma jet model pro-
posed using the (k — £) turbulence concept [23]. The
following simplifications are considered in this propo-
sition:

e wire-arc spraying is the quasi-steady process,

e instabilities of the arc discharge and wire melt-
ing are not considered,

e the plasma is in LTE,

e the two-equation turbulence model (k — ¢) [23]
is used in the plasma jet to predict the influence
of small scale eddies on the mean flow,
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Electromagnetic field equations

14 (rEy) = powB, sin x
dﬁ = —gFEpcosy
dx __ oEo .: _ powB,
o = Frsiny B = COS X

Eg

B,
Eq

[ Source terms ]
Plasma balance equations |
Mass source term
Mass continuity (LE)y dmy, ™
18 i =g [7] S5 = Lk O t<“°)
T or (TP’Ur) + ﬁ(WZ) = p e AR k)
1 CUk) = i
Axial momentum conservation o N
(Lk) — 0
plvp 8 + v, B) = M7 4 N Rt Ny
pg + 2%(% us) — %5 = Radial momentum source term
e (4,k) A(mpvrp)
+2 E [ngr(GE + G2 Spis = L. Cii H)
{
. Axial momentum source term
Radlgi mome;icum cor;;srvamon §M: = 3 C’( k) Almypvap)
plor G +uy55) = S + It p.ij (&) TR
aP
+1‘8r(r”9 B’r)#@-’? S
50 a_vi 9 u v ource term for energy
+Z (g ( % + %=)) - - _5 C(] BIQWR 4 U
Radial body force actmg on p ij (@ J) p,iJ v,1J
plasma gas in discharge region (Le) _ 1 Gt dz (T —7tENg
Fr = —pooEgB, cos x o Qpyij 0 fo mdgh( piij )dr
! (@) 15"
Qpij = t“ w o FA(Ty—
Energy transfer equation (L dd
ooy 6}: + vy 62) SE—(—P Q- I ) g PordT
8H a 8H
FrErEEN + HES) T,
Heat generation - Joule heating Temperature
P =oE; Q = nd2[h(T — T,) — kpe(TE — T}
T where
dT,
. Q=(% descp)
M £ t 6 dt
assézrans (;;eqﬁaston forT <Tppand T, < T <1y
plur gy +vz35z) - Q= (Zppd3Hm) % for T = Tpn
rarDE + &D% 0 = (—Zppd2H,) % for T =1
=g Pplptiv) g =4
T
Particle trajectory
dv,
th = _%CD(vzp - vz)UR(b;%p) +g
dv,-
%2 = —2Cp(vrp — v)Ur(F5)
/(Vap — 0:)? + (Urp — vr)%; Re = Re(Ur) Urp
Cp= f{l for Re < 0.2
Ur, V2, Y, Uzp
H(T)—T Cp R(1+16Re)f0r02<Re<20
Cp=£50+ 0.11Re™®1) for 2.0 < Re < 21.0
Cp=fE0+ 0.189Re%%%) for 21.0 < Re < 200
Nu = 2 —20+0.515Re"?

Fig. 12 The scheme for the model of plasma spraying proposed by Proulx at. al. [47]
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o the effect of metal vapor, produced in the area
of electrode wires, on flow variables of plasma is
neglected,

e the effect of oxidation of molten droplets is also
neglected,

e the deposition process of molten droplets on the
substrate is not modelled.

Regions appropriate for the three sub-models are de-
picted in Fig. 13.

Fig. 13 Regions corresponding to sub-models for the

wire-arc spraying process
The three sub-models are developed for various ge-
ometries:

Model Dimension | Coordinate system
gas dynamics 3-D curvilinear
model coordinates (zi,¢ = 1,2,3)
arc model 3-D cylindrical (r, z, 8)
plasma, jet model | 3-D Cartesian
coordinates z, y.z

Unfortunately, the authors of [32] do not show how
the corresponding model variables commute.
Variables of sub-models: density, velocity, tempera-
ture (enthalpy), and characteristics of electrical field,
are calculated sequentially and the mathematical
model of wire-arc spraying is shown in Fig.14

An electric arc interacts with a cross flow of air and
due to this disturbance the arc becomes concave fac-
ing the upstream direction and the air stream loses
symmetry and becomes three-dimensional. The arc

model is developed with the following simplifications:
e plasma is in LTE,

e turbulence and instabilities occurring in the arc
region are neglected,

e plasma is optically thin, i.e. the radiation from
plasma is accounted for by using an optically
thin radiation loss per unit volume,

e pressure variations are neglected,

e thermodynamic equilibrium and transport prop-
erties are assumed for plasma at pressure 100
kPa.
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Fig. 14 Geometry of boundary conditions for the arc
model

Boundary conditions for three sub-models are listed
in the following table:

Sub-model Boundary conditions
gas dynamics | nozzle profile given in [32] inlet
model pressure 500 kPa,

inlet temp. 300 K,
exit velocity for the nozzle is 1.5 - 1.0 Ma

arc model wire electrodes approximated by 3-3 mm
areas [pars| and [jklm],

order of spacing between electrodes

is a few mm,

temp. of [pqrs] cathode is 3000 K,

current density distribution imposed on [pqrs]
is constant in y-direction and in z-direction

is defined by

J = jmaz exp{—blz — zc]), b= 1.93mm™?,
temperature of anode [jkim] is given by
measurements in [27],

anode is iso-potential surface,
temperature of inflowing gas on face
[ABCD] is 1000 K,

temperature of inflowing gas is specified,
normal velocity of gas at face [EFGH] ensures
the global mass conservation,

no current leakages are allowed outside of the
numerical boundaries apart from electrodes,
normal component of velocity is zero at the

numerical boundaries

This mathematical model of spraying can be improved
by including one of the semi-empirical sub-models for
particle break-up and transport. These sub-models
can be split into four parts: cathode primary breakup,
anode primary break-up, droplet flow, and secondary
breakup.

5 Notations used in schemes

Symbols used in the schemes for TIG thermal plasma,
which follow the recommendations of the IUPAP-25
document [11] and NRL Plasma Formulary [29], are
described in the following tables:
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Fig. 14 The scheme for the model of wire-arc spraying proposed by Kelkar at. al. [32]
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Symbol Description

A thermionic emission constant for a surface of
cathode

Ap Richardson’s constant

By azimuthal magnetic field

B, axial magnetic field intensity

Beoo magnetic field intensity for an infinite solenoid

Cp specific heat at constant pressure

cW particle concentration of species i = e, h,a

Cp, Cp integrated mean heat capacity, heat capacity

Cp(Re) drag coefficient, function of a granule Re

D diffusion coefficient or thermal diffusivity (m?>/s)

Dia diffusion coefficient of ions in neutral atoms,

D(e), De.. thermal diffusion coefficient of electrons, self
diffusion coefficient of electrons

Dpfn—ar binary diffusion coeflicient of Mn in Ar gas

D, ambipolar coefficient

D electron diffusion coefficient

dp sprayed granule diameter

elementary charge and also index for electrons

energy exchange

o,
o
3

-,
o
3
5

ionization energy

electric field

|
o]
<]

[
Il
l 3
kol
&

radial, axial and circumferential

components of the electric field

total energy

ko

turbulence energy in plasma jet model

tf ] {5 £ b B Bl ©
|
Q|

o

energy dissipated due to turbulence

fi fraction of fluid

g acceleration due to gravity

gr statistical weight of excited state or multiplicity
of energy state called also the degeneracy in
Saha eq.: r = 1 for ions, r = 0 for neutrals

h heat transfer coeflicient

G Saha function

H, H® total, ion, electron, and at wall enthalpy

H(C)’ He

(2, 7) Iocation of a typical cell

Jemis Jrep current density of emitted and repelled electrons

Jiot total current density

Jrs Jion Richardson density, ions density accelerated
towards cathode

J(i), J© ion and electron current densities

Jey Ja current density ”to cathode” and "to anode”

j current density

k entropy of vapor segregation

kg Boltzmann constant

ky rate constant for net production of electrons due
to electron impact ionization defined in [40]

kr rate constant for net production of electrons due
to three-body recombination defined in [40]

K, Koz drag index and maximum drag index in the
source term

Kn Knudsen number

1, k) superscript: particles with initial diameter d;
and injected at radius 7

lop distance between plasma particles

LYop heat of vaporization of species %

L, boundary layer radius

Ly

Ly lengths (dimensions) of torch

Lt

Ma, ) mass of particle

Mion

Am;l’k) amount of mass evaporated by a particle
with (I, k) trajectory in cell (¢j)

7, n(® number densities: total, electron, ion

n®

h;’i)od production of electrons due to chemical
reactions, ionization and recombination

Ny particle size distribution

Np represents the fraction of NtU injected at
each point over the central tube

n;;) density of electrons and ions at the sheath edge,

npdp density of plasma electrons at the sheath edge

Symbol Description

Na, Nr number density of neutral atoms, in Saha
equation: for 7 = 1 number density of ions,
for r = 0 number density of neutral atoms

n)* n number density of electrons and neutral atoms
under conditions of LTE at T'

NiD total number of particles injected per unit time

NOWR) total number of particles pre unit time
travelling along the trajectory (I, k)
corresponding to a particle diameter dj
injected at the point 7%

Nu Nusselt number

P pressure

P = crE; volumetric rate of heat
generation due to Joule heating

Pry Prandtl number at the boundary surface (wall)

Pr,, Prandt]l number = %’—"—

Pry Prandtl number at anode surface = cp:A’" lsurs

Pry. Prandtl number at a granule surface

da s dc energy flux density to anode and to cathode

Qa,elec electronic, radiative, and convective contributions

da,rad to energy flux density to anode

qa,conv

Grad,i,j radiative energy density flux received by
surface element ¢ from volume element j

Quap heat loss from cathode due to vaporization

Q net heat exchange between a particle (granule)
and its surrounding

Q1 powder carrier gas flow rate

Q2 plasma gas flow rate

Qs sheath gas flow rate

Qg ‘f?) heat given to a particle

Qf}l”;) super-heat need to bring the particle vapors
into thermal equilibrium with the plasma gas

T3, direction vector from S; to

r, 2 cylindrical coordinates

R ideal gas constant

R, radius of cathode spot

Sy differential surface in the radiation view
factor relation

Se Schmidt number = 5—"——

Mn—Ar

Sr radiation source, also heat lost due to radiation

SR,i,j plasma radiation emission coefficient

So particle source term in continuity equation

Sf particle source term in energy equation

ST particle source term in radial momentum equation

SM= particle source term in axial momentum equation

tgfk) residence time of the (I, k) particles in the ij cell
of volume Vi

T, temperature,

Te ambient temperature

T. cathode temperature

T, reference temperature for Bousinesq’s
approximation (1523K)

Ty bulk combustion gas temperature

T temperature of electron gas,

7e)a temperature of electron gas at anode,

TS), temperature of the electron gas at the sheath edge,

T, Ts liquidus and solidus temperature

Tpo initial particle temp. at the time of injection

Tps particle surface temperature

Tpu temperature at the immediate granule vicinity

Two external surface temperature of a tube (torch)

Ty granule temperature

T melting point temperature

Ty boiling point temperature

UBohm Bohm velocity

[ specific internal energy

U radiation emission coeflicient

Up total internal energy

Ur relative speed between a granule and a plasma gas

Ur, Uz axial and radial velocities

Ve local speed of sound

Vg plasma gas velocity

Vp granule velocity

Vpo granule injection velocity

vE radial velocity at the edge of anode boundary layer
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Symbol | Description

Uff? granule initial velocity

Vgif flow at the region of input flow

v mean velocity of electron

v(@ gas velocity component

vlPD components

vipl) of plasma

vgpl) velocity

v ionization potential of plasma

Vv, voltage, electric potential,

Va anode fall voltage

Ve, cathode fall voltage,

Ved voltage of electrons repelled

Vis cell (i7) volume

w torch tube wall thickness

W work function of the anode material

Wen energy exchange per volume unit due to elastic
collisions of electrons with heavy particles

z liquid fraction of a granule

Y particle vapor concentration

Ze center of cathode

A vector potential for magnetic field

B magnetic field

J electric current density vector {J,, J., Jo}

q(e), heat flux vector for electrons

q® heat flux vector for ions

uled, drift velocity for electron

ul® drift velocity for ions

v velocity vector {vn,, Uz, Ve }

3 a=1+2pD® /50 nm O m,D..

Qe correction factor to electric and magnetic field

Qrec three-body recombination coefficient

¥ weld pool surface tension

F(E)

r® electron and ion fluxes

Tps specific heat ratio

8i4 Kronecker’s delta (tensor)

€ surface emissivity

er, (o) integrated volumetric emission coefficient

K total thermal conductivity

Kc thermal conductivity of quartz tube (torch)

Kp granule conductivity

Ks thermal conductivity for species

£ electron gas thermal conductivity

) heavy particle gas thermal conductivity

m;tg integral mean thermal conductivity

Ao wavelength [nm]

Ay latent heat of vaporization

n viscosity

[ thermal accommodation coefficient

140 permeability of free space = 4m X 10~7 [Hm‘l]

g gas viscosity

P permeability of electrode material

pffg integral mean values of gas viscosity

Utot total viscosity containing both the
laminar and turbulent {eddy) components

I mass-averaged viscosity coefficient

Iz kinematic viscosity

Ve collision frequency

P electron gas density

o) ion mass density

Pw mass density in the edge of boundary layer

or reference density for Bousinesq’s approximation
(7200 kg/m?)

Pp density of a granule material

pgtg integral mean value of granule material density

o electrical conductivity of electron gas

(@ electrical conductivity

o(v) collision cross section

T shear stress tensor corresponding to strain rate
tensor in [57] scheme

T relaxation time

[N Cathode work function, and coefficient of thermal
diffusion for the electrons

& effective work function of the electrode materials at

() room temperature

X phase angle x = ¢B — ¢E
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Symbol

Description

angle between a direction of radiation and a surface
unit vector

oscillation frequency

Wswy

specific volume

Q;
wj

differential volume in the radiation view factor
relation

subscript of values taken at the wall

swWp

index for values taken on the surface of weld pool
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