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Abstract  
 
The paper presents a model developed by the authors and aimed to describe heat and mass transfer during wire-based additive 
manufacturing, when electron beam, plasma or arc are used as energy sources in case of non-consumable electrode welding. The model 
describes non-stationary and non-equilibrium conjugated processes of heat and mass transfer in free-surface liquid metal. The solution of 
differential equations of viscous fluid motion (Navier-Stokes), with convective terms and at laminar flow, has become the model base. 
Melting and crystallization of the metal is recognized by heat release in a two-phase region. The material density variation during phase 
transitions of the first and the second order can be described by introducing a certain dependence on temperature. The model is able to 
consider the use of preliminary and additional induction heating by changing the initial temperature and establishing an additional 
distributed bulk heat source. Variables for the simulation of heat and mass transfer during additive formation are the intensity and type of 
the heat source, the plate initial temperature, the power density distribution, the intensity of the additional bulk heating, the dependence 
of material thermal and physical characteristics on temperature, the characteristics of the phase transitions, the motion velocity of the 
heat source, the rate of wire feeding.  
 
Keywords: additive manufacturing, 3D wire-based deposition, arc and concentrated heat sources, modelling of heat and mass transfer, numerical 
implementation. 

1. Introduction 

Nowadays, the development of mathematical modelling methods 
leads to a wide use of computer technologies at the stage of 
machinery preproduction engineering. Introduction of a digital 
production concept based on the modelling of manufacturing 
processes using hybrid technologies is one of the most important 
issues of the industrial enterprises development. In the recent 
decade, the industrial enterprises have been largely using additive 
technologies (e.g. fusion welding) that utilise such sources of 
energy as electric arc, plasma jet, laser or electron beams, and 
filler wire as source material [1-4]. The use of these technologies 
is most suitable for production of large parts. Modelling the 
processes of the hybrid manufacturing solutions based on product 
formation in layers by melting the wire filler with electric arc or 
concentrated heat sources (plasma arc, electron or laser beam) 
makes it possible to pre-select technological parameters of the 
additive processes and significantly reduce the stage of the 
manufacturing process development.  
The control of 3D wire-based deposition is a complex task. Cross 
dimensions and forms of weld beds, metallurgical processes and 
material structures to be formed will depend on many factors, 
most of which can hardly be controlled. All these characteristics 
of a deposited layer are directly connected to the parameters 

characterizing heat and mass transfer, such as vector field of 
velocities and scalar fields of temperature, pressure and density. 
Apparently, only a small part of the parameters can be determined 
experimentally. It defines the need in creating a computer model 
of the process. Heat and mass transfer mathematical model for 
wire-based additive process should generally describe phase 
transitions, heterogeneous thermal and physical properties of the 
materials, and take into account Marangoni effect at the interface 
between two phases. 
Additive manufacturing has much in common with welding and 
allied processes. A moving source of heat creates a weld bed, 
which moves together with the heat source. From the 
technological point of view, additive technologies are much closer 
to multilayer deposition that is also characterized by the source 
material’s (filler wire) interaction with the heat source, the gradual 
growth of layers. It also requires considering a number of specific 
aspects to better understand the additive technologies. As a rule, it 
is difficult to determine distribution of the thermal fields in a 
processed piece using experimental methods. The use of 
thermocouples and imagers makes it possible to read only surface 
temperatures, while mathematical modelling could determine 
distribution of the piece bulk temperatures.  
The majority of the models available for heat and mass transfer 
related to additive technologies are developed using a number of 
simplifications. In particular, in order to simplify calculations in 
[5. 6], the authors employed a two-dimensional setting, while in 

http://creativecommons.org/licenses/by/3.0/
http://www.sciencepubco.com/index.php/IJET


742 International Journal of Engineering & Technology 

 
[7, 8] the convective heat transfer in the melt has not been 
considered despite the fact that the convective flows move the 
liquid metal, and the nature of circulation has a significant effect 
on temperature distribution in the liquid metal, heating and 
cooling rate, crystallization process, material microstructure and 
mechanical properties [9]. At the same time, the precise 
calculation will require a solution of a coupled equation of thermal 
conductivity and melt flow. We assumed that density and other 
thermal and physical characteristics of the material in solid and 
liquid states are constant, as this assumption helps to save 
computational time. Surfaces of deposited layers are often 
approximated to simple figures and considered to be plane. This 
assumption does not largely influence thermal fields and cooling 
rate. Thermal effects associated with evaporation of alloying 
elements are also ignored, as the effect is usually minor compared 
to the incoming energy from the heat source. One of most 
frequently used methods aimed at measuring temperature is to put 
thermocouples in the vicinity of the heat source area [10-12]. 
Thermocouples  are not good temperature field registration. 
Infrared observation [13 -17] is also used to measure the 
distribution of transitional temperature processes in bulk. So an 
alternative method involves the estimation of temperature fields 
and cooling rates using mathematical models after their validation 
with the help of the experimental data containing the relations of 
temperature and time at several monitoring points. 
In order to model heat and mass transfer in different additive 
technologies, researchers use the numerical and analytical method, 
which helps them to calculate fields of velocities, temperatures, 
free surface motion, phase boundaries etc. The numerical 
modelling of the motion of a two-layer system is based on the 
Level-Set method, which major principles are given in [18-20]. 
An example of successful applications of the Level-Set method 
used to determine the position of the liquid-gas boundary phase 
can be found in [21-23]. 
The following conservation equations for  mass, momentum and 
energy are usually used [24-28].  The convective motion of the 
melt in a weld pool is calculated using the equation for the 
surface-tension gradient on the melt surface as a result of the 
temperature gradient (Marangoni convection) [27, 28].  
The variables for the simulation at the  wire-based deposition are 
as follows: 
− heat source intensity; 
− type of heat source (electric arc, plasma arc, laser emission, 

etc.); 
− density distribution of the heat source energy flow; 
− initial temperature of the sample; 
− the material thermal and physical characteristics on 

temperature; 
− phase transformation parameters; 
− velocity of a heat source motion; 
− wire diameter and feeding. 
The following assumptions have been made as part of the 
mathematical models described below: 
- the intensity of the heat source, speed of movement of the heat 

source and wire feed speed are stable; 
-the temperature of ambient is invariable; 
− the heat source is  Gaussian. An explicit form of the 
intensity change depending on the depth is to be determined;  
− the materials of the plate and wire are the  same;  
− liquid metal is assumed to be an incompressible liquid 
- thermophysical variables do not determined by on temperature. 

− the effective heat capacity is used to take into account 
thermal effects during melting and solidification; 

− the additional force in the  equation of the  motion is 
used to take into account the processes at a two-phase 
region on the melting pool boundary; 

− an influence of arc electric and magnetic fields to melt 
transportation is not take into consideration. 

2. Model Description  

The deposition by concentrated sources of energy employs non-
symmetric wire feed as in the scheme, presented in Fig. 1. 

 
Fig.1: Principal scheme of the deposition by concentrated sources with a 
side wire feed: 1) a pre-deposit and substrate; 2) the deposited weld bed; 3) 
a two-phase zone; 4) a liquid phase; 5) electron, laser beam or plasma arc; 
6) wire 

The filler wire is supplied at a certain angle into the heat source 
effect zone. Electron beam, laser beam, plasma arc or electric arc 
with a non-consumable electrode can be used as a heat source. 
Due to the impact of the source of thermal energy, the metal melts 
and evaporates. The surface of the liquid bath may be distorted the 
shape by the of plasma arc pressure, vapour pressure and falling 
drops. The technological parameters of this process effect to the 
liquid metal transfer from the wire.  
There are several metal transfer regimes possible [29]:  
- spray metal transfer, which requires a low intensity heat source, 

and is considered to be a relatively low-temperature mode. In 
such a case, the sizes and the form of the weld bed cross section, 
as well as the structure and physical and mechanical properties 
of the deposited metal will vary insignificantly during the 
process.  A further reduction in heat input causes an incomplete 
melting of the wire, which generates defects and, therefore, the 
regime is invalid; 

- the coarse-droplet transfer, which requires an increase of the 
heat source intensity up to the critical value. At this metal 
transfer mode, the form of the weld differ along the product 
length. Strong waviness and spatter are present. Crystallization 
is unstable. This transfer mode can to be used for MIG welding 
technology, but its use in most cases leads to a decrease in 
quality during the additive formation processes; 

- a fine-droplet transfer requires even higher intensity of the heat 
source. The metal being constantly fed is exposed to the heat 
that is sufficient to induce the intensive boiling of this metal. 
The features of the mode are high spatter and uneven surface of 
the deposited rollers.  

The weld bed formation is based on solving both the heat and the 
hydrodynamic problems in a three dimensional setting. Fig. 2а 
presents the weld bed formation by wire filler melted and a heat 
source. Fig. 2b shows a longitudinal section of a computational 
region in a plane of symmetry. The symmetry allows including 
only half of the whole object into the computational region when 
describing the formation of a straight-line weld bed on a substrate. 
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а)                                                                                            b) 

Fig.2: The scheme of wire-based weld bed formation: (a) longitudinal section of the computational region in a plane of symmetry; (b) 1 is the fed wire 
material; 2 is metal; 3 is gas environment 

The shock capturing method is proposed to solve this challenge. 
The method implies solving the motion and temperature 
distribution equations not only for the metal, but also for the gas 
environment located above the metal and deposition zone. To 
describe the position of the metal-gas interface, the Level-Set 
method was implemented. This method makes it possible to trace 
the free surface of the weld bed. Three dimensional distributions 
of weld bed temperature and velocity with the free surface are 
taken as the outcoming data, while the calculated form and size of 
beds are in agreement with the experimental data. However, the 
method entails high requirements for computational resources [21, 
30-32]. To calculate the position of the interface and the values of 
environment variables the level-set function φ was used, which is 
determined from the solution of a separate equation. 
The phase transition surface during melting and crystallization is 
determined by the melting isotherm. The motion of the molten 
metal is described by the equations of motion with regard to 
thermal convection for incompressible liquid: 
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where ρ is the density, u  is the melt flow rate vector, µ is the 
dynamic viscosity, P is the pressure. 

The item F


 in equation (1) for the computational region 1 in 
Fig. 2b will be as follows 
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for regions 2 and 3 (Fig. 2b)  
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where 0u  is the substrate feeding rate, 1u  are the wire feeding 

rates, g is the gravitational acceleration, β is the thermal-
expansion coefficient, T is the absolute temperature, T

ref is the 
reference temperature given as the temperature of the solidus (T

S
). 

The first part of equations (2) and (3) describes thermogravity 
convection phenomena, the second term describes the heat release 
in a two-phase region, where B is implemented to eliminate 
dividing to 0, C is a parameter and can be taken equal to  

104…106,  f
L
 is a parameter that determines the interface between 

the liquid and solid phases of the material: 
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where Т

L
 and Т

S 
 are liquidus temperature and solidus temperature, 

respectively. 
The third term of equation (2) and (3) is the volume representation 
of forces acting on the interface. 
The temperature distribution is determined from the solution of 
the differential heat equation: 
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where T is the absolute temperature, effa C= ⋅λ ρ  is the 

thermal diffusivity coefficient, u is the melt fluid velocity, cр is the 
heat capacity at a constant pressure, ρ is the density. 
When describing the density of the heat flow at the interface of the 
equation (5), the expression for Q has the following form: 
 

( )( ) ( )4 4
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where T

0
 is the ambient temperature far from the deposition zone; 

σ
сб

 is the Stefan-Boltzmann constant, ε
ч is the metal emissivity 

factor, δ(φ) and nz are the delta-function and projection of the 
normal to the metal-gas boundary along Z axis, establishing the 
heat distribution along the metal-gas interface. They will be 
determined later when describing the Level-Set method.  
The density of the heat flow from the welding source in this 
setting is given in the relative coordinates: 
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where Q0 is the maximal heat intensity of the power source, r is 
the radius of the source, 0η  is the efficiency of the heat source. 
The type of the heat source, its intensity modulation or 
introduction of high-frequency spatial vibrations, e.g. oscillations 
of the electron beam, were taken into account by setting a 
corresponding averaged spatial distribution of the energy flow 
density. Also in case of plasma arc, the spatial distribution of 
energy flow density is influenced by its polarity (direct or 
reverse).  
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The quasi-equilibrium model [33] is taken as the crystallization 
(melting) model, within which the solid phase in the two-phase 
(transient) zone is distinguished by the linear law. This fact 
determines the type of function f

L in equation (3). Heat of fusion 
or crystallization in equation (4) is determined by the introduction 
of the effective heat capacity, which under these conditions 
increases abruptly within the interval of the two-phase zone 
temperature: 
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where С

0 is the heat capacity, in the general case, depending on 
temperature, L

m
 is the specific heat of phase transition (specific 

heat of fusion). During the calculations it is possible to replace the 
piecewise constant function of the effective heat capacity (8) with 
the smooth function 
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where H
f
 is the heat of fusion, ( ) 2SL S LT T T= +  is the 

average temperature of hardening (melting). 
At transition from the liquid to solid metal there if the viscosity 
jump from some final value value Lµ  in the melt to an very big 

value in the solid material Sµ . The viscosity at  (2) using function 
(4) was determined as: 
 

( )1L L S Lf f= + −µ µ µ                                                  (10) 

 
When a mathematical determination Sµ  is ready, then it will 

ensure freezing in a solid phase ( S L>>µ µ ). Density, thermal 
conductivity and capacity of the material jumps due to phase 
transformation can be described in the same way.  
The surface forces are considered by bulk forces in the following 
way:  
- bulk force Fsv applied in a thin transition layer, where the 

density gradient is significantly different from zero; 
− the value of Fsv is proportional to the gradient of the function of 

the interface placement and surface curvature;  
So, the bulk force expression is: 
 

 

where φ  is the indicator function, ( )k φ  is the curvature of the 

interface,  
 

 

( )δ φ  is delta function of Dirac, σ  is the melt surface tension 

coefficient.  
The first  summand  at equation (11) is capillary force along the 
normal to the surface, the second term is for Marangoni effects, 
where sT∇  is the tangential to the curved surface component 
gradient of the temperature. The third summand addresses the 
processes, which occur when the metal is exposed to the electron 
beam in case of electron-beam welding, and determines the force 
of vapour pressure in the gas-vapour channel formed by the 
concentrated electron beam, which is determined as a sum of 

partial pressures of the  alloy elements
1

n

д iР Р=∑ , where 

0
iP  is the partial pressure of the saturated vapour of the i-th 

element above the pure element, which can be expressed as the 
Clapeyron-Clausius equation. The activity of elements in the alloy 

is determined by the following  formula: i i ia X= ⋅γ , 
where Хi is the atomic fraction of the i-th element, γi is the activity 
coefficient of the i-th element in the alloy. In case of plasma arc, it 
can be determined according to equation [34]: 
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where I

a
 is the arc current, k

I
 is the electrodynamic parameter. 

When using the Level-Set method, the interface is set to the zero 
value of the level function φ. As for the function of the interface 
placement,  the following form of a transfer equation is solved: 
 

( ) 0pF n u
t

∂
+ + ⋅ ⋅ ∇ =

∂
 φ φ .                                                 (14) 

 
The values of density, viscosity or concentration are calculated 
according to the function of the interface placement. In particular, 
the expression for density is written as:   
 
( ) ( ) ( )1 2 1 H= + −ρ φ ρ ρ ρ φ ,                                            (15) 

 

where 1 2  и  ρ ρ  are the average values of densities, ( )H φ  
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Numerical representation of the expression (16) is given as: 
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The delta function from  (6) and (11) is: 
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The thickness of the transition layer is usually assumed to be 2ε
, where x= ∆ε α and x∆  is the mesh size of the 
neighborhood’s mesh, α is an integer 

Outside the melting zone the convective velocity of media is 
supposed to be equal to 0 at all boundaries, thus, the overall 

velocity at all the boundaries is equal to 0u . The velocity in the 
part where the wire enters the computational domain (Fig.2b) is 

equal to 1u . For the function of the interface placement, the 
orthogonal derivative is supposed to be equal to 0 at all 
boundaries. 

3. Results and Discussions 

The first numerical implementation was carried out in a two-
dimensional description of process of the wire melting using 
concentrated and arc energy sources. COMSOL Multiphysics 4.5 
application software package was utilized . The computational 
geometry is in Fig. 3.  

 
Fig. 3: The geometry of the computational domain 

The dimensions of the plate were 48 mm along X and 9 mm along 
Y. The two-dimensional grid was used.  The grid had an uneven 
spacing (Fig.4): the maximal size of a node was 0.1 mm in the 
zone of heat source interaction and filler wire supply; over the 
remaining parts it was 0.5 mm. 

 
Fig.4: Grid-partitioning of the computational domain  

Thermal and physical characteristics of the material, presented in 
Tab. 1 and variables  of the regime presented in  Tab. 2 were used 
as the initial parameters for the calculations. 

Table 1: Thermal and physical properties of the deposited material 
Characteristics Notation Unit of measurement Value 

Liquidus temperature TL [°С] 1450 
Solidus temperature TS [°С] 1520 
Specific heat capacity C [J·kg-1·K-1] 500 
Density ρ [kg·m-3] 7680 
Thermal conductivity λ [W·m-1·K-1] 28,9 
Specific heat of melting Hf kJ/kg 84 

Таble 2: Deposition mode 
Source power, W  Velocity, mm/s Feeding rate, mm/s 

810 5 16 
Fig. 5a presents the distribution of temperatures in the deposition 
zone in the beginning of the process (t = 0,01 c). The source of 
energy starts to melt the substrate and fed wire. At t = 0,1 s the 
drops of liquid metal start to move into the metal weld pool. At 
t = 0.3 s the formation of the liquid metal pool has a spray metal 
transfer character. In 0.6 s after the beginning of the process, the 
liquid metal pool reaches its maximum size. 

 

 
а) 

 
b) 
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c) 

 
d) 

Fig.5: The results of the preliminary numerical implementation of the heat and mass transfer model in a two-dimensional setting are as 
follows: а) t = 0.01 s; b) t = 0.1 s; c) t = 0.3 s;d) t = 0.6 s. 

4. Conclusion 

We have developed the heat and mass transfer mathematical 
model of during product wire-based additive manufacturing using 
concentrated power sources. The model includes equations for 
non- equilibrium conjugated processes of heat and mass transfer in 
free- surface liquidmetal, including the differential equations of 
fluid motion,  term to the Marangoni effect on the melt surface, 
and calculates bulk distributions of temperatures, shape and size 
of the roll to be deposited. A preliminary numerical 
implementation has been carried out in a two-dimensional setting. 
The transition to the 3D-setting can be carried out by complicating 
the finite element model and transition to 3D elements.  
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