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Abstract:

A three-dimensional numerical model has been developed to investigate the fluid flow and heat transfer

behaviors in multilayer deposition of plasma arc welding (PAW) based wire and arc additive manufacture

(WAAM). The volume of fluid (VOF) and porosity enthalpy methods are employed to track the molten pool

free surface and solidification front, respectively. A modified double ellipsoidal heat source model is utilized to

ensure constant arc heat input in calculation in the case that molten pool surface dynamically changes. Transient

simulations were conducted for the 1st, 2nd and 21st layer depositions. The shape and size of deposited bead and

weld pool were predicted and compared with experimental results. The results show that for each layer of

deposition the Marangoni force plays the most important role in affecting fluid flow, conduction is the dominant

method of heat dissipation compared to convection and radiation to the air. As the layer number increases, the

length and width of molten pool and the width of deposited bead increase, whilst the layer height decreases.

However these dimensions remain constant when the deposited part is sufficiently high. In high layer deposition,

where side support is absent, the depth of the molten pool at the rear part is almost flat in the Y direction. The

profile of the deposited bead is mainly determined by static pressure caused by gravity and surface tension

pressure, therefore the bead profile is nearly circular. The simulated profiles and size dimensions of deposited

bead and molten pool were validated with experimental weld appearance, cross-sectional images and process

camera images. The simulated results are in good agreement with experimental results.
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1. Introduction

Additive manufacturing (AM) is attracting increasing interest from academic and industrial communities due

to the advantages of low production costs, short lead time and materials saving. AM technologies, especially

li2106
Text Box
International Journal of Heat and Mass Transfer, Volume 124, September 2018, Pages 504-516
DOI:10.1016/j.ijheatmasstransfer.2018.03.085


li2106
Text Box
Published by Elsevier. This is the Author Accepted Manuscript issued with: Creative Commons Attribution Non-Commercial No Derivatives License (CC:BY:NC:ND 4.0).  
The final published version (version of record) is available online at DOI:10.1016/j.ijheatmasstransfer.2018.03.085. Please refer to any applicable publisher terms of use.





2 / 28

those for metallic materials, have experienced striking advances over the last decade [1]. There are three main

categories of AM processes which are based respectively on laser, electron beam and arc welding, and they have

occupied different competitive positions for the direct manufacture of metallic parts [2-4]. Laser-based AM

processes are capable of fabricating small parts with fine shape detail and lattice structures with high complexity;

Electron-beam-based AM processes fabricate parts with high chemical purity; while arc-based AM process, i.e.

wire and arc additive manufacture (WAAM), is characterized by a high deposition rate and low equipment costs

[4]. WAAM utilizes metal wire as the feedstock, gas metal arc welding (GMAW), gas tungsten arc welding

(GTAW) or plasma arc welding (PAW) as the heat source, and manipulation is done with either a robot or

numerical control system. It is suitable for fabricating medium to large scale metal parts, including titanium

structures for aerospace application. As the GMAW process of titanium is easily affected by arc wandering

which results in increased surface roughness, GTAW or PAW are currently used for titanium deposition [5-6].

The higher energy density of PAW leads to a higher deposition rate and lower surface roughness [7].

One of the main requirements for automatic deposition is to know the shape and size of the deposited bead

[8]. Bead modelling work using empirical models or artificial neural networks can establish the relationship

between deposition parameters and bead shape [8-10]. The dependence of bead shape on thermal history and

base surface condition are often ignored to save time in these studies. The deposited bead shape and size are a

consequence of heat transfer and fluid flow in the molten pool. So an accurate bead prediction should combine

experimental observation and fluid models. Numerical modelling of the molten pool can provide predictions,

not only for molten pool shape and deposited bead shape, but also for the mass and heat transfer process, which

is critical for understanding and control of the microstructure evolution of the deposited parts [11]. For most

metal materials, coarse primary columnar grains are formed in the WAAM process [12-13], there is a big

demand for a microstructure control method. Recently, the authors [14] developed a three-dimensional

numerical model of an electric arc based on magnetic fluid dynamics for arc based additive forming process

with pure argon shielding gas. The influence of base surface topographies on the deposited bead shape and the

heat and mass transfer of electric arc were investigated in detail. However, to the best knowledge of the authors,

computational fluid flow (CFD) modeling of the WAAM process is still in its infancy.

Despite much more complex deposition conditions and paths, the WAAM process has similar molten pool

dynamics to conventional arc welding. There are a large number of studies devoted to CFD modeling of arc

welding. Tanaka [15], Murphy[16] and Traidia [17] presented unified two-dimensional models for GTAW. Wang
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[18] developed a 3D unified model for double electrodes GTAW. Hu and Tsai [19-20] also developed a 3D

unified model to study the transport phenomena including arc plasma, droplet generation, transfer and

impingement, and the molten pool dynamics in GMAW. These unified models treat electrodes, plasma arc and

molten pool in a whole model, providing more accurate results at higher computational cost. In contrast, the

separated model is a more economical choice if the molten pool is of more interest in the simulation. In separated

models, the free surface of the molten pool needs to be calculated through profile equilibrium method [21], VOF

method [22-27], or Level-set method [28]. Empirical Gaussian distributions of heat flux and current density are

often used on the free surface. So far, 3D separated molten pool models have been widely used for GMAW or

GTAW to investigate groove welding [23], pulse welding [22, 26], humping formation [24], the ripple and crater

formation [25-27], and other problems.

As for PAW, there are very limited numerical studies due to the higher physical complexity of the squeezed

arc. Wang [29] developed a 3D transient model for PAW process using Level-set surface tracking and geometry-

dependent heat source and arc pressure distribution. Sun [30] used the molten pool surface deformation equation

to calculate the real-time keyhole evolution in PAW process. Zhang [31] used VOF method to calculate the

keyhole free surface. The coupling of the arc plasma, molten pool and keyhole are considered. Jiang [32]

developed a unified axisymmetric model to quantitatively analyze the thermo-physical mechanisms in stationary

keyhole PAW. Most of the above literature focuses on keyhole welding of plates. However, deep penetration

and keyhole formation are avoided in the WAAM process as it causes excessive fluidity harmful for continuous

deposition with potential for forming keyhole induced defects. So appropriate modifications have to be made to

such models, in particular the heat source and arc pressure for the WAAM case. And considering the

computational cost, the separated model is a more practical choice than unified model for the transient

simulation of PAW-based WAAM process.

The thermo-physical behaviors of WAAM process are more complicated than those of conventional arc

welding because the deposition conditions vary with each layer in terms of temperature history, cooling

condition and base surface morphology. In this study, a three-dimensional numerical model was developed for

analysis of heat transfer and fluid flow in multilayer deposition of PAW-based WAAM. Multilayer thin wall is

the most common deposition style in WAAM. Transient simulations were conducted for the 1st, 2nd and 21st

layer depositions. Dynamic evolution of the molten pool surface was calculated, taking into account the effects

of surface tension, Marangoni force, arc pressure, and arc shear stress. The shape and size of deposited bead
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and molten pool were predicted and compared with experimental results.

Nomenclature

Amush mushy zone constant, kg·m-3·s-1 s vector tangent to the local free surface

AW cross-sectional area of wire, m2 SC mass source terms, kg·m-3·s-1

ag1~ag7 coefficients used in arc shear stress mode T Temperature, K

a1 front ellipsoid radius of heat source model, m TL liquidus temperature of metal, K

a2 rear ellipsoid radius of heat source model, m TS solidus temperature of metal, K

b half width of heat source model, m Tref reference temperature, K

c depth of heat source model, m Tamb ambient temperature, K

cp specific heat, J·kg-1·K-1 t time, s

Fg body force, N·m-3 U arc voltage, V

Fap momentum source of arc pressure, N·m-3 x x-coordinate value, m

Fas momentum source of arc shear stress, N·m-3 x0 x-coordinate value of starting location, m

Fjb momentum source of electromagnetic force, N·m-3

Fms momentum source of enthalpy- porosity model, N·m-3 y y-coordinate value, m

Fma momentum source of Marangoni force, N·m-3 y0 y-coordinate value of starting location, m

Fst momentum source of surface tension, N·m-3 z z-coordinate value, m

F volume fraction function of fluid zs z distance to free surface, m

Farc total arc force, N·m-3 z0 z-coordinate value of starting location, m

Fjbx x component of electromagnetic force, N·m-3 V velocity vector, m·s-1

Fjby y component of electromagnetic force, N·m-3 VT welding travelling speed, m·s-1

Fjbz z component of electromagnetic force, N·m-3 VW wire feeding speed, m·s-1

fl liquid fraction Vy y component of velocity vector, m·s-1

g acceleration of gravity, m·s-2 Greek symbols

ga distribution function of arc shear stress Β thermal expansion coefficient, 1·K-1

h enthalpy, J·kg-1 γ surface tension coefficient, N·m-1

hconv heat convection coefficient, W·m-2·K-1 / Tγ∂ ∂ surface tension temperature gradient, N·m-1·K-1

hsum combined heat transfer coefficient, W·m-2·K-1 ε radiation emissivity

∆H latent heat of melting, J·kg-1 ε0 a small number to prevent division by zero

I deposition current, A η arc heat efficiency

k thermal conductivity, W·m-1·K-1 κ curvature of free surface, 1·m-1

kb Stefan-Boltzmann constant, W·m-2K-4 μ Viscosity, Pa·s

L0 thickness of base plate, m μm permeability, H·m-1

n vector normal to the local free surface π circumference ratio

p pressure, Pa ρ density, kg·m-3

pst surface tension pressure, Pa ρ0 metal density at ambient temperature, kg·m-3

parc arc pressure, Pa ρgas density of gas phase, kg·m-3

qarc arc heat source, W·m-3 ρmetal density of metal phase, kg·m-3

qmetal energy of the feeding metal, W·m-3 σp distribution of plasma arc pressure, m

Pmax maximum of arc pressure, Pa σj distribution of arc density, m

r radius value of XY plane, m τmax maximum of arc shear stress, Pa
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rd parameter used in arc shear stress model, m τ̂ unit vector of arc shear stress

r radius vector of XY plane, m τarc arc shear stress, Pa

RM radius of mass input spherical region, m τma Marangoni shear stress, Pa

2. Experimental procedure

Titanium alloy (Ti-6Al-4V) parts were deposited using DC plasma power welder in an argon filled glove

chamber as shown in Fig. 1. The motion of the torch was controlled by a numerical control program, and the

shielding gas was pure argon. The nozzle diameter was 3.9 mm, the tungsten electrode setback was 1.4 mm and

the vertex angel was 45º.

The deposition process was monitored using a process camera (Xiris XVC-1000e) which was set to acquire

images at a frequency of 25Hz. During deposition, the width and height of deposited bead were measured using

a caliper and height gauge after each layer. After deposition, the cross-sections of the deposited parts were

obtained with metallographic analysis and microscopic inspection. The characteristic dimensions of deposited

bead and molten pool were measured based on images acquired by the camera and metallographic test.

The deposition parameters shown in Table 1 were used for both experiments and simulations. This set of

parameters results in sound deposition in practical production. For better comparison, each layer deposition

started at ambient temperature.

Table 1 Used deposition parameters

Parameters Value(unit)

Deposition welding current 180 A

Deposition arc voltage 23 V

Deposition welding speed 300 mm/min

Wire feeding rate 2.2 m/min

Plasma gas flow rate 1 L/min

Shielding gas flow rate 15 L/min

Ambient temperature 300 K

Wire diameter 1.2 mm
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Fig. 1. Diagram of the experimental setup

3. Mathematical models

A three-dimensional numerical model was developed to investigate the heat and mass transfer in the molten

pool of PAW-based WAAM process. As the molten pool and deposited bead are of main interest, the plasma arc

and tungsten electrode were not included in the present model. The governing equations were solved using the

FLUENT CFD code. The liquid metal was considered to be a Newtonian and incompressible fluid. The heat

and mass loss caused by the liquid metal vaporization was ignored.

3.1 Governing equations

The geometry model of computational domain is shown in Fig. 2. The VOF method was used to track the

dynamic gas-metal interface, i.e., the free surface of molten pool and solidified bead. Initially, the lower part is

filled with metal which represents the base plate. The following governing equations are calculated in the whole

domain.

Continuity equation:

( ) cS
t

ρ
ρ

∂
+∇⋅ =

∂
V (1)

Momentum conservation equation:

ms g jb st ap ma as( ) ( ) ( )p
t
ρ ρ µ

∂
+∇ ⋅ = −∇ +∇ ⋅ ∇ + + + + + + +

∂
V VV V F F F F F F F (2)

Energy conservation equation:

( ) ( ) ( ) + +arc metal lossh h k T q q q
t
ρ ρ

∂
+∇⋅ = ∇⋅ ∇ +

∂
V (3)

VOF conservation equation:
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( ) 0
F

F
t

∂
+ ⋅∇ =

∂
V (4)

Two-phase (argon and titanium alloy) flow model was used. In this case, volume fraction function F=1

corresponds to cells full of metal fluid, while F=0 corresponds to cells empty of metal fluid. Cells with F lying

between 0 and 1 are located in the free surface. The gradient direction of F is the normal direction of free surface.

Fig. 2. Schematic of geometry model for simulations

3.2 Phase change model

The enthalpy-porosity technique [33] was applied to model the solid-liquid mushy zone as a porous medium

with porosity equal to the liquid fraction. The liquid fraction was used to implicitly track the solid-liquid

interface. This technique treats mushy zone as porous region, the porosity equals liquid volume fraction fl.

Liquid fraction between solidus and liquidus points is assumed to vary linearly with temperature.

0 ( )

( )

1 ( )

S

S
l S L

L S

L

T T

T T
f T T T

T T

T T

 ≤


−
= < <

−
 ≥

(5)

A source term was added to momentum equation to extinguish the velocities in the mushy zone and fully

solidified region.

2

3
0

(1 )

( )
l

ms mushy

l

f
A

f ε

−
=

+
F V (6)

where ε0 is a small number (0.001) to prevent division by zero; Amushy is the mushy zone constant which
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determines how fast the velocity drops to zero as the material solidifies. Values between 104 and 107 are

recommended by the FLUENT for most computations. In the present study, through trial and error, an Amushy of

about 2×106 is used to achieve both fast velocity drop and convergent computation.

Meanwhile, the latent heat ∆H related with phase change was taken into account as enthalpy in the energy

equation and was calculated as follows.

p lh c T f H= + ∆ (7)

3.3 Body forces

The body forces exerted in the metal region include gravity, buoyancy force and electromagnetic force. The

Boussinesq approximation was employed to consider buoyance force. The momentum source term for gravity

and buoyancy force can be expressed as follows.

( )g LT Tρ ρβ= − −F g g (8)

The simplified equations [34] were used in the present study to calculate the three components of

electromagnetic force Fjb. It should be noted that Eq. (9) is written in the workpiece coordinate frame rather

than the arc coordinate frame. The location (x0, y0, z0) is the starting point of each layer deposition. When using

a welding current of 180A, the maximum components are in the order of 104 N/m3. The overall effect of the

electromagnetic force is to drive the liquid at the center of molten pool downwards.
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3.4 Driving Forces on free surface

The driving forces on the free surface of the molten pool include surface tension, Marangoni force, arc

pressure and arc shear stress. In the PAW process, these four forces play critical roles in affecting the shape of

the free surface and the flow pattern in molten pool. The calculation accuracy is related with the accuracy of
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interface tracking. According to the VOF algorithm, the interface is determined by tracking cells with volume

fraction between 0 and 1. This implicit interface is not a real boundary of computational domain. Hence, all

forces on the free surface should be interpreted as continuous volumetric force terms.

The surface tension pressure normal to the free surface can be expressed as:

stp γκ= (10)

The Marangoni shear stress is calculated as follows:

ma

T

T

γ∂ ∂
=
∂ ∂

τ
s

(12)

In GTAW simulations, the arc pressure is often approximated as Gaussian density distribution. The peak

pressure and distribution parameter are related with welding current and electrode tip angle.

2 2

max2 2 2
exp( ) exp( )

2 2 2
arc

arc

p p p

F r r
p P

πσ σ σ
= − = − (13)

In advance of this work, the arc pressures were measured through the small-hole method. In this method, a

thick water cooled copper plate was used as the anode. In the center of anode there was a 0.3 mm diameter hole

through which the arc pressure was measured with a pressure sensor. The measuring procedure is similar to the

method in reference [35]. The measured results show that although the arc pressure acting on the free surface is

much larger than that in GTAW, the arc pressure can still be approximated as a Gaussian density distribution for

simplicity. Fig.3 presents the comparison of the measured data and the Gaussian distribution used in our

simulation. The peak pressure 1650 Pa and the distribution parameter 0.78mm were obtained through nonlinear

curve fitting based on experimental data.

Fig.3 The arc pressure value used in simulations
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Arc shear stress is a drag force caused by the arc plasma moving radially outwards on the molten pool surface.

Arc shear stress is a function of the dynamic viscosity and radial velocity of the shielding gas. As the welding

speed is low in the WAAM process and plasma velocity is very high, the arc shear stress is assumed to have an

axisymmetric distribution. An empirical axisymmetric distribution was employed in the study.

max
ˆ( )arc ag rτ=τ τ (14)

3 2
1 2 3 4

5 7

6

( )

( )
exp( ) ( )

g g g g d
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(15)
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−
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


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For simplicity, the coefficients ag1～ag7 and rd in reference [35] were used in the study. The peak arc shear

stress was estimated to be about 80 Pa according the analytical deduction method presented in reference [36].

The arc shear stress has an axisymmetric distribution, which is acceptable as the welding speed is low and

plasma velocity is very high in the WAAM process. It should be noted that the dependency of arc pressure and

arc shear stress on surface deformation was ignored in this study.

Using the continuum surface force [37] method, the surface forces in the normal direction such as surface

tension and arc pressure can be reformulated as volumetric force terms as follows.
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Surface shear forces such as Marangoni force and arc shear stress can be reformulated as follows.
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3.5 Mass input model

Unlike the GMAW process where metal droplets impinge onto the molten pool with a large velocity, the

typical scenario of PAW is that the wire touches molten pool during deposition, the wire is melted and flows

into molten pool at a comparatively low velocity. In the present study, the mass feeding process was modeled

as a source term in a spherical region at a specific location. The location was determined according to the actual

experimental setup. As mentioned above, side direction wire feeding was used, the mass input position was

3mm behind the arc center. According to the camera observation of the wire melting and transfer to the molten

pool, the spherical region was chosen to be 0.6mm radius, the initial velocity was about 0.1m/s in the negative

Z direction. And the temperature was chosen to be 2600K according to the results in literature [29-31].

If the mass loss due to evaporation is ignored, the source terms of mass can be written as

0 34/ 3
W W

c

M

A V
S

R
ρ

π
= (21)

2600

( )
ref

metal C p

T

q S H c dT= ∆ + ∫ (22)

where ρ0 is the density at ambient temperature, AW is the cross-sectional area of the wire, VW is the wire

feeding speed, RM is the radius of the spherical region.

3.6 Arc heat source model

According to reference [38], the arc heat efficiency is estimated to be about 0.53 for the case of this study.

Then the heat of arc heat source model can be written as Eq. (23). The second term on the right hand of Eq. (23)

is the heat of melting metal wire.

34/3arc M metalQ UI R qη π= − (23)

Studies [31-32] show that a combined double-ellipsoidal and conical volumetric heat source produce results

that agree with experiments better if the keyhole effect cannot be ignored. As stated earlier, deep keyholes are

avoided in the PAW-based WAAM process to ensure the success of deposition. Therefore, a modified double-

ellipsoidal volumetric heat source model was employed in the present study.
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Fig.4 The adaptive double-ellipsoidal heat source model: (a) an example of distribution; (b) the variation of

total heat input during the 1st layer deposition.

It should be noted that Eq. (24) is written in the workpiece coordinate frame. The point (x0+VTt, y0, z0) is the

current location of arc bottom center. The distribution parameters a1, a2, b and c were determined using the

method presented in previous work [38]. Considering the free surface is highly deformed, the modified heat

source equation Eq. (23) uses zs, the distance to interface in the Z direction, instead of fixed Z coordinate. Fig.4

(a) shows a typical case of arc heat distribution in which the free surface is obviously curved. It can be found

that the modified heat source model is actually a volumetric reformulation of double elliptic surface heat source.

In the simulation for the 1st layer deposition, the total heat input power was calculated by integrating heat input

density in the whole volume, and is shown in Fig. 4(b). The result shows that the total heat input remains

constant during deposition regardless of the dynamically varying surface shape of molten pool. This heat source

model shows better adaptability to a deformed free surface than the conventional double ellipsoidal heat source

model.

3.7 Boundary conditions

The boundary conditions used in the present study are listed in Table 2.

Table 2 Boundary conditions

Boundary Type Momentum Energy

ABCD, DAEH, CDHG, BCGF Wall V=0 Eq. (24)
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IJKL, HEIL, GHLK, FGKJ Pressure outlet Atmosphere Pressure T=300K

ABJI Symmetry 0, / 0yV n= ∂ ∂ =V / 0T n∂ ∂ =

The convection and radiation boundary conditions were used to describe heat loss of external boundaries.

( )sum amb

T
k h T T
∂

− = −
∂n

(25)

4 4( )

( )
amb

sum conv b

amb

T T
h h k

T T
ε

−
= +

−
(26)

It should be noted that convection and radiation also occurred on free surface. The corresponding heat loss

can be reformulated as volumetric heat source using continuum surface force method [37].

(1
  

)
( )

1
( )

2

meta

loss

l gas

sum amb

metal gas

F F
h T T Fq

ρ ρ

ρ ρ

+ −
= − ∇

+

(27)

The material used for the wire and base plate is Ti-6Al-4V. The detailed values of thermo-physical

properties and other physical variables used in this study are listed in Table 3.

Table 3 Thermo-physical properties of Ti-6Al-4V and other physical variables

Property, (unit) Value

Solidus temperature, (K) 1878 [40]

Liquidus temperature, (K) 1928 [40-41]

Density at ambient temperature, (kg m−3) 4420 [41]

Specific heat of solid metal, (J kg−1 K−1) temperature-dependent[41]

Thermal conductivity of solid metal, (W m−1 K−1 ) temperature-dependent[41]

Viscosity, (Pa·s) 0.005 [40]

Thermal expansion coefficient, (K−1) 8 × 10−6 [40]

Surface tension at liquidus temperature, (Nm−1) 1.33[42]

Temperature coefficient of surface tension, (Nm−1 K−1) −0.26 × 10−3[42]

Latent heat of melting, (J kg−1) 2.85 × 105[41]

Emissivity temperature-dependent[41]

Convective heat transfer coefficient, Wm−2K−1 15

Atmospheric pressure, (Nm−2) 101300

Stefan–Boltzmann constant, (Wm−2K−4) 5.67×10−8

4. Numerical considerations
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Due to the geometric symmetry, the mesh model included only half of the base metal on positive Y side. The

computational domain covered the range of 0≤x≤60mm, 0≤y≤15mm, -10≤z≤5mm (exceptionally, the z range 

was -10≤z≤25mm in the simulation for 21st layer deposition). Hexahedral grids of non-uniform size were used

with finer grid sizes near the high temperature region and free surface region. The minimum grid size was 0.25

mm.

The governing equations were solved using the commercial CFD code FLUENT. The improved SIMPLE

algorithm, namely, the PISO algorithm was used to treat the pressure-velocity coupling. The Body Force

Weighted method was applied to discretize the pressure equation, and the Second Order Upwind method was

applied to discretize the equations of momentum and energy. Explicit VOF formulation and Geo-reconstruct

interpolation scheme were adopted for accurate interface tracking. The time step was set as 5×10-5s. It took

about 72h to simulate 8s real time of deposition using high performance computer of 48×1.6GHz CPU.

5. Results and discussions

5.1 Results of 1st layer deposition

The 1st layer deposition is a bead-on-plate scenario. As shown in Fig. 5, the morphology of the molten pool

is developing during the beginning stage from 0s to 2s. The shape and temperature of molten pool and deposited

bead evolve gradually as time increases. As the welding parameters and traveling speed are constant, the shape

and size of molten pool do not change much after 2s, the molten pool reaches a quasi-steady state if viewed in

arc coordinate system. The peak temperature occurs at mass input location (wire feeding) which is 3mm behind

the arc center.

Fig.5. 3D views of molten pool and deposited bead during the 1st layer deposition at different time:
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(a) t=2.0s; (b) t=4.0s; (c) t=8.0s; (d) t=10.0s.

In the keyhole PAW process, the arc force is so strong that the depression can even penetrate thin base plate

and lead to a keyhole. Key-hole is generally avoided in PAW-based WAAM process because they result in

deposition defects. In the present study, the deposition parameters shown in Table 1 result in relatively small

arc forces. The free surface of molten pool is depressed under the effects of arc forces and electromagnetic

forces, forming a “blind key-hole”, in other word, a depressed region during 1st layer deposition. As shown in

Fig.6 and Fig. 7(a), the depressed region is about 2.2mm deep at the lowest position. Almost no liquid layer can

be found on the front slope due to the quick movement of liquid by arc forces. The arc forces move the liquid

backward as soon as the arc heat melts metal ahead of the arc. The arc forces, including both arc pressure and

shear stress, act as a driving force to form a depressed region, while surface tension acts to prevent the free

surface from depressing. When the arc extinguishes at t=8s, the last depressed region is not fully filled by

backflow of molten pool, thereby leaving a crater at the termination of deposited bead as shown in Fig.5(d).

Fig.6. Temperature and fluid flow field on the longitudinal cross-section (y=0) at t=4s of the 1st layer

deposition.

As shown in Fig.6, a clockwise circulation is formed in molten pool behind the arc under the combined effect

of arc pressure, arc shear stress, surface tension, Marangoni force, electromagnetic force and gravity, which

have progressively decreasing levels of influence. As the molten pool is surrounded and supported by the base

plate, the influence of gravity and buoyancy are comparatively small. On the back slope of depressed region,

there are two forces exerting contrary effects. The arc shear stress is driving outward flow from the valley center,

while the Marangoni force is driving downward flow as the temperature is higher at the mass input location

than valley center. In the studied case, the peak of arc shear stress is estimated to be about 80 Pa [36], while the

maximum Marangoni force is estimated to be above 400 Pa according to the calculation. So the Marangoni
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force dominates the surface flow on the back slope. The main flow pattern is metal liquid flows downward from

mass input location to valley on the surface and flow backward inside the molten pool, thereby forming a

clockwise main flow pattern. The main flow pattern is indicated by the bold blue arrow in Fig.6. Meanwhile, in

the rear of molten pool, small turbulences exist due to the collision between the flow driven by Marangoni force

and reflection flow by solidification front.

Fig. 7 shows the temperature and fluid flow field at different transverse cross-sections. With farther distance

to arc center, the cross-section has lower temperature, smaller molten pool and larger weld reinforcement.

Analyzing Fig. 7(b) which corresponds to the cross-section at x=26mm, 4mm behind the arc center, it can be

found that metal liquid flow is upward inside and outward on the surface. This indicates that Marangoni force

dominates the flow direction on YZ plane.

. Fig.7. Temperature profiles at t=4s of the 1st layer deposition on different transverse cross-sections:

(a) x=30mm (current arc center location); (b) x= 26mm; (c) x= 22mm.
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5.2 Results of 2nd layer deposition

Unlike the 1st layer which is deposited on a flat base plate, the 2nd layer is deposited on the resultant bead

of 1st layer deposition, which is a convex surface. With less support from two sides, the molten pool tends to

flow downward on both sides, resulting in a larger width. Comparing Fig. 7 and Fig. 10, it is obvious that the

2nd layer deposition has larger widths of molten pool and deposited bead than the 1st layer.

Fig.8. 3D views of molten pool and deposited bead during the 2nd layer deposition at different time:

(a) t=2.0s; (b) t=4.0s; (c) t=8.0s; (d) t=10.0s.

Fig.9. Temperature and fluid flow field on the longitudinal cross-section (y=0) at t=4s of the 1st layer

deposition.

Comparing Fig. 9 with Fig. 6, it can be found that the molten pool of the 2nd layer has similar flow field

with the 1st layer in terms of fluid velocity and flow direction. The main flow pattern is still in clockwise

direction with flow dominated by Marangoni forces. However, since the arc heat is always concentrated on the

top face, the larger height results in longer heat dissipation path. Therefore the length of molten pool is slightly

larger than the 1st layer. As shown in Fig. 9 and Fig. 10(a), the molten pool is depressed in the center due to the
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arc force. The depressed region has slightly larger open and smaller depth compared with 1st layer due to less

side support.

Fig.10. Temperature profiles at t=4s of the 2nd layer deposition on different transverse cross-sections:

(a) x=30mm (current arc center location); (b) x= 26mm; (c) x= 22mm.

5.3 Results of 21st layer deposition

Because the simulation for 20 layers of continuous deposition is too time-consuming, the simulation for 21st

layer deposition is initialized with the real bead profile of 20th layer which is obtained through cross-sectional

measurement. Fig.11 shows a typical view of molten pool and deposited bead during deposition. Comparing

Fig. 11 with Fig 5 (b) and Fig. 8 (b), it can be seen that the molten pool of the 21st layer has a larger length than

the 1st and 2nd layer. In simulation results, the length of molten pool is about 16～17 mm for the 21st layer, while

the length is about 10～ 11 mm for the 1st and 2nd layers. The larger molten pool can be attributed to the reduced

heat dissipation. Heat dissipation is reduced when deposition height increases due to the smaller amount of
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surrounding material which acts as a heat sink and thermal conduction channel.

Fig.11. 3D view of molten pool and deposited bead at t=4.0s of the 21st layer deposition.

Fig.12. Temperature profiles at t=4s of the 1st layer deposition on different transverse cross-sections: (a)

x=30mm (current arc center location); (b) x= 20mm.

As the 21st layer is deposited on the top of a thin wall, the molten pool completely loses support from the

sides, and the bead profile is largely related to surface tension support. The other impact of zero side support

is a different depressed region shape. Comparing Fig. 12(a), Fig.13 with Fig. 7(a) and Fig. 10(a), it can be
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seen that the depressed region of 21st layer is no longer valley-shaped. Because the arc shear stress is pushing

liquid flow outward and the liquid has no side support, the depressed region is almost flat in the Y direction.

Fig.13. Temperature and fluid flow field on the longitudinal cross-section (y=0) at t=4s of the 21st layer

deposition.

The molten pool can be divided into two parts: the rear and the front parts. The front part of molten pool is

6-7 mm around the arc center where the fluid flow is dominated by arc and Marangoni forces. The rear part is

comparatively far from the arc center, the arc forces and temperature gradient become small. In the absence of

side support, the molten pool at the rear part is mainly shaped by surface tension and gravity. Fig. 12(b) shows

temperature and fluid flow fields on a cross-section of the rear part. It can be seen that the bottom of molten

pool and all other isothermal lines are basically flat in the Y direction.

The flat isothermal lines have two causes. The first is that the molten pool surface under the arc center is

almost flat in the Y direction as well, as shown in Fig 12 (a). The second is that conduction is the primary

method of heat dissipation compared to convection and radiation during deposition. If convection and radiation

losses were significant compared with conduction, the outer walls would be cooler than the inner which would

mean curved isothermal lines.

Since conduction is the dominant method of heat dissipation, the original material volume, which acts as a

heat sink, plays an important role in determining the size and volume of molten pool. Under the condition of

constant heat input and wire feeding, the 1st layer deposition produces the smallest molten pool as it is

surrounded by cold material, while the 21st layer has the largest molten pool due to narrow heat conduction

channel.

5.4 Comparison with experiments

The comparison of the deposited bead profile between the simulated and the experimental results is shown in
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Fig. 14. The experimental profiles shown in Fig.14 (a), (c) and (e) correspond to the cross-sectional planes at

x=30mm (midpoint) of 1st, 2nd and 21st deposition, respectively. The simulated profiles shown in Fig. 14 (b), (d)

and (f) correspond to the temperature distribution on x=30mm plane at 8.5s (0.5s after the ending of deposition)

of 1st, 2nd and 21st deposition, respectively. The simulated profile lines are extracted and shown as red lines in

experimental pictures for better comparison. In general, the simulated results are in fair agreement with

experiments. In the cases of 1st and 2nd layers, the simulations predict a flatter profile and larger width. This

could be due to an inherent defect of porosity enthalpy method. As mentioned above, this widely-used method

considers solid as liquid with a momentum sink term. However, some small movement on the surface of solid

part can’t be completely eliminated with this method, which results in the flatter profile. In the case of 21st layer

deposition, the simulated profile has a similar shape of top surface to the experimental profile. Once again the

simulated width is slightly larger, but the prediction error is less than 10%.

Fig.14. Comparison of cross-sectional profiles on x=30mm plane: experimental profiles of (a) 1st layer, (c)

2nd layer and (e) 21st layer; simulated profiles at 8.5s of (b) 1st layer, (d)2nd layer and (f)21st layer.

During the solidification of Ti-6Al-4V in WAAM process, the high temperature β-grains (bcc) grow 

epitaxially, columnar can extend through the entire wall, which results in characteristic anisotropic mechanical

properties [6]. Fig. 14(e) shows 4 of these large β-prior beta grains that are several mm large. Upon further 
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cooling below the β-transus of 1268 K, the phase transforms into small α-plates, which are only a few μm thick 

[44]. Also shown are the horizontal isothermal layer bands, which represent the α-dissolution temperature [44] 

of 1021 K for Ti-6Al-4V, which is good agreement with the predicted peak temperature in Fig. 14(f).

Unfortunately no other characteristic features, such as the fusion boundary or the β-transus temperature, can 

typically be identified in optical microstructural analysis. So the bright layer band (1021 K) is the only landmark

the microstructure offers for thermal validation.

The comparison of deposited bead size and molten pool size between the simulated and experimental results

are shown in Table 4. As for experimental values, the width and layer height of the 1st and 2nd were measured

with high accuracy on cross-sectional microscopic images as shown in Fig. 14 (a) and (b); the width and layer

height of the 21st layer were obtained measured using caliper and height gauge, respectively, during the

deposition process; the depth of molten pool in the 1st layer deposition were measured by analyzing the Fig.

14(a), the bottom of columnar grain was considered as the melting line of molten pool. However, the depths of

molten pool in the 2nd and 21st layer are impossible to determine on metallographic images. So these two values

are absent.

The rear length of molten pool refers to the distance from arc center to the end of molten pool. This value

was measured on the images captured by the process camera. Fig. 15 is the diagram for the measurement of the

rear length of molten pool at 4.0s in the 21st layer deposition. The image size scale was determined in advance

of the 21st layer deposition by observing ruler with camera. The boundary of the molten pool was identified

based on the variation of contrast and the ripples on solidified surface.

Table 4 The simulated and experimental results of deposited bead and molten pool shape dimensions

Dimensions (Unit/mm)
1st Layer 2nd Layer 21st Layer

Experiment Simulation Experiment Simulation Experiment Simulation

Deposited

bead

Width 7.48 8.25 7.73 8.60 7.96 8.90

Layer

Height
1.40 1.33 0.96

0.87 0.93 0.84

Molten pool

(t=4s)

Width 7.48 8.13 7.73 8.50 7.96 8.90

Depth 1.70 3.83 / 3.41 / 6.75

Rear Length 10.26 10.87 10.78 10.75 16.60 17.80
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Fig. 15. Side view of the molten pool at 4.0s of the 21st layer deposition

The simulated values were calculated by using user defined function in FLUENT. It can be seen in Table 4

that the predicted results are in good agreement with those in the experiments. The simulations show acceptable

accuracy in predicting the length of molten pool, the width and layer height of deposited bead. In both simulation

and experiment, the width of deposited bead tends to increase with layer number, while the layer height has the

opposite trend. It should be noted that the layer height decreases by about 30% from the 1st layer to 2nd layer,

but decrease 3% from the 2nd layer to 21st layer. According to previous studies of WAAM [5, 42], the width and

layer height of deposited bead change fast during the first few layers (no more than 4 layers) and remain almost

unchanged afterwards. However, the change of molten pool length doesn’t follow the pattern.

As one of the earliest CFD studies regarding the WAAM process, the present study focus on the morphology

prediction of the molten pool and deposited bead in the typical scenario of multilayer deposition. The above

comparison has demonstrated the acceptable prediction accuracy. In future, the presented model will be further

validated with experiments and be extended for more complex deposition scenarios that involve such as

overlapping, oscillation path, overhang structure, variable deposition parameters and etc.. Many experiments

can be eliminated in the process thanks to the model. Having included the critical temperature and fluid flow

fields, this model is also expected to be useful in assisting the studies of microstructure control, and imperfection

reduction as well.

6. Conclusions

A three-dimensional transient model was developed to quantitatively analyze the temperature and fluid flow

evolution during the multilayer deposition of PAW-based Wire and Arc Additive Manufacturing process. By

comparing and discussing the computational and experimental results of 1st, 2nd and 21st layer depositions, the

following conclusions can be made.
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(1) The modified heat source model proposed in this study proves to be an adaptive volumetric reformulation

of double elliptic surface heat source. This heat source model shows better adaptability to free surface

deformation than conventional double ellipsoidal heat source model, as the total heat input remains

constant regardless of the dynamically changing molten pool surface.

(2) The fluid flow pattern is formed in the front part of molten pool and mainly controlled by Marangoni and

arc forces. In the studied deposition case, since a small plasma gas flow rate is used, the arc shear stress

is small. Thus, the main fluid flow is clockwise direction driven by Marangoni force.

(3) During deposition, conduction is the dominant method of heat dissipation compared to convection and

radiation to the air. Heat conduction channel is reduced when deposition layer number increase, thereby

resulting in larger molten pool. The deposition condition and the size of molten pool remain unchanged

after the deposited part is sufficiently high.

(4) In high layer deposition where side support is absent, the bottom of molten pool in the back part is almost

flat in the Y direction. The profile is determined by static pressure caused by gravity and surface tension

pressure, so the profile of deposited bead is nearly circular.

(5) By comparing with experiments, the numerical model is validated to be capable of predicting the shape

and size of deposited bead. Under the condition of constant heat input and wire feeding, the width of the

deposited bead has an increasing trend, and the layer height has a decreasing trend when the layer number

increases. However, the change to the width and layer height is slow after the 2nd layer.
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