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Abstract—In this paper, the distribution of melt temperature field 

during Plasma Arc Cold Hearth Melting (PAM) process in TiAl 

alloy is investigated by computational simulation using the 

software FLUENT, and the effects of buoyancy, surface tension 

and process parameters on the melt temperature distribution of 

TiAl alloy in the second refining hearth were studied. 

The results show that the buoyancy and the surface tensions 

strongly affected the melingt temperature field distribution and 

they are the main cause to drive the fluid flow, thus the chemical 

composition uniformity of the melt can be improved through 

controlling the temperature field. The temperature increases as 

the power of the plasma gun is increased. Adjusting torch moving 

pattern and scanning frequency can be used to change the 

distribution of temperature field by controlling the residence time 

and the overheat of the melt. 

 
Index Terms—Melt temperature field distribution, PAM, 

Scanning frequency, Torch moving pattern. 

I. INTRODUCTION 

TiAl alloy is one of the important high-temperature 

structural materials used in key parts of aeroengines and 

aircrafts for its advantages of low density, high specific 

strength, good oxidation resistance, corrosion resistance and 

high-temperature creep resistance, etc. Plasma Arc Cold 

Hearth Melting (PAM) process has a good control of the 

plasma torch energy flux which provides sufficient overheat 

of the alloy melt, and control of the residence time for 

inclusion particles in the water-cooled hearth, so it can 

effectively remove the high and low density inclusions by 

dissolution or mushy-zone entrapment [1-2]. The PAM 

furnace is filled with inert gas which can reduce volatilization 

of the high-saturation-vapor-pressure elements such as 

aluminum and chromium compared with VAR and EBM 

furnace, so the chemical composition of ingots can be easily 

controlled [3-4]. Therefore, the PAM technology is 
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considered as the best one of the choices for preparing the 

large-size, high purity TiAl alloy ingot in recent years. The 

temperature field distribution during the PAM process 

remarkably impacts the melt physical properties, such as 

density, viscosity, elements diffusion coefficient, which 

related to the uniformity of alloy composition, removal of 

inclusion particles and ingot solidification behaviors [2-5]. 

So, in order to improve the quality of TiAl alloy ingot, it is 

necessary to study the temperature field distribution of the 

molten alloy during PAM process. 

Taking into account of the too high temperature of plasma 

arc [6] to accurately measure the molten pool surface 

temperature by using traditional thermometer device, the 

computational simulation works are carried out to study the 

melt behaviors in the refining hearth by the 3D finite volume 

element software FLUENT to provide a pointer to the 

optimum operation of the PAM process. 

II. MODEL DESCRIPTION 

A. Physical model 

A 3300kW power PAM furnace equipped in Baosteel 

Special Materials Co., Ltd. is took as an example to studied, 

and the PAM process is shown schematically in Fig. 1. In this 

paper, the behavior of the melt in the second refining hearth is 

discussed, and the physical model of the melt is established as 

Fig. 2. As shown in Fig. 1, the molten metal flows into the 

water-cooled hearth through the inlet surface and flows over 

the outlet lip into a water-cooled copper mold to form ingot. 

The parameters of calculation model are designed as in Table 

I. In the PAM process, the plasma torch moves along a certain 

path through the moving torch operation. In the simulation, 

path of the plasma torch dynamically heating melt is shown 

in Fig. 3. The plasma torch moves back and forth along the 

straight-line AC with a cycle time of 4 seconds. 

 
Fig.1 Schematic representation of the PAM process [1] 
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Fig.2 Model of the melt in the second refining hearth  

 
 

Fig.3 Plasma torch moving pattern 

 

Table I Parameters of calculation model 

Parameter Value 

Refining hearth 

length 0.7m 

width 0.7m 
depth 0.3m 

Inlet 
length 0.3m 

depth 0.09m 

Outlet 
length 0.3m 

depth 0.09m 
 

B. Mathematical model 

According to above physical model and hydrodynamics 

theory, a transient mathematical model of the melt during 

plasma torch dynamically heating in the PAM process is 

obtained. In order to simplify calculation, assumptions are as 

follows: (1) thermal buoyancy effects is approximated by the 

Boussinesq hypothesis, which treats density as a constant 

value in all solved equations; (2) solidified region (mushy 

zone) maintains local thermodynamic equilibrium; (3) 

liquid-solid mushy zone is treated as a porous zone. 

The melt flow, heat transfer, and solidification in the hearth 

region were computed by solving the 3-D incompressible 

mass equation, momentum equation, and energy 

conservation equation as followings: 

Mass continuity equation 

                                                                  (1) 

Momentum conservation equation 

                      (2) 

Energy conservation equation 

             (3) 

Where, ρ (kg/m3) is mass density of the molten alloy,  (m/s) 

is fluid velocity, t (s) is time, p (Pa)is the static pressure,  

(N) is the gravity,  (N) is the external body forces,  

(J·kg-1·K-1) is specific heat at constant pressure; T (K) is 

temperature; k (W·m-1·K-1) is thermal conductivity; L (J/kg) 
is latent heat of fusion;  is solid fraction in mushy zone, H 

(J) is the external body heat source terms. 

C. Boundary conditions 

1. Energy boundary conditions 

Fourier condition is used in the model to express the heat 

transfer between the solidified metal and the water-cooled 

hearth walls. The heat-transfer coefficient takes into account 

the conductions of heat loss between metal and hearth. 

At the surface of molten pool, the heat-transfer coefficient 

takes into account the combine of heat loss due to convection 

with plasma gas flow and radiation with ambient 

temperature. In addition, it is needed to consider the energy 

provided by the plasma torch. Gaussian flux profile [7-9] is 

assumed to describe the distribution of heat at the plasma 

impingment area and given by 

                                     (4) 

Where, k is the power distribution factor; the greater of the k, 

the smaller of the heating area is and the more concentrated of 

the heat flux distribution is; r (m) is the distance from the 

center of the plasma impinging location; η is the power 

transfer efficiency; P (W) is the plasma torch power. Taking 

into account the feature of FLUENT, it is needed to input 

body heat source terms instead of heat flux density [9]. 

2. Momentum boundary conditions 

At the inlet, mass flow rate has been set as the boundary. 

At the outlet, outflow has been set as boundary and one 

atmospheric pressure has been set for the ambient conditions. 

3. Forces influencing the melt flow 

The main forces influencing the melt flow are gravity, 

buoyancy, and surface tension, Darcy force and plasma 

impinging force [1, 7, 10-11]. 

3.1 Buoyancy 

Buoyancy drives the natural-convection flows. The 

buoyancy term in the momentum equation is given by 

                                                        (5) 

                                                                (6) 

Where, ρ (kg/m3) is the (constant) density of the molten 

alloy;  (K-1) is the thermal expansion coefficient;  (K) 
is the operating temperature. 

3.2 Surface tension 

Surface tension varies with the melt temperature, local 

surface tension gradients in the molten pool give rise to shear 

stresses. The shear stress (Marangoni effect) is given by 

                                                                    (7) 

Where,  (N·m-1·K-1) is the surface tension gradient 

with respect to temperature, and  is the surface gradient. 

This shear stress term is applied to the momentum equation. 

3.3 Darcy force 

An enthalpy-porosity technique [11] is used for modeling the 

solidification/melting process. It treats the mushy region 

(partially solidified region) as a porous medium. The porosity 

in each cell is set equal to the liquid fraction in that cell. In 

fully solidified regions, the porosity is equal to zero, which 

extinguishes the velocities in these regions. The momentum 

sink due to the reduced porosity in the mushy zone takes the 

following form: 

                                                         (8) 

Where,  is the liquid volume fraction and it can be 

defined as (9); is a small number (0.001) to 

prevent division by zero;  is the 

mushy zone constant, it 

measures the amplitude of 

the damping; the higher this 
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value, the steeper the transition of the velocity of the material 

to zero as it solidifies;  is the fluid velocity in mushy zone. 

     T<Ts 

     T>Tl                                                                 (9) 

  Ts<T<Tl 

Where, T is the melt temperature, Tl、Ts are the solidus and 

liquidus temperature, respectively. 

3.4 Plasma impinging force 

Plasma arc has a stirring effect on the molten bath under the 

self-inductance Lorentz force during the melting process. 

Study found that the stirring effect of plasma torch is 

relatively weak [12], so it is not considered in this model. An 

impinging plasma jet containing plasma flow and 

non-ionization inert gas stream give rise to a positive pressure 

and shear forces on the molten pool surface. The plasma 

impinging force is not considered in this paper. 

D. Material parameters 

The thermophysical properties of the materials (specific heat, 

thermal conductivity, thermal expansion coefficient and so 

on) usually vary with temperature, but they can be treated as 

an average value while the temperature changes in a small 

range. In this simulation, Ti-48Al-2Cr-2Nb alloy is selected 

and the physical properties of Ti-48Al-2Cr-2Nb alloy in the 

present calculations are shown in Table II. 

 

Table II Physical properties of Ti-48Al-2Cr-2Nb [7] 

Physical Constants Value 

Density ρ, kg/m3 3636 

Thermal expansion coefficient βT, K-1 10-4 

Thermal conductivity k, W/(m·K) 11.0 

Latent heat of fusion ΔH, J/kg 3.77×105 

Specific heat CP, J/(kg·K) 727 

Viscosity μ, kg/(m·s) 3.6×10-3 

Solidus temperature, K 1764 

Liquidus temperature, K 1785 

III. RESULTS AND DISCUSSIONS 

A.  Effect of buoyancy and surface tension on the melt 

temperature distribution 

The process parameters are shown in Table III. At the 

moment that the plasma impinging location centre is located 

at point B (Fig. 3), the calculated temperature field on the 

molten pool surface and the skull profiles in the second 

refining hearth are shown in Fig. 4. Regardless of buoyancy 

and surface tension, the calculated temperature field on the 

molten pool surface is shown in Fig. 5. 

Surface view of temperature contours show that the melt 

temperature rise with the heating effect of the plasma torch, 

and especially the temperature in the scanning area increases 

quickly. Comparing Fig. 5 with Fig. 4 (a), it is found that the 

melt in plasma heating area overheats seriously when 

considering no buoyancy and surface tension, and the 

overheat can be up to 300 K; when considering buoyancy and 

surface tension, the overheat is about 100 K. This 

phenomenon can be explained by the melt flow behavior 

influenced by buoyancy and surface tension. 

Fig.6 shows the distribution of velocity vectors on selected 

planes in the refining hearth. Fig. 6 (a) and Fig. 6 (b) 

respectively represent the flowing behavior of the fluid on the 

molten pool surface and in the molten pool depth direction. 

As can be seen in Fig. 6 (a), the melt flows outwards the 

hearth walls from the torch impinging location center, and in 

Fig. 6 (b), the melt flows along two opposite 

convection-circle in the pool depth direction. Based on the 

analysis of the forces influencing the melt flow, we conclude 

that it is surface tension driving the melt flows from the hot 

region to the cold region at the free surface and it is buoyancy 

driving the high temperature melt flows upward and the low 

temperature melt sinks along the pool depth direction finally 

forming a circular flow. 

Table III Processing parameters for the refining process 

Parameter Value 

Torch power, kW 750 

Torch moving pattern Fig. 3 

Torch scanning frequency, hz 0.25 

Melting rate, kg/h 300 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 Surface view of temperature contours (a) and skull 

profiles in the pool (b) 

 

 

 

 

 

 

 

 

 

Fig. 5 Surface view of temperature contours considering no 

buoyancy and surface tension 
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Fig. 6 Velocity vectors in the refining hearth 

 

The results are shown in Fig. 4, Fig. 5 and Fig. 6: under the 

role of buoyancy and surface tension, the melt convective 

flows and mixes and the flowing behavior helps to reduce the 

melt overheat. 

B. Effect of plasma torch power on the melt temperature 

distribution 

The effect of plasma torch power on the temperature 

distribution at the molten pool surface is discussed as 

follows. In the simulation, the melting rate is 300 kg/h, the 

torch moving pattern is shown in Fig.3 and the plasma torch 

power changes from 650 kW to 750 kW. When the plasma 

impinging location centre is located at point B, the predicted 

temperature distribution on AC line at free surface is shown 

in Fig. 7. 

 

 

 

 

 

 

 

 

Fig.7 Relationship between temperature on pool surface and 

torch power 

 

As shown in Fig. 7, the melt temperature rises differently due 

to the change of torch power. The thermal equilibrium of the 

refining system can be expressed as Q=Cp×m×△T+Qloss, 

where Q is the energy provided by the plasma torch whose 

power value is P, m is the melt mass in the hearth, Cp is the 

specific heat, △T is the amount of temperature variation, 

Qloss is the heat loss due to radiation and convection and 

conduction heat transfer between melt and hearth walls or 

ambient enviroment. When the melting rate is constant, m is 

determined and Qloss changes little, so △T will largen when 

increasing the Q. It is can be said that the greater the torch 

power, the higher the melt temperature will be. 

C. Effect of plasma torch scanning frequency on the melt 

temperature distribution 

The effect of plasma torch scanning frequency on the 

temperature distribution at the molten pool surface is 

discussed as follows. In the simulation, the plasma torch 

power is 750 kW, the melting rate is 300 kg/h, the torch 

moving pattern is shown in Fig.3 and the plasma torch 

scanning frequency changes from 0.0833 hz to 0.5 hz. When 

the plasma impinging location centre is located at point B, the 

predicted temperature distribution on AC line at free surface 

is shown in Fig. 8. 

 
Fig.8 Relationship between temperature on pool surface and 

scanning frequency 

As shown in Fig.8, the melt temperature rises differently 

when the plasma torch takes different scanning frequency. 

When the scanning frequency is 0.0833 hz, the melt 

maximum temperature reaches 2022.83 K, the temperature 

distribution and the skull profiles at the pool surface are 

shown in Fig. 9. When the scanning frequency is 0.25 hz, the 

melt maximum temperature reaches 1883.09 K and the 

temperature distribution of the melt at the pool surface is 

shown in Fig. 4(a). . When the scanning frequency is 0.5 hz, 

the melt maximum temperature reaches 1884.01 K and the 

temperature distribution is little different with that when the 

scanning frequency is 0.25 hz. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 9 Surface view of temperature contours (a) and skull 

profiles (b) in the pool 

Fig. 9 shows the melt in the plasma torch scanning location 

overheats seriously. Comparing with the situation when the 

scanning frequency is 0.25 hz, the melt temperature gradients 

are larger when the scanning frequency is 0.0833 hz. It can be 

concluded that adjusting the torch scanning frequency can 

change the temperature distribution of the melt in the torch 

scanning location in the case of the torch power and melting 

rate are constant. In this simulation, the result shows that the 

melt temperature is higher when the scanning frequency is 

0.0833 hz than the other two case. 
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D. Effect of plasma torch moving pattern on the melt 

temperature distribution 

In the simulation, two moving patterns of linear and 

triangular shaped are discussed. The linear moving pattern is 

shown in Fig. 3 and the triangular moving pattern is shown in 

Fig. 10. As shown in Fig. 10, the plasma torch shifts along the 

path of the straight-line AB, BC and CA. 

 

 

 

 

 

 

 

 

 

Fig. 10 Triangular shaped torch moving pattern 
 

When the plasma torch power is 750 kW, the melting rate 

is 300 kg/h, the plasma torch scanning frequency is 0.25 hz 

and the plasma impinging location centre is located at point 

O, the predicted temperature distribution on AC line at free 

surface are shown in Fig. 4(a) about linear pattern and Fig. 

11(a) about triangular pattern. 

As shown in Fig. 4(a) and Fig. 11(a), the melt is heated 

differently when the plasma torch takes different moving 

pattern. The difference mainly contains the amount of the 

melt temperature variation and the position of the melt where 

temperature is maximum. 

Because of buoyancy and surface tension which drive the 

melt flow from the hot region to the cold region and the 

difference of the temperature fields as shown in Fig. 4(a) and 

Fig. 11(a), it is different about the melt flowing behavior as 

shown in Fig. 6(a) and Fig. 11(b). From Fig. 6(a), it can be 

seen that the melt flows toward the outlet lip along the path of 

vector segment AC (Fig. 3), and From Fig. 11(b), the melt 

flows successively toward the outlet lip along the path of 

vector segment AB and BC. In this simulation, the result 

shows that the time of the melt flowing through the refining 

hearth when the plasma torch movement takes triangular 

pattern is longer than that case of taking linear pattern. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11 Surface view of temperature contours (a) and velocity 

vector (b) in the pool 

IV. CONCLUSIONS 

A model for numerical calculation of the melt temperature 

distribution during refining Ti-48Al-2Cr-2Nb alloy in the 

PAM process was presented. Based on the model, the 

influence of buoyancy, surface tension and process on the 

temperature distribution of the melt in the second refining 

hearth has been simulated and analyzed. 

Simulation results show that buoyancy and surface tension 

drive the melt flow and mix, the flowing behavior helps to 

reduce the melt overheat and homogenize the melt 

composition. 

Simulation results also show that the influence of torch 

power, scanning frequency and moving pattern on the melt 

temperature is significant. The larger the torch power, the 

higher the melt temperature is. The torch scanning frequency 

can be used to control the local melt temperature. The melt 

temperature rises more significantly when the torch scanning 

frequency is 0.0833hz than the other two cases. The torch 

moving pattern can be used to control the residence time of 

the melt in the refining hearth. The residence time is longer 

when the plasma torch movement takes triangular pattern 

than that when taking linear pattern. 
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