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ABSTRACT 

In this paper two case studies on transient heat transfer problems are performed to 
examine the convergence of the numerics associated with such problems, including the 
assessment of the influence of mesh refinement, finite element (FE) type and time increment 
on the computed temperature results and convergence behaviour. In Case study 1 a simple 
cylindrical stainless steel shaft with constant thermal properties and an initial temperature of 
600ºC is cooled down in a room with a fixed temperature. The computed temperature values 
are compared with the theoretical solution. In Case study 2 the transient heat transfer 
associated with the weld process of a butt weld is studied. The weld process is modelled as a 
sequence of heating and cooling processes. In this case study temperature dependent material 
properties are used. Analyses are performed with the FE solvers ABAQUS and ANSYS to see, 
if both codes deliver similar results. It turned out that the time increment has the largest 
impact on the convergence behaviour and computed temperature results. The mesh density 
can improve the convergence of the analyses, if a not too large time increment is used, but has 
negligible impact on the computed temperature results. The FE type used has no impact on 
the computed results and there is no difference in the results of two FE solvers. 

1 INTRODUCTION 

One of the most challenging tasks when dealing with the structural integrity of 
dissimilar metal welds (DMWs) is a precise estimation of the magnitude of residual stresses 
in and around the weld. In literature a number of authors have presented numerical methods 
for predicting residual stresses in DMWs [1, 2, 3] and these involve thermo-mechanical 
analyses. Before attempting to model the residual stresses associated with DMWs an in-depth 
study on the numerical convergence of transient heat transfer problems is performed. The 
study involves two case studies, a theoretical problem with known results (referred to as Case 
study 1) and a heat transfer analysis involving a simple four pass butt weld (Case study 2). 
Both case studies were solved with finite element (FE) analyses using the codes ABAQUS [4] 
and ANSYS [5] and the influence of element type, mesh density and time increment on the 
analysis results has been assessed. 
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2 CASE STUDIES AND NUMERICAL SOLUTIONS 

2.1 Case Study 1 

Case study 1 is about the cooling of a simple long cylindrical stainless steel shaft with a 
diameter of 20 cm. The shaft has an initial temperature of 600oC and is allowed to cool down 
inside an environmental chamber of 200oC with an average heat transfer coefficient of            
h = 80 W/(m2K). Heat convection only occurs at the cylindrical surface of the shaft and not at 
its two end surfaces. Figure 1 gives a schematic representation of the problem and the 
theoretical solution of the problem is described in [6]. The theoretical value for the 
temperature along the symmetry axis of the shaft after 45 minutes is 360oC [6] and this value 
is compared with the corresponding temperature values of the FE analyses.  

 

Figure 1: Schematic view of Case study 1  

For the FE analyses a 20 cm long piece of the shaft is considered, as displayed in Figure 
2. The FE model is modelled entirely with brick elements, once with linear brick elements 
(DC3D8 element of ABAQUS, SOLID70 element of ANSYS) and once with quadratic brick 
elements (DC3D20 element of ABAQUS, SOLID90 element of ANSYS). The values for 
thermal conductivity, mass density and specific heat capacity in the FE models are             
14.9 W/(m∙K), 7900 kg/m3 and 477 J/(kg∙K) respectively. Analyses with the FE codes 
ABAQUS and ANSYS were performed and the influence of time increment and FE type on 
the analysis results is assessed. 

       
Figure 2: FE mesh of the shaft 

 
Figure 3 shows the temperature at the symmetry axis of the shaft versus time for different 
time increments, using linear brick elements and quadratic brick elements, resulting from the 
analyses with ABAQUS. Figure 4 shows the corresponding temperature curves from the 
analyses with ANSYS. Both solvers deliver the same temperature curves versus time and 
there is no difference resulting from the FE element type. The only property that influences 
the analysis results is the time increment. As expected, the smaller the time increment, the 
more closely the analyses converge towards the theoretical solution. 
 

T∞ = 200oC, h = 80 W/(m2K) 

Stainless steel shaft 

Ti = 600oC D=20 cm 
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(a) 8 node hexahedral element (DC3D8)                 (b) 20 node hexahedral element (DC3D20) 

Figure 3: Variation of temperature with time at the centre line of the shaft from Abaqus 
 

       
(a) 8 node brick element (SOLID70)                        (b) 20 node brick element (SOLID90) 

Figure 4: Variation of temperature with time at the centre line of the shaft from Ansys 

2.2 Case Study 2 

Subject of Case study 2 is a transient heat transfer analysis related to a four pass single-
V butt weld [7, 8] between two stainless steel pipes with outer diameter 76.2 mm, thickness 
7.1 mm and 100 mm length each. Only the first weld pass is considered to investigate the 
numerical convergence of the problem including the influence of element type, mesh 
refinement and time increment on the analysis results. Axi-symmetric models are used and 
again analyses with the two solvers ABAQUS and ANSYS are performed. A sample finite 
element mesh of the problem is shown in Figure 5. 

 
Figure 5: Sample mesh for Case study 2 

The influence of four different meshes, four different types of finite elements and six 
different time increments on the analysis results has been investigated. For each combination 
of mesh, FE type and time increment an analysis with both ABAQUS and ANSYS is 
performed. Figure 6 and Figure 7 show the different meshes around the welds using quadratic 
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type element for assessing the influence of the mesh refinement generated with ABAQUS and 
ANSYS respectively. The different types of finite elements whose influence was investigated 
were three node linear axisymmetric element (ABAQUS: DCAX3 element; ANSYS: 
PLANE55 element), four node linear axisymmetric element (ABAQUS: DCAX4 element; 
ANSYS: PLANE55 element), six node quadratic axisymmetric element (ABAQUS: DCAX6 
element; ANSYS: PLANE77 element) and eight node quadratic axisymmetric element 
(ABAQUS: DCAX8 element; ANSYS: PLANE77 element). The six different time 
increments employed for all the analyses were 0.625 s, 0.3 s, 0.1 s, 0.07 s, 0.03 s and 0.01 s.  

`            

          (a). Element size 1         (b). Element size 2 

           
  (c). Element size 3        (d). Element size 4 

Figure 6: Used meshes with quadratic elements generated with ABAQUS 
 

       
  (a). Element size 1          (b). Element size 2 

       
(c). Element size 3         (d). Element size 4 

Figure 7: Used meshes with quadratic elements generated with ANSYS  

For thermal conductivity and specific heat capacity temperature dependent values as 
listed in Table 1 [8] were applied to all generated FE meshes. For the mass density a constant 
temperature independent value of 7800 kg/m3 was chosen. For each FE model transient heat 
transfer analysis was performed in which each FE model was subject to a period of heating 
(weld zone) of 2.5 seconds at 1340ºC followed by a period of cooling of 2.5 seconds, with 
bulk temperature 20ºC and heat transfer coefficient 300 W/(m2K). This scheme reflects the 
welding process of one butt weld with immediate cooling afterwards. 
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Table 1: Temperature dependent thermal material properties of steel [8] 

Temperature (oC) Pipe and Weld 
Thermal conductivity (W/(m∙K)) Specific heat(J/(kg∙K)) 

0 15.0 442 
20 15.0 442 
200 17.5 515 
400 20.0 563 
600 22.5 581 
800 25.5 609 
1000 28.3 631 
1200 31.1 654 
1340 33.1 669 

 

 
Figure 8: Temperature distribution in the weld after one cycle determined with ABAQUS 

 

    
   (a) 3 node axisymmetric element (DCAX3)        (b) 4 node axisymmetric element (DCAX4) 

    
    (c) 6 node axisymmetric element (DCAX6)       (d) 8 node axisymmetric element (DCAX8) 

Figure 9: Temperature evolution in the weld zone for different FE types (ABAQUS) 
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Figure 8 shows the resulting temperature distribution using the model displayed in 
Figure 6b with axisymmetric quadratic (8 node) elements for a time increment of 0.1 sec. The 
maximum temperature in the weld zone after one cycle of heating and cooling is 515.2oC. As 
expected there is a high temperature gradient around the butt weld, i.e. the temperature 
decreases from the maximum value of 515.2oC down to 20ºC within a short distance. 

Figure 9 shows the maximum temperature versus time in the weld zone for the mesh 
displayed in Figure 6 using different FE types and the FE solver ABAQUS. Figure 10 shows 
the corresponding temperature curves from the analyses with ANSYS. The type of finite 
element used has no influence on the results. Also both solvers deliver exactly the same 
temperature curves versus time. The only property that matters to a certain extent is the time 
increment. The smaller the time increment the larger the temperature drop in the butt weld 
after the cooling step, but only for time increments down to 0.1 s. For smaller time increments 
the temperature curves virtually do not change anymore.   

 

    
(a) 3 node axisymmetric element (PLANE55)    (b) 4 node axisymmetric element (PLANE55) 

    
(c) 6 node axisymmetric element (PLANE77)    (d) 8 node axisymmetric element (PLANE77) 

Figure 10: Temperature evolution in the weld zone for different FE types 2 (ANSYS) 

 Figure 11 shows the maximum temperature in the butt weld versus time for the 
different mesh refinements displayed in Figure 6 using only 8 node quadrilateral quadratic 
elements and a time increment of 0.01 seconds with FE solvers ABAQUS and ANSYS. The 
temperature curves for the different mesh refinements are practically identical. Thus the 
coarsest of all meshes displayed in Figure 6a is sufficiently fine. A further refinement does 
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not give more accurate temperature results, but gives faster convergence in terms of 
computation time, if the time increment is adequately small.   

   
(a) ABAQUS result                                             (b) ANSYS result 

Figure 11: Temperature evolution in the weld zone with four different mesh refinements 

Figure 12 shows the maximum temperature in the butt weld versus time for different FE 
types using the mesh refinement in Figure 6b and a time increment of 0.1 seconds. Similar to 
Figure 11 the temperature curves for the different FE types nearly fully agree. Thus the FE 
type has no significant impact on the computed results. In summary, the time increment is the 
property that has the most significant influence of the computed results, where the influence 
of FE type and mesh refinement is negligible. 

    
(a) ABAQUS result                                             (b) ANSYS result 

Figure 12: Temperature evolution in the weld zone with time for different element types 

3 SUMMARY 

Two case studies have been performed to examine the convergence of numerical 
transient heat transfer problems including the influence of mesh refinement, FE type and time 
increment on the computed temperature distributions. In Case study 1 a cylindrical stainless 
steel shaft with constant thermal properties versus time and an initial temperature of 600ºC 
was cooling down in a room with a fixed temperature. In Case study 2 the transient heat 
transfer associated with welding a butt weld was studied. In this case study temperature 
dependent material properties were used. Analyses were performed with ABAQUS and 
ANSYS to see if both codes deliver similar results.  
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It turned out that the time increment has the largest impact on the convergence 
behaviour and computed temperature results. The mesh density can improve the convergence 
of the analyses if not too large time increment is used, but has negligible impact on the 
computed temperature results. The used FE type has virtually no impact on the computed 
results. There was no difference in the results of both solvers. 
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