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Summary 

 
Super Duplex Stainless Steels have superior corrosion resistance properties and 
strength compared to conventional steels. However, these properties are influenced by 
the different phases that precipitate during the heat treatment process.  The conven-
tional way of studying the time and temperature effects on the properties and micro-
structure of SDSS is to prepare many samples at different temperatures and holding 
times. The welding research group at Production Technology Center, Trollhättan, Swe-
den, has recently developed a unique heat treatment method to produce a wide range 
of temperature by using a stationary TIG arc heat source. It results in a graded micro-
structure in a single sample at a specific time period. The accuracy of the results ob-
tained from this process is highly related to the accuracy of the temperature field model 
next to weld pool.  

In this work, a model was developed by using OpenFOAM CDF code, to predict 
the temperature field of the super duplex stainless steel samples that have been sub-
jected to this novel TIG arc heat treatment process. The developed model was able to 
capture the trend in the overall temperature field in the heat affected zone. However, 
there was some mismatch between the modelled and experimental temperature profiles 
in certain locations in the heat affected zone. It was found that the mismatch was mainly 
due to the phase transformation effect in the heat affected zone which was not consid-
ered in the current model. Further improvements have to be done to the developed 
model in order to take the phase transformation effect into account. A preliminary in-
vestigation has been carried out on how to implement this in the current model and 
reported in the thesis. 
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1 Introduction 

The welding group at Production Technology Center is investigating the properties of 
Super Duplex Stainless Steel (SDSS), which is a highly alloyed steel. SDSS has superior 
corrosion resistance properties and strength compared to conventional steels. Thus, 
they are promising material for extreme corrosive environmental applications such as 
offshore structures, chemical industries etc. [1], [2]. Combination of thermodynamic 
calculations and microstructural investigations in SDSS can be used to optimize their 
processing variables in heat treatment and welding. The research work focuses on the 
evolution of their microstructure at different known thermal cycles. 

The research group has recently developed a unique heat treatment method to pro-
duce a wide range of temperature in a single sample at a specific time period by using a 
stationary TIG arc heat source. In this way, temperatures ranging from the melting 
point to the room temperature can be produced for specified holding times which gen-
erate a graded microstructure in a single sample. Producing this kind of graded micro-
structure has the following outcomes: 

 Optimization of material processing methods (especially in heat treatment and 
welding)  

 Introduction of a new characterization method to save research time and widen 
research ability 

 Avoid producing many samples with different microstructure for characteriza-
tion 

 Increased knowledge about the characteristics of microstructure at different 
temperatures 

 Determination of the possible nucleation and growth mechanisms of secondary 
phases 

These outcomes will help to define more precise process variables to avoid material 
and energy wastes during production, as well as widen the application of these alloys. 

1.1 Aim 

The accuracy of the results obtained from this process is highly related to the accu-
racy of the temperature field model next to weld pool. The aim of this master thesis 
project is to develop a model that can predict the temperature field in TIG arc weld 
heat treated samples. After simulation of the temperature fields, the data have been 
correlated with the temperature profile that has been generated based on the experi-
mental microstructural observations in the sample. 

The main focus of this thesis was on the modelling work rather than the micro-
structural aspect of the SDSS.   
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2 Background 

2.1 Super duplex stainless steel (SDSS) 

Super duplex stainless steels (SDSS) falls under the duplex stainless steel (DSS) cate-
gory. The DSS are a family of steels which has approximately equal amounts of ferrite 
(α) and austenite (γ) in the microstructure. Both of the phases are stainless having more 
than 13wt% Cr [1]. SDSS contain high levels of alloying elements of Cr, Mo, Ni and N 
which give pitting corrosion resistance equivalent (PRE) greater than 40. PRE is calcu-
lated given from the following formula [1].  
 

PRE = wt%Cr + 3.3(wt%Mo) + 16(wt%N) 

 
These steels exhibit improved weldability and greater toughness compared to fer-

ritic stainless steels [2]. Compared to the austenitic stainless steels they exhibit higher 
pitting and stress corrosion cracking resistance [1], [2]. Thus, they are widely used in 
food, power, chemical, pulp, petrochemical, oil refineries and chemical industries [1]–
[3].  

In most of the DSS, Cr, Mo, Ni, Mn, Si, Cu and N are added as alloying elements 
to get desired properties and stabilise the phases. A high level of Cr content mainly 
gives the corrosion resistance to the DSS with the combined effect from Mo, N and 
Ni. Cr in the steel creates a passive oxide layer that helps to achieve corrosion resistance 
[4]. The presence of Mo increases the stability of this passive layer [5]. N helps to in-
crease the strength of the DSS by acting as an interstitial solid solution element [6]. Cr, 
Mo and Si in the DSS act as ferritic phase stabilisers whereas Ni, Mn and N act as 
austenite phase stabilisers [7]. The presence of Cu in the DSS improves the resistance 
to non-oxidising solutions [8]. Advancement of metal processing and use of computer 
algorithms (such as Thermo-Calc) to predict the phase diagram based on alloying ele-
ments can help to optimize the DSS microstructure and properties. SAF 2507 is the 
first DSS that has been optimized by using Thermo-Calc [9]. 

2.2 Heat treatment and phase transformation of Super Duplex 
Stainless steel 

Due to the instability of the ferritic phase in DSS during heat treatment, a large variety 
of unwanted secondary phases may form within the microstructure. These phases 
mainly form, between 300°C to 1000°C, during isothermal heat treatment, wrong heat 

treatment and inappropriate welding [1]. σ phase, Cr2N/CrN, χ phase, R phase, π phase, 
Secondary Austenite and Carbides are some of the observed phases in the microstruc-
ture [1].  Most of these secondary phases are reported to be precipitating in the ferrite 
phase or austenite-ferrite phase boundaries. This phenomenon is due to higher ten-
dency of diffusion of the alloying element in the ferrite phase than in the austenite phase 
[10]. In the following sub sections, brief descriptions of some of these phases can be 
found. 
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2.2.1 Sigma (σ) Phase 

This phase starts to form when the temperature ranges from 600°C to 1000°C [1]. The 
σ phase affects the DSS properties such as toughness and corrosion resistance. It has 
been reported that even a small volume fraction of σ phase can reduce toughness [11] 
and corrosion resistance [12] drastically. This phase is a hard intermetallic compound 
which has a high amount of Cr, Mo and Si. The preferable precipitation sites for these 
compounds are the austenite ferrite boundaries [10], [1]. In the SDSS, the stability of 
this phase expands towards higher temperature due to high levels of Cr and Mo. Ni has 
shown a positive effect on increasing the precipitation rate of the sigma phase, but help 
to reduce the volume fraction of the sigma phase [1]. Decomposition of ferrite in to 
sigma phase may start to happen little as 2 minutes in the heat treatment process [8]. 

2.2.2 Chi (χ) Phase  

The chi phase is usually found in DSS microstructure after aging at 700°C to 900°C. 
Compared to the sigma phase, the chi phase volume fraction is small. Nevertheless, still 
it has a negative effect on the corrosion behaviour of the DSS. Since the chi phase and 
the sigma phase appear together, its effect on corrosion properties cannot be separate 
from the sigma phase. The chi phase has a higher Mo content than the sigma phase. 
Literature has reported that the chi phase is not thermodynamically stable and it is re-
placed by the sigma phase in long holding times heat treatments [1], [10]. However this 
contradict the equilibrium phase diagram prediction obtained from JMatPro. 

2.2.3 Chromium Nitrides (Cr-N) 

With the increasing N content in the DSS, formation of nitrides is an important issue. 
Cr2N and CrN are two types of nitrides that can be seen in the DSS and SDSS micro-
structure. These two CrN do not seem to have an effect on the toughness and the 
corrosion properties but Cr2N has a negative effect on the corrosion resistance of the 
DSS. Cr2N starts to form within the 700°C to 900°C temperature range. A rapid cooling 
rate seems to promote formation of Cr2N [1]. 

2.2.4 R Phase 

Molybdenum rich R phase has been found to precipitate in DSS within the temperature 
range 550°C to 700°C. The R phase is reported to have a negative impact on the me-
chanical and corrosion properties in DSS/SDSS [1], [13].  

2.2.5 Pi (π) 

The Pi phase, which is rich in Cr and Mo, also has a negative effect on the corrosion 
properties of the DSS. The Formation of this phase has been observed in DSS material 
which has been isothermally heat treated at 600°C [1]. 

2.2.6 Carbides 

Carbides precipitate mainly in DSS with relatively rich carbon content. But in low car-
bon content DSS like SDSS, the formation of these carbides is not important and thus 
does not influence the corrosion properties[14].  
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2.2.7 The 475°C embrittlement  

When the DSS is exposed to a temperature range of 280°C to 500°C, the steel becomes 
brittle.  The rate of embrittlement is highest at 475°C and thus the term 475°C embrit-
tlement is used to name this effect [1]. This changes the mechanical properties of the 
DSS and creates problems. In this temperature range, the ferrite phase in the material 
decomposes into a Cr rich phase (α′) and a Fe rich phase (α). This happens due to the 
miscibility gap in the iron-chromium binary alloy system [1]. 

2.3 Welding of Super Duplex Stainless Steel 

Excellent corrosion resistance of the SDSS can be achieved when the ferrite and aus-
tenite content are almost the same. Any inappropriate welding method/parameters will 
be the foundation to form higher ferrite content, intermetallic phases and nitrides 
(which has been mentioned above) within the heat affected zone [11]. This leads to a 
reduction of toughness and corrosion resistance of the material, creating unwanted 
problems. 

With the development of material and welding process, all the common welding 
processes could be used to weld the SDSS. But mostly shielded metal arc welding 
(SMAW), Gas tungsten arc welding (GTAW), gas metal arc welding (GMAW), flux 
cored arc welding (FCAW), submerged arc welding (SAW) and plasma arc welding 
(PAW) are being used. Necessary recommendations have to be followed according to 
the manufacturer to obtain desired performance from the weld [8], [14]. 
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3 Method  

The following bullet points summarise the workflow of this thesis work. They are re-
ported in a chronological order. 

 Literature study on SDSS focusing on different secondary phases precipi-
tating during heat treatment 

 Study of fundamentals of computational fluid dynamics (formation of gov-
erning differential equations, Finite volume method for solving heat diffu-
sion problems etc.).  

 Study on modelling and mesh generation in ANSYS ICEM 

 Generate the required mesh for the current problem. 

 Study CFD simulation by using the OpenFOAM® environment (C++ pro-
gramming in OpenFOAM® environment, Pre-processing, Running simu-
lations and post processing the results) 

 Develop the governing differential equation for the system. 

 Select the suitable solver and sample case for the current problem. 

 Write C++ code for the temperature profiles on the top and bottom bound-
ary conditions. 

 Modify the solver to input the temperature dependent material properties. 

 Post process and analyse the results. 
 
Detailed explanations about the modelling work are given in the Modelling work 

chapter. 
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4 Experimental work 

The experimental work has not been carried out by the author of this report. It has 
been performed by Vahid Hosseini and Kjell Hurtig at University West, Trollhättan, 
Sweden. The author will briefly explain about the experimental method so that the 
reader can have a better understanding of the modelling work carried out by the author 
of this thesis. 

The modelling work presented in this thesis is based on predicting the temperature 
profiles of a 2507 SDSS (UNS S32750) sample that has been heat treated by the novel 
stationary arc heat treatment method to produce a graded microstructure. In this 
method, an arc produced by TIG welding has been used as the heat source. A SDSS 
disc having 99 mm diameter and 6 mm thickness has been used to produce the graded 
microstructure. To record the top and bottom surface temperatures, 13 thermocouples 
have been spot welded to the sample disc. To get a stationary weld pool on the sample, 
a device has been used to measure the calorimetry arc efficiency [15]. A schematic rep-
resentation of the cross section of this device is shown in Figure 1. Figure 2 shows the 
image of the real setup. The sample has been kept in the water cooled chamber and 
clamped by using clamping screws. The bottom side of the sample has been cooled by 
a water flow. To get a reliable stationary arc, an ABB welding robot has been used. Pure 
argon gas has been used as the shielding gas. The robot has been precisely positioned 
in the centre of the circular sample. To get a steady state condition, inlet and outlet 
water flow rates have been kept at a fixed value. 

Once the steady state was reached, with a stationary pool, the heat treatment was 
carried out for 1 hour. After that, a microstructure analysis to evaluate the microstruc-
ture has been performed by Vahid Hosseini. The microstructure analysis has been per-
formed by using the TM3000 (Hitachi) SEM and Olympus BX60M optical microscope 
at Production technology centre, Trollhättan. 

 

Figure 1: Schematic cross section representing the arc heat treatment device. 



Degree Project for Master of Science with specialization in manufacturing 
Modelling of the temperature field in TIG arc heat treated super duplex  

stainless steel samples - Experimental work 

 7 

 
 

 
 
 

 
Figure 2: Real setup of the arc heat treatment device. 
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5 Modelling work 

5.1 Governing equations  

In order to create a proper model, it is very important to understand the physics behind 
the problem. In this case a circular SDSS plate is heat treated by using a TIG arc source. 
During the heat treatment process, heat is transferred through the sample by means of 
conduction. Initially, the temperature at a given point in the sample changes with time 
indicating a transient situation. But after a short period of time, it reaches a steady state 
condition indicating that the system reaches a steady state situation. This has been ob-
served in experiments too. After starting the heat treatment, within 1-2 minutes, the 
temperature measurements on the top and bottom surfaces of the sample no longer 
change with time.  So the governing equation for isotropic heat transfer in a solid at 
steady state condition has to be solved in order to obtain the temperature distribution 
in the sample.  

Let us derive the governing equation from the computational fluid dynamic (CFD) 
point of view. The modelling work has been conducted in the OpenFOAM® compu-
tational fluid dynamics code. Any solid can be considered as a stationary fluid (which 
does not have any movement at all) that has the same material properties as the solid 
material. Thus, in this modelling work, the solid material has been modelled as a sta-
tionary fluid.  

Consider a very small arbitrary element inside the sample in Cartesian coordinates. 
From the conservation of energy [16] , 

 

Rate of 
change of 
energy in 

the element 

= 

Rate of Heat 
energy 

transfer 
into the ele-

ment 

+ 

Rate of heat 
generated 
in the ele-

ment 

 
In mathematical form, it writes 

 

𝑑

𝑑𝑡
∭ 𝐶𝑝𝜌𝑇 𝑑𝑣

0

𝑣

=  − ∬ ∅ ∙ �̀� 𝑑𝑠
0

𝑠

+ ∭ 𝑄 𝑑𝑣
0

𝑣

  

Here, 𝜌 is the density, Cp the specific heat capacity, T the temperature at any point 

at any time, and Q the heat generation rate within the element. ∅ ∙ ǹ is the normal com-

ponent (normal to the differential surface dS) of the heat flux vector, ∅𝑣 and 𝑠 denote 

the total volume and surface. t is the time. 
Applying the divergence theorem to the above equation gives, 

𝑑

𝑑𝑡
∭ 𝐶𝑝𝜌𝑇 𝑑𝑣

0

𝑣

=  − ∭ 𝛻 ∙ ∅ 𝑑𝑣
0

𝑣

+ ∭ 𝑄 𝑑𝑣
0

𝑣

 

Since the arbitrary differential fluid element is independent of time, the integrals can 
be combined as follows: 
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∭ (
𝜕

𝜕𝑡
(𝐶𝑝𝜌𝑇) +  𝛻 ∙ ∅ 𝑑𝑣 − 𝑄)  𝑑𝑣

0

𝑣

= 0 

Since the arbitrary differential element  and integrands are assumed continuous, the 
integrands must be equal to zero everywhere. Thus the equation becomes, in cartesian 
coordinates, 

𝜕

𝜕𝑡
(𝐶𝑝𝜌𝑇) +  𝛻 ∙ ∅ − 𝑄 =  0 

The thermodynamic properties 𝐶𝑝 and 𝜌 are independent of time since the problem 

is steady state. Therefore, the equation can be written as follows: 

𝐶𝑝𝜌
𝜕𝑇

𝜕𝑡
+  𝛻 ∙ ∅ − 𝑄 =  0 

Using Fourier’s law of heat conduction, 

∅ =  −𝑘𝛻𝑇 

 the above energy equation gives, 
 

𝐶𝑝𝜌
𝜕𝑇

𝜕𝑡
 −  𝛻 ∙  (𝑘𝛻𝑇) − 𝑄 =  0 

For the simplicity of the calculations, it was assumed that there is no heat generation 
or absorption within the element. Therefore, the heat generation rate term can be ne-
glected. The above equation thrn takes the following form after rearranging. 

𝜕𝑇

𝜕𝑡
 −  𝛻 ∙ (

𝑘

𝐶𝑝𝜌
𝛻𝑇)  =  0 

or 

𝝏𝑻

𝝏𝒕
− 𝜵 ∙ (𝑫𝑻𝜵∅) = 𝟎 (1) 

 

where the 𝐷𝑇 =  
k

𝐶𝑝𝜌
  (k – thermal conductivity, Cp – Specific heat capacity, DT – 

Thermal Diffusivity) 
The above equation is the governing equation for a transient heat diffusion problem 

in a solid material. Since in this case the problem is steady state, temperature variation 
with respect to time will be zero. Thus the term ∂T/∂t will become zero. Then the 
governing equation for the steady state isotropic heat diffusion in a solid material with-
out any internal heat generation will be 

 

𝜵 ∙ (𝑫𝑻𝜵𝑻) = 𝟎 (2) 

 
This equation is the one to solve to obtain the temperature distribution in the sam-

ple. However in OpenFOAM®, there is no solver to solve the equation (2). The avail-
able solver solves the equation (1). Even though it is not for steady state condition, still 
it can be used to solve a steady state diffusion problem with  boundary conditions which 
are not varying with time. When running the calculation the temperature values within 
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the samples will reach a steady state after a certain number of iterations. Detailed ex-
planations of how this has been implemented and used in the modelling work can be 
found in the section 5.5.  

5.2 Model description 

The geometry of the sample is circular and during the experiments the heat source was 
kept on the top of the centre of the top surface. Thus the problem has an axisymmetric 
geometry around an axis that goes through the centre of the sample in the thickness 
direction. Thus the 3D model can be simplified to a 2D model. This will also help to 
save the computational time. Since the interest of this work is to predict the temperature 
profile of the heat affected zone, the molten pool is not taken into consideration. The 
dimensions of the actual sample, which has been measured by Vahid Hosseini at Uni-
versity West, have been used to create the 2D model geometry. These data contained 
also the fusion boundary profile. It has been used to create the fusion boundary. Table 
1: Name of the boundaries used in the modelling Table 1 shows the notations used 
for the model boundary. 
 

Table 1: Name of the boundaries used in the modelling 

Boundary line Notation 
in figure 3 

Boundary Name 

AB Bottom 

BC Right 

CD Top 

DE Fusion Boundary 

EA Left 

 
In the model, the origin was taken at point A. The X and Y axis were selected as 

shown in Figure 3 to be compatible with the coordinate system in OpenFOAM. Table 
2 shows the coordinate values of the points that were used to generate the model shown 
in Figure 3. It also contains the coordinate values of the fusion boundary points (starting 
from point D and ending at point E, named as FBP for the illustration purpose) that 
have been measured experimentally.  

 

Table 2: Coordinate values of the points that have been used to generate the 2D geometry for the model 

Point 
X coordinate 

(mm) 
Y coordinate 

(mm) 
 Point 

X coordinate 
(mm) 

Y coordinate 
(mm) 

A 0 0  FBP5 4.918 4.914 

B 0 50  FBP6 4.737 4.059 

C 6 50  FBP7 4.557 3.878 

D 6 4.6  FBP8 4.376 3.653 

FBP1 5.820 4.564  FBP9 4.196 3.337 

FBP2 5.459 4.510  FBP10 3.835 2.255 

FBP3 5.278 4.420  E 3.665 0 

FBP4 5.098 4.329     
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Obtaining a direct solution to the above governing differential equation is not pos-
sible for the current geometry. Thus a numerical method has to be used to obtain a 
solution.  

 
In OpenFOAM® CFD code, the finite volume numerical method is being used to 

compute the solution for the governing differential equation.  
 
In simple terms, in this method, the geometry is discretised into smaller volume 

elements and for each volume element, the governing differential equation is repre-
sented by a discretised algebraic equation. These system algebraic equations for the 
complete computational domain is then solved to obtain the approximate solution for 
the original model. Therefore, it is necessary to divide the geometry into a finite number 
of volume elements (creating a mesh) before solving it. The next sub chapter discusses 
the mesh generation for the current case. 

5.3 Mesh Generation 

In this work, the mesh generation for the sample geometry has been performed using 
the ANSYS ICEM CFD 15.0 (ANSYS, Inc. Canonsburg, U.S.A.) mesh generating soft-
ware. 

First, the coordinate values shown in Table 2 were entered into the ICEM to create 
the points for the geometry. Then lines were created by connecting the points to get 
the geometry as shown in Figure 3. Then the 2 dimensional (2D) mesh generation was 
performed by using the features available in the software. Element type was set to 
QUAD elements. When the number of discretized elements is increased in the geome-
try (up to some limit where the continuum approach remains valid), the numerical so-
lution becomes more realistic. But long computational time are then needed to get the 
results. If there are only few elements, then computational time is low but the accuracy 
of the result will also too low. In the real model higher thermal gradients occur near the 
fusion boundary area. Thus, the mesh density was increased near the fusion boundary. 
The mesh density was decreased when moving away from the fusion boundary, where 
small temperature gradients are expected. This kind of approach was adopted to save 
computational time without losing accuracy.  

Since the number of elements in the mesh is a key factor for the accuracy of the 
results, meshes with different number of elements were created (refer Table 3). These 
different meshes were used to evaluate the temperature distribution in the sample. The 
comparison of the results obtained from the different meshes can be found in the 
“Mesh Generation” part of the results section in this thesis. 

 

 
Figure 3: Schematic representation of the computational domain 
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Table 3: Number of elements and nodes in the different meshes 

Model Notation Number of Nodes Number of Elements 

NM 1565 1416 

FM 2700 2516 

FM1 4025 3830 

FM2 7245 7004 

FM3 8324 8070 

 
 
Figure 4 shows the generated mesh for the “NM” model with finer mesh near the 

fusion boundary. Figure 5 shows the different meshes near the fusion boundary for the 
“NM” and “FM3” models. 
 

5.4 Material Property Values 

In order to solve the equation (1) to obtain the temperature field, the thermal diffusivity, 
DT, has to be provided to the solver. The thermal diffusivity of a material is equal to, 

𝐷𝑇 =  
𝑘

𝐶𝑃𝜌
 

 
Here k denotes thethermal conductivity (W/mK), Cp  the specific heat capacity 

(J/K), and DT the thermal diffusivity (m2/s). This equation has been used to evaluate 
the thermal diffusivity of the material.  

The values of the thermal conductivity, the specific heat capacity and the density of 
the material have been obtained as functions of temperature with the JMatPro (Surrey 
Technology Centre, United Kingdom) software. The following composition (refer Ta-
ble 4) of the 2507 SDSS material has been input into the JMatPro software to calculate 
the above property values. 

 

 

Figure 4: Created 2D Mesh in “NM” model 
 
 

 
Figure 5: Comparison of the Mesh near the Fusion Boundary in “NM” model 

(left) and “FM3” model (right) 
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Table 4: Composition of the 2507 Super Duplex Stainless Steel 

Material C Si Mn P S Cr Ni Mo N Cu Fe 

wt.%  0.016 0.44 0.76 0.028 0.001 25.04 6.93 3.78 0.265 0.4 Bal. 

 
Material property data were evaluated from 25°C to 1335°C (initial temperature 

where material liquidize) with intervals of 5°C. Then those data were used to calculate 
the thermal diffusivity (by using the above equation) in the above temperature range. 
The calculated thermal diffusivity value variation with the temperature are shown in 
Figure 6. These diffusivity data were implemented in the simulation model in the Open-
FOAM® CFD code. 

To see the effect of the temperature dependent thermal diffusivity on the solution, 
a comparison with a model using a constant thermal diffusivity (at a value fixed assum-
ing room temperature) has been analysed. 
 

5.5 Simulation Work in OpenFOAM 

All the simulations in this work have been performed with the OpenFOAM® (version 
2.2.3) open source computational fluid dynamics software. The following sub sections 
discuss the steps of the modelling work performed in OpenFOAM in a chronological 
order and for a single model. The same procedure was followed for the other models.  

 
Figure 6: Calculated thermal diffusivity (DT) as a function of temperature 
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5.5.1 OpenFOAM case structure in simulations 

The OpenFOAM software includes a set of solvers dedicated to different types of CFD 
problems, and for each solver there exist prebuilt so-called cases (tutorial test cases). A 
solver is the algorithm that is used to solve a specific (set) governing differential equa-
tion(s). These cases can be used as reference and modified according to the require-
ments in the case that’s going to be simulated. In this work, to solve the governing 
differential equation (Equation (1)), the laplacianFoam solver has been used since it has 
been built to solve the general heat diffusion problem described by equation (1). The 
relevant prebuilt case for this solver was then adapted according to the current case. 

In an OpenFOAM case folder, there exist sub-folders that contain necessary files 
such as mesh, boundary conditions, material properties and numerical simulation set-
tings. Figure 7 shows this basic file structure for the current case. Additional files can 
be added to the structure depending on the modification done to the solver, to the 
boundary conditions or to the mesh generation procedure for instance. 

 

 Constant Directory 
This sub-folder contains so called dictionaries for all the mesh information needed 

by the solver (such as cell area, volume, internal and boundary elements, cell connec-
tivity etc.) and for physical data needed for the simulation (such as the thermodynamic 
and transport properties). In the current case, it contains the diffusivity value that is 
needed to solve the laplacian heat diffusion equation (equation (1)). 

 

 System Directory 
This sub-folder contains the necessary files that have the parameters for controlling 

the simulation such as starting time, ending time, time step and discretization method 
for the different terms in the equation to be solved. Also, it contains instructions on 
how to solve the algebraic equations resulting from the discretization methods.  
 

 Time Directory 
The 0 directory contains the initial conditions and the boundary conditions for the 

simulation. In this case, it contains the initial temperature values of the model. When 
the simulation runs, OpenFOAM writes instructed result files according to the settings 

 

Figure 7: File structure in the current case in OpenFOAM 
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provided by the user at given time steps. For example, if the user asks to write results 
every second of the simulation time for 5 seconds, the outputs are stored in directories 
named 1, 2, 3, 4 and 5. 

5.5.2 Mesh generation in OpenFOAM 

First, the mesh files generated using ANSYS ICEM have been converted to Open-
FOAM compatible mesh files by an OpenFOAM pre-processor with the command 
fluentMeshToFoam. OpenFOAM works always with 3 dimensional (3D) Cartesian coor-
dinates. Therefore, it is always need to have a 3D mesh in order to run the simulation. 
The fluentMeshToFoam command converts the ANSYS ICEM 2D mesh to an Open-
FOAM compatible 3D mesh, as shown in Figure 8, by extruding the 2D mesh along 
the Z-direction. 

5.5.3 Boundary Conditions 

Defining the right boundary conditions is really important in any simulation. They 
should be relevant to the solved governing differential equation. In this work, temper-
ature profiles boundary conditions are needed since the unknown variable in the gov-
erning differential equation is the temperature. Since this is a steady state problem, all 
boundary conditions were modelled independent of time. In other words, at each nu-
merical iteration of the solution procedure, the same initial boundary conditions have 
been used. Even though the temperature values are presented here in °C, values have 
to be input in K (Kelvin) to the OpenFOAM. The following boundary conditions have 
been used in this simulation. 
 

 Top and Bottom boundary conditions 
 

The temperature profiles for the top and bottom boundaries have been obtained by 
experimental work. These experiments have been conducted by Vahid Hosseini and 
Kjell Hurtig. Thermocouples have been used at different locations in the top and bot-
tom surface of the sample to obtain the temperature values while doing the experiments 
(refer Table 5 and Table 6).  

 

Figure 8: 3D mesh created in OpenFOAM for the NM model 
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Table 5: Measured Temperature data of the top surface 

Top surface distance from 
the left boundary / mm 

Temperature / °C 

5,40 850 

5,90 728 

6,40 608 

9,50 349 

10,00 310 

10,50 290 

15,00 148 

24,80 72 

34,80 28 

 

Table 6: Measured Temperature data of the bottom surface  

Bottom surface distance 
from the left boundary / 

mm 
Temperature / °C 

0 158 

6 130 

9,5 100 

10,5 60 

 
Between any two adjacent measured temperature data points, the temperature was 

assumed to vary linearly. The plotted variation of the temperature up to the location 
where it reaches the room temperature (23°C), can be seen in Figure 9 and Figure 10. 
Blue colour dots in the graph show the experimental data points and blue lines show 
the assumed liner variation between these measured data points. They were not com-
plete enough to get the full temperature profile of the top and bottom boundaries. 

 

Figure 9: Temperature profile at the bottom surface (the blue colour shows the 
measured variation and the red colour shows the added distribution to complete the 

temperature profile) 
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Hence, some values had to be assumed in order to get a temperature profile for simu-
lations. The red colour dots and lines show the added temperature distribution into the 
profile, in order to have a realistic temperature distribution.  

To solve the governing differential equation, temperature values at each boundary 
cell face has to be calculated. An algorithm was developed (see in Appwndix) in this 
thesis work to evaluate the temperature values at each cell face from the temperature 
variation shown in Figure 9 and Figure 10. The obtained top surface temperature profile 
from the developed algorithm for each cell face can be seen in Figure 11. By looking at 
the figure it can clearly be seen that the algorithm was correct and the obtained temper-
ature profile matches the temperature profile shown in Figure 10 without any devia-
tions. Since the both profiles match each other exactly, it is difficult to distinguish the 
two profiles in the Figure 11. A similar algorithm (with necessary modifications) has 
been used to evaluate the bottom boundary cell faces temperature values. 

 
 
 
 

 
Figure 11: Interpolated top surface temperature profile (Shown in Orange colour) 

from the created algorithm for the NM model Mesh which plotted on top of the tem-
perature profile in Figure 10 

 
 
  

 
Figure 10: Temperature profile at the top surface (the blue colour shows the 

measured variation and the red colour shows the added distribution to complete 
the temperature profile) 
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 Left Side Boundary Condition 
 
Since the symmetric 2D model is a representation of the actual geometry, the left 
boundary will be in a symmetry plane. Therefore, the symmetricPlane boundary condition 
was used in OpenFOAM simulations. 

 
 

 Right Side Boundary Condition 
 
A uniform constant room temperature value (23°C) was assigned to all the cell faces on 
the Right side boundary of the model. 
 

 Front and Back side boundary Condition 
 
Since the simulation was to be carried out in 2D, the front and back side cell faces of 
the mesh were assigned the so-called empty boundary condition. By doing this, even 
though the mesh is in 3D, OpenFOAM solver will solve the equation only in the XY 
plane. 
 

 Fusion Boundary Condition 
 
In this work a fusion boundary temperature was set where the metal starts to melt to 
form the liquid phase in its phase diagram; this liquidus temperature was obtained with 
JMatPro. Consequently, a constant uniform value of 1335°C was assigned to the cell 
faces in the fusion boundary. 

5.5.4 Running the simulation with fixed thermal diffusivity value 

As mentioned previously, to see the importance of the temperature dependent diffu-
sivity value (DT), a simulation with fixed DT value has been carried out. In this case, 
the DT value was set to 4.869e-06 m2/s which is the DT value at room temperature for 
this material. This was set through the transportProprties dictionary in the constant direc-
tory in the case file. No modification has been done to the solver since the value of DT 
is fixed. 

 

5.5.5 Running the simulation with temperature dependent thermal dif-
fusivity value 

To take the temperature dependence of  DT into account when solving the governing 
differential equation, the laplacianFoam solver had to be modified. The usual way of set-
ting a DT value through the transportProprties dictionary was omitted. The calculated DT 
values at each 5°C interval from 20°C to 1330°C was implemented in the solver. The 
variation within this 5°C interval is assumed to be linear. At each computational itera-
tion, the DT values have been calculated in each cell of the mesh,  based on the cell 
temperature  at the previous iteration. The calculation algorithm is presented in Appen-
dix. The initial values of the diffusivity, needed for starting the simulation, were set 
trough a file similar to “T” file (but file name, variable dimension and values were 
changed accordingly to be compatible with DT) in the 0 time directory.  
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5.5.6 Checking the convergence of the solution 

As in any kind of iterative numerical method, it is needed to check the convergence of 
the solution. This means that the numerical solution has reached the user specified tol-
erance limit (in this work it is 1 x 10-8) compared to the numerical solution at the previ-
ous iteration. Residuals calculated during the simulation have been used to evaluate the 
numerical convergence of the solution. The generated log file during the simulation con-
tain the residual data. Thus the information has been extracted by using the post-pro-
cessing foamLog command in the OpenFOAM environment. Then the extracted initial 
residual values have been plotted with gnuplot to check the convergence. 

5.5.7 Post processing of the results 

The post processing (visualization of the result, generation of temperature plots, gen-
eration of graphs etc.) of the calculated results has been done withParaview 3.12.  
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6 Experimental Temperature profile 
generation 

To compare the temperature profiles calculated  using the models in OpenFOAM, a 
temperature profile (named “experimental temperature profile”) was generated based 
on the observed phases in the microscopic images (provided by Vahid Hosseini) at 
different distances from the fusion boundary. The microscopic images have been taken 
at 1 mm below the top surface of the sample. Details of the observed phases and the 
distance from the fusion boundary can be found in Table 7. It should be noticed that 
here the experimentally measured distances from the fusion boundary to the location 
where the different phases were observed, were rough measurements. Thus the gener-
ated experimental temperature profile cannot be considered as an accurate profile.  

The observed main phases in the microscopic images were Ferrite (α), Austenite (γ), 

Sigma (σ), Nitrides (Cr-N), Chi (χ), R-phase (R) and 475°C embrittlement (475Em). In 
all the cases, austenite was observed. The volume fractions of the precipitated phases 
were not available from the experimental analysis. Hence it was difficult to calculate the 
exact temperature at that location by using the Time Temperature Transformation 
(TTT) diagram or the equilibrium phase diagram of the material.   

To get the phase precipitation temperature range for a specific phase, a TTT dia-
gram at 0.1% of precipitation of the secondary phases (Figure 12) and an equilibrium 
phase diagram (see Figure 13) were used. Except for the R and 475-Em phases, the 
phase precipitation temperatures were obtained by using the TTT diagram/phase dia-
gram produced by JMatPro. For the R and 475-Em phases, the data were taken from 
the references [9] and [8] since JMatPro cannot predict the formation of these phases. 
The obtained temperature ranges have been tabulated in Table 8. 

  

Table 7: Observed phases in the microscopic analysis at the roughly measured distance from the fusion 
boundary. 

Point 

Distance 
from fusion 
boundary to 
the observed 

location / 
mm 

Observed phases (in the 1hr heat-treated sample) 
in microscopic images 

P1 0.2 ± 0.17 γ  α           

P2 0.4 ± 0.01 γ  α  σ         

P3 1.3 ± 0.01 γ    σ  Cr-N  χ     

P4 2.1 ± 0.01 γ  α  σ  Cr-N  χ  R   

P5 2.5 ± 0.01 γ  α        R   

P6 4.5 ± 0.32 γ  α          475Em 

α – Ferrite, γ – Austenite, S – Sigma phase, Cr-N – Nitrides, χ – Chi phase, R – “R” phase, 
475Em - 475°C Embrittlement. 
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Figure 12: TTT diagram obtained for 0.1% precipitation in isothermal heat 

treatment for the material composition in Table 4 
 
 

 
Figure 13: Equilibrium phase diagram generated with JMatPro for the given 

material composition in Table 4 
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Table 8: Observed phases and their possible precipitation temperature ranges  

Phase 
Possible Precipitation temperature 

range in 1hr heat treatment 

α Up to 640°C and from 970°C till fully melt 

σ 640°C to 1010°C 

Cr-N 620°C to 1060°C 

χ 590°C to 980°C 

R 550°C to 740°C 

475Em 280°C to 500°C 
α – Ferrite, γ – Austenite, S – Sigma phase, Cr-N – Nitrides, χ – Chi phase, R – “R” phase, 
475Em - 475°C Embrittlement. 

 
By using these data a rough temperature profile was generated and compared with 

the temperature profile calculated in the heat affected zone of the TIG arc heat treated 
SDSS sample.  
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7 Results and discussion 

7.1 Convergence of the solution 

 
Figure 14 (a) and (b) show the residual plot for the FM models with fixed and temper-
ature varying DT, respectively. For the fixed DT case, the convergence was reached 
between 8 and 9 seconds of simulation time. For the temperature dependent DT case, 
it was between 7 and 8 seconds. Therefore, considering both the cases, all the simulation 
models have been simulated for 9 seconds of simulation time, to be sure that the resid-

uals have been reduced down to 10−8. Afterward, running further the simulation does 
not change the result and only consumes computational time. The temperature values 
obtained at the 9th second have therefore been used in this thesis.  

 

 

Figure 14: Plot of initial residuals for fixed DT (a) and temperature varying DT (b) 
models with respect to time 
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7.2 Mesh Effect 

Another important point that has to be taken into account in CFD simulations is the 
effect of the mesh on the results. As mentioned previously in the “Mesh generation” 
section, results obtained from the analysis of the mesh effect has been reported in this 
section.  

For this analysis, the temperature was plotted along a line where large temperature 
gradients are expected, such as the line PQ as shown in Figure 15. Note that the point 
P is not exactly on the fusion boundary line. Therefore, at point P, the temperature is 
few degrees lower than the fusion boundary temperature. The plotted temperature var-
iation for different meshes can be seen in Figure 16. It should be noted that for plotting 
the temperature Paraview interpolates the temperature variation between two adjacent 
cells (in the plotting direction) to obtain a smooth variation between the adjacent cells. 

When looking at the plotted temperature variation, it can seem that there is no big 
difference between the models, due to the X-axis scale used in the graph. But there 
exists a difference between the models in certain regions. This can be observed when 
changing the scale of the X-axis in the graph. To give a better understanding about this, 

 
Figure 15:  Line (PQ) that was used to plot the temperature to study the 

convergence in mesh 
 

 
Figure 16: Temperature variation plotted along the line PQ for different mesh size 

models 
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the author has plotted the temperature variation in the area shown in a red colour circle 
in Figure 16 changing the X axis scale. The temperature variation in this area can be 
seen in Figure 17. When the number of elements in the mesh was increased, the tem-
perature values were increased at a certain location. The variation is not significant be-
tween the FM2 and FM3 mesh models, which indicates that further refinement of the 
mesh does not have an effect on the temperature distribution. 

  Figure 18 shows the cell temperature near the fusion boundary. In a given cell the 
temperature value is constant for that cell. When the mesh resolution is small, the tem-
perature variation from cell to cell is not happening in an even way as can be seen for 
the NM mesh model. But when the mesh resolution is higher the temperature variation 
from cell to cell is smooth, as can be seen for the FM3 mesh model. This improves the 
accuracy of the final solution. 

 

 
Figure 18: Effect of the mesh model on the temperature distribution  

 

 
Figure 17: Zoom (in the area of the red colour circle in) of the 

temperature variation along the line PQfor different mesh size models 
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Therefore, the FM3 mesh model has been used to evaluate the temperature distri-
bution of the arc heat treated sample 

7.3 Effect of temperature dependent material property values 

Figure 19 shows the effect of using a temperature dependent thermal diffusivity in the 
model. The same PQ line has been used to get the temperature profile as mentioned in 
the previous section. The variation of the thermal diffusivity has caused more heat dif-
fusion into the sample. This effect is clearly visible in the graph within the 1100°C to 
300°C temperature range. Thus, it is important to take into account the change in ma-
terial properties with temperature. 

 

Figure 19: Effect of temperature varying thermal diffusivity values (obtained using 
FM model) 

 

7.4 Temperature profile of the arc heat treated sample 

To obtain the temperature profile of the sample, the FM3 mesh model with temperature 
varying material properties has been used due to the higher accuracy of the solution of 
this model. A line was selected 1mm below the top surface of the sample to plot the 
calculated temperature and compare it to the generated experimental temperature pro-
file. The generated experimental temperature profile can be seen in Figure 20. The dots 
in the experimental temperature profile line represent the temperature values that were 
roughly calculated based upon the microstructural observations. 

The temperature variation within the heat affected zone and the temperature profile 
along the line XY (which is 1mm below the top surface of the sample), can be seen in 
Figure 20 and Figure 21. The calculated temperature profile predicts the overall trend 
of the temperature profile obtained from the experiments. However it was observed 
that there exists a clear gap between the two profiles within certain locations. This gap 
is more visible in the range from the fusion boundary up to a distance roughly equal to 
3mm. At some locations, the temperature gap between the two profiles is around 
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150°C. But after 3mm away from the fusion boundary, the gap between the two tem-
perature profiles becomes small. The maximum deviation was at around 15% from the 
experimentally generated temperature profile. 

This kind of variation was not expected in the simulation work since temperature 
dependent material properties have been used in the model. The author has found a 
few reasons that could explain the mismatch of the two temperature profiles when in-
vestigating this effect. These reasons have been explained in following paragraphs. 

One possible reason could be the rough measurement of the distances from the 
fusion boundary to the location where the microstructure was observed. The fusion 
boundary (where exactly the liquid phase stars to form initially) is difficult to identify in 
the microstructural images since it was not a sharp boundary. This affects the rough 
temperature profile. Thus, it is important to make accurate measurements so that a 
more accurate profile can be generated. Also better microstructure characterization with 
each phase volume fraction would give better data to generate the experimental tem-
perature profile. Therefore the accuracy of the current experimental temperature profile 
is questionable and could be improved. 

The main reason behind this gap could be the effect of phase change within the 
material. This was not taken into consideration during the modelling.  During a phase 
change of any material, energy is either absorbed or released due to the change in the 
enthalpy values of the phases. This is known as the latent heat of phase transformation 
[17]–[19]. When looking at the TTT diagram (see Figure 12) of the material, it can 
clearly be seen that in the temperature range from 600°C to 1060°C, where the temper-
ature gap is more visible, many secondary phases start to form as soon as the heat 
treatment begins. Hence, the necessary energy that is needed for this phase transfor-
mation is absorbed from the sample (a heat sink), resulting in a reduction of the tem-
perature. At around 850°C to 980°C the amount of phase transformed is higher than 
the rest of the range, indicating larger heat absorption happens within this temperature 
sub-range. Also the material property values change due to the temperature change re-
sulting from the phase transformation. Therefore, it is very important to model these 
phase transformations accurately. 

 
Figure 20: Temperature profile in the heat affected zone - plotted long the line XY (1 

mm below from the top surface of the sample) 
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In order to model the phase change effect, phase transformation kinetics have to 

be accounted into the governing differential equation.  
Once the phase transformation is considered, the system is not steady state any-

more. Then the problem becomes a transient heat transfer problem due to the time 
dependent phase transformation. The internal heat generation rate, Q, has now to be 
included in the model to account for the phase transformation effect. 

 
𝛛𝐓

𝛛𝐭
− 𝛁 ∙ (𝑫𝑻𝛁∅) =

𝑸

𝝆𝑪𝒑
 (3) 

 
Here, Q is the rate of heat generated or absorbed due to phase transformation. The 

global material properties now have to be calculated by using a mixture rule considering 
the phase change effect. The term Q take the kinetics of phase transformation into 
account. Taking the computational modelling method into account [17]–[19], it can be 
defined as follows: . 

 

𝑸 = ∆𝑯𝒊,𝒋  
∆𝒇𝒊,𝒋

∆𝒕𝒋
 (4) 

 

where ∆𝐻𝑖,𝑗 is the change of latent heat for phase transformation of phase i during the 

time step j. ∆𝑓𝑖,𝑗 is the volume fraction of phase i changed during the time step j, and 

∆𝑡𝑗 the duration of the time step j. The fraction of phase change can be calculated by 

using the Johnson–Mehl–Avrami–Komogorov (JMAK) model. It gives, 
 

𝒇𝒊 = 𝟏 −  𝒆𝒙𝒑 (−𝒌𝒊  ∙  𝒕𝒏𝒊) (5) 
 

where 𝑓𝑖 is the volume fraction of phase transformed of the phase i, t the time elapsed 

form the starting of the phase transformation. 𝑘𝑖 and 𝑛𝑖 are isothermal temperature 
dependent parameters for the phase i.  

Before solving the modified governing differential equation, it is very important to 
model the phase transformation kinetics and the material properties correctly. The time 
frame that was given for this thesis work was not enough to model this kind of phe-

 

 
Figure 21: Temperature variation (with contour values) in the heat 

affected zone and line XY that was used to plot the temperature profile 
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nomena. Also JMatPro cannot be used to model phase kinetics according to the au-
thor’s knowledge. For that, a software like Thermo-Calc would be more suitable. The 
numerical modelling of this physics is also not straight forward as different and complex 
numerical methods have to be taken into account.  
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8 Conclusion 

The aim of this thesis work was to model the temperature field, within the heat affected 
zone of a super duplex stainless steel sample that has been subjected to a novel TIG 
arc heat treatetment method, by using OpenFOAM CFD code. The heat diffusion 
equation in a solid material was solved to obtain the temperature field. Custom bound-
ary conditions were implemented according to the experimental observations. The de-
veloped model was able to capture the trend in the overall temperature field in the heat 
affected zone. However, there was some mismatch between the calculated and experi-
mental temperature profiles in certain locations (based on the assumption that the gen-
erated rough experimental profile is accurate enough) in the heat affected zone. Within 
these locations, many phase changes were observed both experimentally and from the 
TTT diagram generated with JMatPro. The current model did not take these phenom-
ena into account. These phase changes could result in internal heat sinks that would 
lower the temperature predicted by the model. Thus, it would be needed to properly 
model phase change and its kinetics in order to get a more accurate temperature field. 
Since the remaining time of the thesis was not enough to model these phenomena, a 
preliminary investigation was carried out how to model these effects and has been re-
ported briefly.  

8.1 Future Work and Research 

As mentioned previously, modelling the phase transformation and their effect would 
give better results. This would add more value to the current research work since mod-
elling the phase transformation using the JMAK method would give an insight on dif-
ferent secondary phase precipitations with time. It would help to better characterise the 
experimental microstructure observations. Once the model is been developed, it can be 
used to predict microstructure and temperature profile for any heat treatment time pe-
riod. 

Another potential future research work could be developing a model that does not 
depend on the experimentally measured temperature values at the top and bottom tem-
peratures. This can be done by taking the heat transfer mechanisms such as convection 
heat transfer at the sample boundaries. Also taking the molten pool into the model 
would help to overcome the difficulties when measuring the fusion boundary accurately 
(although the heat source would then need to be modelled too, or calculated). 

It was observed that the experimental measurement of the distances based on the 
microscopic images were difficult due to two major reasons. One reason was the rela-
tively large temperature drop within a short distance which caused many phase changes 
with this short distance near the fusion boundary. This could be avoided by having a 
smaller temperature drop per unit length. The low cooling rate on the bottom side could 
be a solution for this. The current model can be used to get an idea about the back side 
cooling rate effect on the temperature profile in the heat affected zone.  This can be 
done by artificially changing the bottom side temperature profile. Another reason for 
the difficulty in measuring the distances was the difficulty of identifying the locations 
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where the different phases appearin the current SEM greyscale images and optical mi-
croscopic images. This could be avoided by obtaining Electron backscatter diffraction 
(EBSD) colour map images of the phases. 

8.2 Critical Discussion 

The current model developed in OpenFOAM® to predict the temperature field in a 
TIG weld heat treated sample lays the foundation for the future research work men-
tioned above. Even though the current model has some limitations, still it can be used 
to get a rough idea about how the temperature profile would change in the heat affected 
zone due to top and bottom face temperature profiles. This will help when selecting 
cooling rates for the bottom side to obtain a low temperature drop (per unit length) 
profile within the heat affected zone for an easier microstructural characterization. 

8.3 Generalization of the result 

The model developed during thesis work might be used in any other similar situations 
where it is needed to model the temperature field in a heat affected zone.   
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A. Code for the top side temperature pro-
file 

/*---------------------------------------------------------------------------

*\ 

  =========                 | 

  \\      /  F ield         | OpenFOAM: The Open Source CFD Toolbox 

   \\    /   O peration     | 

    \\  /    A nd           | Copyright (C) 2013 OpenFOAM Foundation 

     \\/     M anipulation  | 

------------------------------------------------------------------------------

- 

License 

    This file is part of OpenFOAM. 

 

    OpenFOAM is free software: you can redistribute it and/or modify it 

    under the terms of the GNU General Public License as published by 

    the Free Software Foundation, either version 3 of the License, or 

    (at your option) any later version. 

 

    OpenFOAM is distributed in the hope that it will be useful, but WITHOUT 

    ANY WARRANTY; without even the implied warranty of MERCHANTABILITY or 

    FITNESS FOR A PARTICULAR PURPOSE.  See the GNU General Public License 

    for more details. 

 

    You should have received a copy of the GNU General Public License 

    along with OpenFOAM.  If not, see <http://www.gnu.org/licenses/>. 

 

\*---------------------------------------------------------------------------

*/ 

 

#include "myTopTemperatureFvPatchScalarField.H" 

#include "addToRunTimeSelectionTable.H" 

#include "fvPatchFieldMapper.H" 

#include "volFields.H" 

#include "uniformDimensionedFields.H" 

 

// * * * * * * * * * * * * * * * * Constructors  * * * * * * * * * * * * * * 

// 

 

Foam::myTopTemperatureFvPatchScalarField:: 

myTopTemperatureFvPatchScalarField 

( 

    const fvPatch& p, 

    const DimensionedField<scalar, volMesh>& iF 

) 

: 

    fixedValueFvPatchScalarField(p, iF), 

    TrefValue_(273.0) 

{} 

 

 

Foam::myTopTemperatureFvPatchScalarField:: 

myTopTemperatureFvPatchScalarField 

( 

    const fvPatch& p, 

    const DimensionedField<scalar, volMesh>& iF, 

    const dictionary& dict 

) 
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: 

    fixedValueFvPatchScalarField(p, iF), 

    TrefValue_(273.0) 

{} 

 

 

Foam::myTopTemperatureFvPatchScalarField:: 

myTopTemperatureFvPatchScalarField 

( 

    const myTopTemperatureFvPatchScalarField& ptf, 

    const fvPatch& p, 

    const DimensionedField<scalar, volMesh>& iF, 

    const fvPatchFieldMapper& mapper 

) 

: 

    fixedValueFvPatchScalarField(ptf, p, iF, mapper), 

    TrefValue_(273.0) 

{} 

 

 

Foam::myTopTemperatureFvPatchScalarField:: 

myTopTemperatureFvPatchScalarField 

( 

    const myTopTemperatureFvPatchScalarField& ptf 

) 

: 

    fixedValueFvPatchScalarField(ptf), 

    TrefValue_(273.0) 

{} 

 

 

Foam::myTopTemperatureFvPatchScalarField:: 

myTopTemperatureFvPatchScalarField 

( 

    const myTopTemperatureFvPatchScalarField& ptf, 

    const DimensionedField<scalar, volMesh>& iF 

) 

: 

    fixedValueFvPatchScalarField(ptf, iF), 

    TrefValue_(273.0) 

{} 

 

 

// * * * * * * * * * * * * * * * Member Functions * * * * * * * * * * * * * // 

 

void Foam::myTopTemperatureFvPatchScalarField::updateCoeffs() 

{ 

    if (updated()) 

    { 

        return; 

    } 

 

 

//Number of datad points for the interpolation 

    

    scalar NumOfDataPts = 12; 

    //Info << " NumOfDataPts=" << NumOfDataPts << endl; 

 

    //create aray for location data of the experimental dtaPointsLocation (in 

m) 

    // Need to check the last point (should corresppond to Ymax of mesh) 

    scalar DataPointsLocation[12] = {4.6e-3, 5.4e-3, 5.9e-3, 6.4e-3, 9.5e-3, 

10.0e-3, 10.5e-3, 15.0e-3, 24.8e-3, 34.8e-3, 36.6e-3, 100.0e-3};  
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    // create aray for temperature data of the experimental data (in K) 

    scalar TemperatureAtDataPoints[12] = {1623, 1123, 1001, 881, 622, 583, 

563, 421, 345, 301, 296, 296}; 

     

    // set up access to number of boundary faces 

    label nFaces = patch().patch().size(); 

 

    scalar Yface; 

    scalarField TemperatureData(nFaces,TrefValue_); 

 

    int k, i; 

 

    for (k=0; k< NumOfDataPts-1; k++) 

    { 

 scalar grad = (TemperatureAtDataPoints[k+1]-TemperatureAtData-

Points[k])/(DataPointsLocation[k+1]-DataPointsLocation[k]); 

 //Info << " grad = " << grad << endl; 

  

 for (i=0; i<nFaces; i++) 

 { 

 Yface = patch().Cf()[i].component(vector::Y); 

   

  if (DataPointsLocation[k]<= Yface and Yface <= Data-

PointsLocation[k+1]) 

  { 

  TemperatureData[i]= TemperatureAtDataPoints[k] + grad 

* (Yface -DataPointsLocation[k] ); 

  } 

   

 } 

    } 

 

    //Info << " Calculated Temperature values top= " << TemperatureData << 

endl; 

 

    operator==(TemperatureData); 

 

    fixedValueFvPatchScalarField::updateCoeffs(); 

} 

 

 

void Foam::myTopTemperatureFvPatchScalarField::write(Ostream& os) const 

{ 

    fvPatchScalarField::write(os); 

    writeEntry("value", os); 

} 

 

 

// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

// 

 

namespace Foam 

{ 

    makePatchTypeField 

    ( 

        fvPatchScalarField, 

        myTopTemperatureFvPatchScalarField 

    ); 

} 

 

// ************************************************************************* 

// 
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B. Code for the bottom side temperature 
profile 

/*---------------------------------------------------------------------------

*\ 

  =========                 | 

  \\      /  F ield         | OpenFOAM: The Open Source CFD Toolbox 

   \\    /   O peration     | 

    \\  /    A nd           | Copyright (C) 2013 OpenFOAM Foundation 

     \\/     M anipulation  | 

------------------------------------------------------------------------------

- 

License 

    This file is part of OpenFOAM. 

 

    OpenFOAM is free software: you can redistribute it and/or modify it 

    under the terms of the GNU General Public License as published by 

    the Free Software Foundation, either version 3 of the License, or 

    (at your option) any later version. 

 

    OpenFOAM is distributed in the hope that it will be useful, but WITHOUT 

    ANY WARRANTY; without even the implied warranty of MERCHANTABILITY or 

    FITNESS FOR A PARTICULAR PURPOSE.  See the GNU General Public License 

    for more details. 

 

    You should have received a copy of the GNU General Public License 

    along with OpenFOAM.  If not, see <http://www.gnu.org/licenses/>. 

 

\*---------------------------------------------------------------------------

*/ 

 

#include "myBottomTemperatureFvPatchScalarField.H" 

#include "addToRunTimeSelectionTable.H" 

#include "fvPatchFieldMapper.H" 

#include "volFields.H" 

#include "uniformDimensionedFields.H" 

 

// * * * * * * * * * * * * * * * * Constructors  * * * * * * * * * * * * * * 

// 

 

Foam::myBottomTemperatureFvPatchScalarField:: 

myBottomTemperatureFvPatchScalarField 

( 

    const fvPatch& p, 

    const DimensionedField<scalar, volMesh>& iF 

) 

: 

    fixedValueFvPatchScalarField(p, iF), 

    TrefValue_(273.0) 

{} 

 

 

Foam::myBottomTemperatureFvPatchScalarField:: 

myBottomTemperatureFvPatchScalarField 

( 

    const fvPatch& p, 

    const DimensionedField<scalar, volMesh>& iF, 

    const dictionary& dict 

) 
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: 

    fixedValueFvPatchScalarField(p, iF), 

    TrefValue_(273.0) 

{} 

 

 

Foam::myBottomTemperatureFvPatchScalarField:: 

myBottomTemperatureFvPatchScalarField 

( 

    const myBottomTemperatureFvPatchScalarField& ptf, 

    const fvPatch& p, 

    const DimensionedField<scalar, volMesh>& iF, 

    const fvPatchFieldMapper& mapper 

) 

: 

    fixedValueFvPatchScalarField(ptf, p, iF, mapper), 

    TrefValue_(273.0) 

{} 

 

 

Foam::myBottomTemperatureFvPatchScalarField:: 

myBottomTemperatureFvPatchScalarField 

( 

    const myBottomTemperatureFvPatchScalarField& ptf 

) 

: 

    fixedValueFvPatchScalarField(ptf), 

    TrefValue_(273.0) 

{} 

 

 

Foam::myBottomTemperatureFvPatchScalarField:: 

myBottomTemperatureFvPatchScalarField 

( 

    const myBottomTemperatureFvPatchScalarField& ptf, 

    const DimensionedField<scalar, volMesh>& iF 

) 

: 

    fixedValueFvPatchScalarField(ptf, iF), 

    TrefValue_(273.0) 

{} 

 

 

// * * * * * * * * * * * * * * * Member Functions  * * * * * * * * * * * * * 

// 

 

void Foam::myBottomTemperatureFvPatchScalarField::updateCoeffs() 

{ 

    if (updated()) 

    { 

        return; 

    } 

 

 

//Number of datad points for the interpolation 

    

    scalar NumOfDataPts = 9; 

 
    //Info << " NumOfDataPts=" << NumOfDataPts << endl; 

 

    //create aray for location data of the experimental dtaPointsLocation (in 

m) 

    // Need to check the last point (should corresppond to Ymax of mesh) 

    scalar DataPointsLocation[9] = {0, 6.0e-3, 9.5e-3, 10.5e-3, 11.0e-3, 

11.5e-3, 12.0e-3, 13.0e-3, 100.0e-3};  
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    //Info << " DataPointsLocation= " << DataPointsLocation<< endl; 

 

    // create aray for temperature data of the experimental data (in K) 

    scalar TemperatureAtDataPoints[9] = {431, 403, 373, 333, 313, 303, 298, 

296, 296}; 

     

    // set up access to number of boundary faces 

    label nFaces = patch().patch().size(); 

 

    scalar Yface; 

    scalarField TemperatureData(nFaces,TrefValue_); 

 

 

    int k, i; 

 

    for (k=0; k< NumOfDataPts-1; k++) 

    { 

 scalar grad = (TemperatureAtDataPoints[k+1]-TemperatureAtData-

Points[k])/(DataPointsLocation[k+1]-DataPointsLocation[k]); 

 Info << " grad = " << grad << endl; 

  

 for (i=0; i<nFaces; i++) 

 { 

 Yface = patch().Cf()[i].component(vector::Y); 

   

  if (DataPointsLocation[k]<= Yface and Yface <= Data-

PointsLocation[k+1]) 

  { 

  TemperatureData[i]= TemperatureAtDataPoints[k] + grad 

* (Yface -DataPointsLocation[k] ); 

  } 

   

 } 

    } 

 

   Info << " Calculated Temperature values bottom = " << TemperatureData << 

endl; 

 

    operator==(TemperatureData); 

 

    fixedValueFvPatchScalarField::updateCoeffs(); 

} 

 

 

void Foam::myBottomTemperatureFvPatchScalarField::write(Ostream& os) const 

{ 

    fvPatchScalarField::write(os); 

    writeEntry("value", os); 

} 

 

 

// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

// 

 

namespace Foam 

{ 

    makePatchTypeField 

    ( 

        fvPatchScalarField, 

        myBottomTemperatureFvPatchScalarField 

    ); 

} 
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// ************************************************************************* 

// 
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C. Code for the solver myLaplacianFoam.C  

/*---------------------------------------------------------------------------

*\ 

  =========                 | 

  \\      /  F ield         | OpenFOAM: The Open Source CFD Toolbox 

   \\    /   O peration     | 

    \\  /    A nd           | Copyright (C) 2011 OpenFOAM Foundation 

     \\/     M anipulation  | 

------------------------------------------------------------------------------

- 

License 

    This file is part of OpenFOAM. 

 

    OpenFOAM is free software: you can redistribute it and/or modify it 

    under the terms of the GNU General Public License as published by 

    the Free Software Foundation, either version 3 of the License, or 

    (at your option) any later version. 

 

    OpenFOAM is distributed in the hope that it will be useful, but WITHOUT 

    ANY WARRANTY; without even the implied warranty of MERCHANTABILITY or 

    FITNESS FOR A PARTICULAR PURPOSE.  See the GNU General Public License 

    for more details. 

 

    You should have received a copy of the GNU General Public License 

    along with OpenFOAM.  If not, see <http://www.gnu.org/licenses/>. 

 

Application 

    laplacianFoam 

 

Description 

    Solves a simple Laplace equation, e.g. for thermal diffusion in a solid. 

 

\*---------------------------------------------------------------------------

*/ 

 

#include "fvCFD.H" 

#include "simpleControl.H" 

 

// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

// 

 

int main(int argc, char *argv[]) 

{ 

    #include "setRootCase.H" 

 

    #include "createTime.H" 

    #include "createMesh.H" 

    #include "createFields.H" 

 

    simpleControl simple(mesh); 

 

    // * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

// 

 

    Info<< "\nCalculating temperature distribution\n" << endl; 

 

    while (simple.loop()) 

 { 

        Info<< "Time = " << runTime.timeName() << nl << endl; 
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        while (simple.correctNonOrthogonal()) 

        { 

 

            // initialize the thermla diffusion field 

 

  scalar T0 = 20+273; 

  scalar Tstep = 5; 

                

                #include "DTtab.H" 

   

  int i; 

 

  scalar Tsize = T.size(); 

   

  for (i=0; i<T.size(); i++) 

  { 

   int index = ((T[i]-T0)/Tstep); 

   

        

      DT[i] = DTtab[index] + ((DTtab[index + 1] 

- DTtab[index])/Tstep) * (T[i] - (T0 + Tstep * index)) ; 

  } 

   

            solve 

            ( 

                 

  fvm::ddt(T) - fvm::laplacian(DT, T)  

            ); 

        } 

 

        #include "write.H" 

 

        Info<< "ExecutionTime = " << runTime.elapsedCpuTime() << " s" 

            << "  ClockTime = " << runTime.elapsedClockTime() << " s" 

            << nl << endl; 

    } 

 

    Info<< "End\n" << endl; 

 

    return 0; 

} 

 

 

// ************************************************************************* 

// 
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D. Code for the createFields.H 

    Info<< "Reading field T\n" << endl; 

 

    volScalarField T 

    ( 

        IOobject 

        ( 

            "T", 

            runTime.timeName(), 

            mesh, 

            IOobject::MUST_READ, 

            IOobject::AUTO_WRITE 

        ), 

        mesh 

    ); 

 

Info<< "Reading field DT \n" << endl; 

 

   volScalarField DT 

    ( 

        IOobject 

        ( 

            "DT", 

            runTime.timeName(), 

            mesh, 

            IOobject::MUST_READ, 

            IOobject::AUTO_WRITE 

        ), 

        mesh 

    ); 

 

 

 

  /* Info<< "Reading transportProperties\n" << endl; 

 

    IOdictionary transportProperties 

    ( 

        IOobject 

        ( 

            "transportProperties", 

            runTime.constant(), 

            mesh, 

            //IOobject::MUST_READ_IF_MODIFIED, 

            IOobject::NO_WRITE 

        ) 

    );*/ 

 

/* 

    Info<< "Reading diffusivity DT\n" << endl; 

 

    dimensionedScalar DT 

    ( 

        transportProperties.lookup("DT") 

    ); 

*/ 


