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ABSTRACT 

Welding is a critical process in the construction of offshore wind turbine towers, connecting individual 

sections to enable their assembly while ensuring structural integrity and sufficient strength. However, 

welding introduces residual stresses and distortions that can affect the structural behaviour. Standard 

finite element (FE) simulations, while capable of accurately modelling the mechanical behaviour of 

structures with residual stresses under certain conditions, come with a high computational cost, 

limiting their practical application in industrial design and optimization. 

This study investigates computationally efficient approaches for welding simulation, focusing on 

offshore wind turbine towers. Two different heat source models were employed to simulate the 

moving heat input along the weld seam: one assuming a rectangular heat distribution for simplicity 

and another utilizing the Goldak heat source model to achieve more accurate results. Based on these 

models, a hybrid finite element approach was developed, combining solid and shell elements to strike 

a balance between computational efficiency and accuracy 

The methodology was initially validated on small-scale specimens and later applied to full-scale wind 

turbine tower sections. The small-scale specimens were modelled entirely with 3D solid finite 

elements, a method that has been previously validated against experimental reference data. These 

reference models were used to assess the accuracy of the hybrid models. The comparison between 

hybrid and reference models demonstrated that the hybrid approach reduces computational time 

while maintaining a realistic temperature distribution. The Goldak heat source model was found to 

provide a more precise thermal distribution, whereas the rectangular heat source overestimated peak 

temperatures and prolonged cooling times, making it less computationally efficient. 

It is concluded that geometric simplification of the welding heat source model does not necessarily 

yield computational benefits. Instead, optimizing the discretization method by using a hybrid model 

(solid elements near the weld and shell elements elsewhere) offers a practical solution for large-scale 

welding simulations. This approach achieves an optimal balance between accuracy and computational 

efficiency, making it suitable for simulating welding in large structures. The methodology can be 

extended to full-scale wind turbine towers, facilitating the efficient analysis of welding-induced 

distortions and residual stresses. 
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ΠΕΡΙΛΗΨΗ 

Η συγκόλληση αποτελεί βασική διαδικασία στην κατασκευή πύργων ανεμογεννητριών, συνδέοντας επιμέρους τμήματα, 

κάνοντας έτσι εφικτή την κατασκευή τους, εξασφαλίζοντας παράλληλα την δομική ακεραιότητα και επαρκή αντοχή. Ωστόσο, 

εισάγει παραμένουσες τάσεις και παραμορφώσεις που μπορούν να επηρεάσουν την δομοστατική συμπεριφορά. Οι 

κλασικές προσομοιώσεις με πεπερασμένα στοιχεία (FE), αν και μπορούν να προσφέρουν, υπό προϋποθέσεις, μια αρκετά 

ακριβή προσομοίωση της μηχανικής συμπεριφοράς μίας κατασκευής με παραμένουσες τάσεις, έχουν υψηλό υπολογιστικό 

κόστος, περιορίζοντας την πρακτική τους εφαρμογή στον βιομηχανικό σχεδιασμό και τη βελτιστοποίηση. 

Η παρούσα εργασία εξετάζει μεθόδους για την μείωση του υπολογιστικού κόστους μιας προσομοίωσης συγκόλλησης, με 

έμφαση στους υπεράκτιους πύργους ανεμογεννητριών. Υιοθετήθηκαν στις παρούσες προσομοιώσεις δύο προσομοιώματα 

της θερμικής πηγής της συγκόλλησης που κινείται κατά μήκος της ραφής. Ένα με θεώρηση ορθογωνικής γεωμετρίας για 

χάρη απλότητας και ένα με θεώρηση πηγής Goldak για την επίτευξη ακριβέστερων αποτελεσμάτων. Βάσει αυτών, 

αναπτύχθηκε ένα υβριδικό μοντέλο πεπερασμένων στοιχείων που συνδυάζει στερεά (solid) και κελυφικά (shell) στοιχεία, 

με στόχο να επιτευχθεί ισορροπία μεταξύ ακρίβειας και υπολογιστικού κόστους. 

Η μεθοδολογία επαληθεύτηκε αρχικά σε μικρής κλίμακας δοκίμια και στη συνέχεια εφαρμόστηκε σε τμήματα πύργων 

ανεμογεννητριών πραγματικής κλίμακας. Προσομοιώματα των μικρής κλίμακας δοκιμίων, αποτελούμενα αποκλειστικά από 

τρισδιάστατα πεπερασμένα στοιχεία, μεθοδολογία η οποία έχει επικυρωθεί έναντι πειραματικών αποτελεσμάτων 

αναφοράς σε προηγούμενες αναλύσεις, χρησιμοποιήθηκαν ως αναφορά επικύρωσης της ορθότητας των υβριδικών 

μοντέλων Η σύγκριση των υβριδικών με τα προσομοιώματα αναφοράς έδειξε ότι η υβριδική προσέγγιση μειώνει τον 

υπολογιστικό χρόνο, διατηρώντας παράλληλα ρεαλιστική κατανομή της θερμοκρασίας. Η θερμική πηγή Goldak θεωρείται 

πως αποδίδει την ακριβή κατανομή θερμότητας, και σε σύγκριση με αυτήν η ορθογωνική πηγή υπερεκτίμησε τις μέγιστες 

θερμοκρασίες και επιμήκυνε τους χρόνους ψύξης, καθιστώντας την λιγότερο αποδοτική υπολογιστικά.  

Συμπεραίνεται λοιπόν ότι γεωμετρική απλοποίηση του προσομοιώματος της πηγής της συγκόλλησης δεν αποφέρει 

απαραίτητα υπολογιστικά οφέλη. Αντιθέτως, η σύγκριση των μεθόδων διακριτοποίησης της κατασκευής μακριά από την 

ραφή της συγκόλλησης (προσομοιώματα με πλήρως τρισδιάστατα στοιχεία - υβριδικά προσομοιώματα) μπορεί να 

αποτελέσει μια πρακτική λύση για προσομοιώσεις συγκόλλησης μεγάλης κλίμακας κατασκευών, επιτυγχάνοντας βέλτιστη 

σχέση μεταξύ ακρίβειας και υπολογιστικών απαιτήσεων. Η μεθοδολογία αυτή μπορεί να επεκταθεί σε πραγματικού 

μεγέθους πύργους ανεμογεννητριών, διευκολύνοντας την αποτελεσματική ανάλυση των παραμορφώσεων συγκόλλησης 

και των παραμενουσών τάσεων. 
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1 INTRODUCTION 

1.1 Problem Statement 

Welding is a critical process in the construction of large offshore structures, such as wind turbine 

towers and oil platforms. It enables the joining of metal components with sufficient strength and low 

costs, making it indispensable for the offshore industry, where massive structures that cannot be 

manufactured and/or transported in one piece, are usually erected. However, welding processes often 

introduce residual stresses and/or distortions, which can increase the need for post-weld treatments 

to reduce unwanted deformation and can compromise the structural integrity and performance of 

these components against Ultimate Limit States such as buckling and fatigue. Understanding and 

mitigating welding distortion and residual stresses is therefore essential for ensuring the economic 

production and safety and longevity of offshore structures respectively. 

Despite advancements in welding technology, predicting and controlling welding distortion remains a 

significant challenge, particularly for large offshore structures. Finite element (FE) simulations, while 

can offer a good insight in the phenomena of welding, which are of interest in structural engineering 

but they are often computationally expensive and time-consuming, especially for large-scale models. 

This limits their practical application in the design and optimization of offshore structures. There is a 

need for more efficient simulation methods that can accurately predict welding distortion while 

reducing computational cost. 

The present thesis aims to address this challenge by investigating approaches that reduce 

computational times and enable the simulation of real-scale structures, with a focus on offshore wind 

turbine towers. The study focuses on the problem of simulating three-dimensional heat transfer inside 

the welded component. The heat is introduced to the component by a moving weld heat source, that 

simulated the moving weld pool of real weld processes. Heat losses to the environment constitute the 

boundary conditions of the simulated problem. Simulations are initially carried out on smaller 

specimens to evaluate the efficiency and accuracy of the selected approaches. Once validated, these 

approaches are applied to real-scale components, demonstrating their potential for practical use in 

civil engineering. 
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The main body of this thesis is divided into the following chapters: 

Chapter 1 introduces the research topic, providing essential context and background. It provides a brief 

theoretical overview of welding, describing key concepts and setting the stage for the objectives, 

research questions and methodology of the study. 

Chapter 2 provides the theoretical background on heat transfer, welding processes, and finite element 

modelling. 

Chapter 3 presents the numerical models developed for the investigations on thermal deformation 

from welding. 

Chapter 4 discusses the results of the numerical analyses, including thermal distributions and other 

parameters obtained from the simulations. 

1.2 Welding processes 

Welding can be categorized based on the used method into fusion processes, pressure processes, and 

brazing and soldering. In fusion processes the base metals are heated to melting state, often a filler 

metal is added to strengthen the joint, without any pressure being applied. In pressure processes, a 

friction or explosion is used to heat the joining sections of the metal components and join them under 

pressure. In brazing and soldering processes, a filler metal with lower melting point than that of the 

base metals is used. The filler metal is melted with a gas torch or in furnace and then is applied to the 

contact area [1]. In Figure 1.1 a further classification of the most used techniques under fusion and 

pressured processes is presented. The Submerged Arc Welding process, which is commonly used in 

wind turbine components, falls under arc welding method. Considering this, more details about arc 

welding are provided, such as how is it performed and the advantages and disadvantages for the most 

popular methods. 

 

Figure 1.1: A classification in welding processes [1, 2] 
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The arc welding processes are most widely used to join metals. In this process an electric arc created 

between the base metal an electrode melts the base metal and the filler metal to produce the welded 

join. When the electrode acts both as a filler and a consumable to generate arc the process, the method 

is called consumable-electrode welding. Some processes that belong this category are the shielded 

metal arc welding, gas metal arc welding and submerged arc welding. On the other hand, gas tungsten 

arc welding and plasma arc welding belong to non- consumable-electrode welding, as the electrode is 

used only to generate an arc [1]. 

Shielded Metal Arc Welding (SMAW), the oldest and the most widely practiced technique, is also 

known as stick welding. In this process, a shielding gas is produced when the flux-coated electrode 

melts, to prevent oxidation of the weld pool. SMAW can work both with alternating current (AC) or 

direct current (DC) power sources and be used to join multiple materials such as steel, stainless steel 

and cast iron [1]. The advantages of this method include the low cost, portability, and outdoor welding. 

However, SMAW produces slag that must be removed at the end, requires skilled operators and has 

lower deposition rates compared to other arc welding processes. Nevertheless, this method remains 

popular in construction, pipeline and shipbuilding [2]. 

Gas Metal Arc Welding (GMAW), is widely known as Metal Inert Gas. In this case, a small diameter wire 

electrode is fed continuously through the contact tip, whereas the shielding gas is supplied externally 

from the welding torch. This method uses inert gases such as argon and helium, which are typically 

used for aluminium welding. This technique can be used in various ways, including semi- or full 

automatically and robotically, resulting in fast and high-quality welds with no slag formation. Although 

this process is the most widely used, its reliance on shielding gas and the limited deoxidants available 

makes it is impractical for outdoor use without an enclosure and unsuitable for rusted and dirty 

surfaces unless they are cleaned beforehand. [2] 

Gas Tungsten Arc Welding (GTAW), also called Tungsten Inert Gas (TIG) welding, is known for its 

precision and high-quality welds. As already mentioned, is part of non- consumable-electrode welding 

and requires an external shielding gas to protect the weld pool. This process is ideal for welding thin 

metals, such as aluminium, stainless steel and nickel, where small weld penetrations are required. 

(Figure 1.2) For welding, thicker metals multi-passes are required. However, due to recent 

developments higher penetration can be achieved with the use of a flux and proper selection of 

welding parameters. These processes include activated flux tungsten inert gas welding (ATIG), flux 

bound tungsten inert gas welding (FBTIG), pulsed current tungsten inert gas welding (PCTIG). The 

advantages of this process are aesthetically appealing results and high-strength welds with minimal 

distortion. The disadvantages include the slow process, requires high operator skill and is more 

expensive due to the cost of tungsten electrodes and shielding gas. The process is primarily used are 

in aerospace, medical device manufacturing, and high-performance automotive applications [3]. 

 

Figure 1.2: Penetration depth for different welding processes [3] 
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Flux-Cored Arc Welding (FCAW) is a modification of GMAW that utilizes a tubular electrode filled with 

flux instead of the external shielding gas. This electrode provides gaseous protection and the same 

time forms a slag that covers and protects the weld pool. This process is therefore suitable for outdoor 

or windy environments [3]. In addition, this process is highly efficient and offers higher disposition 

rates. On the other hand, it produces more smoke and fumes than any other arc welding process and 

requires slag removal. Despite these drawbacks, it is particularly useful in construction, shipbuilding 

and heavy equipment manufacturing, where high-speed welding is required. As a result, it remains a 

preferred method for large-scale industrial welding projects [3]. 

1.3 Welding in Wind power Structures 

Wind turbine towers and offshore wind foundations rely heavily on welding processes to ensure 

structural integrity, fatigue resistance, and manufacturing efficiency. Among these processes, 

Submerged Arc Welding (SAW) is the predominant process used for longitudinal, circumferential, and 

flange welding (Figure 1.3). SAW offers high deposition technique, deep penetration. and ability to 

produce consistent, high-quality welds in thick-walled profiles [1]. Thick-walled sections are essential 

for the structural stability of the offshore towers and are often exceed 50mm in thickness. To ensure 

complete penetration and minimize defects in these sections a multi-pass welding process is initiated. 

The welding sequence typically involves the first pass known as root pass, which fills the bottom of the 

joint ensuring proper material fusion while reducing defects from insufficient penetration. The fill 

passes, which build up the weld to meet the required thickness, as the name indicates and the final 

pass known as the “cap pass,” which serves as a surface refinement including smoothness and 

reinforcement [6, 7]. After each pass, the weld must be clean from any slag, spatter, or oxide formed 

during welding to prevent contamination in subsequent passes. This meticulous process is critical for 

maintaining weld quality, especially in large offshore structures where reliability is paramount.  

 

Figure 1.3: Wind tower fabrication process [1] 
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Regardless of its widespread use, SAW is not without challenges. One of the main problems is the 

accumulation of residual stress caused by uneven heating and cooling phases during welding [8,9] 

Combining these stresses with the cyclic loading experienced by offshore structures, such as wind and 

wave forces, makes the welding joints vulnerable to fatigue crack propagation. Regions with high stress 

concentrations, such as weld toes and Heat-Affected Zones (HAZs), are especially prone to cracking 

[9,11]. Welding can also cause excessive deformation (welding distortions) which should be eliminated 

with post-welding techniques, increasing significantly the cost of production. In addition, the excessive 

heat input in particular to thick metal sections requiring multi-pass welding, can increase thermal 

stresses, material hardening and welding defects. [6,7]. Other issues are insufficient fusion, hydrogen-

induced cracking, and stress corrosion cracking, all of which compromise the structural integrity of 

wind turbine towers. In particular, empirical research has demonstrated that hydrogen-induced 

cracking is notably prevalent in high-strength steels employed in offshore constructions, particularly 

when subjected to humid or saline conditions. Welding process efficiency remains a challenge as 

fabrication time, material costs, and energy consumption increase. 

Finite element analysis (FEA) has proven to be a crucial tool for predicting and mitigating welding 

distortion in large offshore structures. FEA optimises welding geometries to reduce fatigue risk by 

minimizing distortions and analysing the distribution of residual stress. [6,9]. In addition, by simulating 

multi-pass welding can be determined the best weld pass sequence, heat input, and cooling strategies 

to minimize defects [6, 7]. Recent developments in FEA have facilitated the integration of phase 

transformation models, which consider microstructural changes during the welding process and their 

influence on residual stresses and distortion. Furthermore, FEA provides insights into the distribution 

of residual stresses, enabling engineers to identify critical regions and implement corrective measures. 

Experimental methods with FEA such as microstructure analysis, impact strength testing, and digital 

image correlation guarantee the long-term reliability of welded joints [9].  

By simulating actual welding conditions with FEA, manufacturers can develop more durable, cost-

effective and fatigue-resistant wind turbine structures. The combination of optimized welding 

parameters, advanced welding technologies and accurate structural considerations is essential to meet 

the growing demand for sustainable and reliable wind energy infrastructure worldwide. 

 

 





 

2 THEORETICAL BACKGROUND 

2.1 Heat transfer and heat losses 

In heat transfer analysis, the heat flows from a warmer body to a colder body with three ways, 

conduction, convection, and radiation. In thermal conduction, heat energy gets transferred from 

warmer to colder parts of the body due to increased vibration of molecules. When heat is supplied to 

some molecules, they get excited and the amplitude of their vibration increases. As a result, they 

collide with their neighbours, transferring some of their energy. This phenomenon is called thermal 

conduction. A thermal gradient (or difference in temperatures) is necessary for heat flow to occur. The 

ability of a material to transfer heat through conduction is defined by the thermal conductivity, which 

is a material property and independent of the geometry of the object. According to Fourier’s law heat 

conduction is described by equation (2:1) [Error! Reference source not found.14 - 18].  

 𝑞 = − 𝑘
𝑑T

dx
  (2:1) 

where, 

q: heat flux rate, which is heat flow (Q) divided by the section area (A), W/m2 

k: thermal conductivity W/(m K) 

dT

dx
 : temperature gradient 

Heat convection occurs in fluids, which are liquids and gases, due to the motion of the fluid's 

molecules. The fluid closest to the heat source flows to the top as its volume increases and its density 

decreases, and is replaced by colder/denser fluid from surrounding areas. This process is repeated, 

creating a current in the fluid and heating it up entirely. In convection, the film coefficient plays an 

important role and can be thought of as the amount of heat flux needed to cause a unit difference in 

temperature between the surface and the ambient temperature (Equation (2:2))[14 - 18]. 

 𝑄 = ℎ𝑐𝐴(𝑇𝑠 − 𝑇𝐵) (2:2) 

where, 

Q: heat flow rate, W 

A: area in contact with fluid, m2 

hc: film coefficient, unitless 
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Ts: surface temperature, K 

TB: bulk fluid temperature, K 

The transfer of heat energy in the form of electromagnetic waves is called radiation. These waves do 

not require a medium to propagate and as a result all matter with temperatures greater than absolute 

zero emit heat transfer through radiation. Radiation is described by Stefan-Boltzmann's law 

equation (2:3)[17,18]. 

 𝑄 = ℎ𝑟𝐴(𝑇𝑠 − 𝑇𝐵)4 (2:3) 

In the transient thermal analysis, heat convection and radiation are defined as a boundary condition 

for the surface heat losses, with the film coefficient being temperature dependent. 

2.2 Thermal Transient Analysis 

Thermal analysis with FE is conducted to solve the heat flow problem inside one or more components. 

Thermal analysis can be categorized as steady-state or transient. A steady-state thermal analysis can 

be utilized to determine temperatures, thermal gradients, heat flow rates, and heat fluxes in an object 

that are caused by thermal loads that do not vary over time. In contrast, transient thermal analysis 

determines time-dependent thermal quantities. 

The governing equation for the heat conduction inside the component in transient thermal analysis is 

given by the differential Equation (2:4). The product of density (ρ), specific heat (c) on the left side of 

the equation is called thermal capacitance (C). The thermal capacitance term indicates the ability of 

the body to store thermal energy, which means a body with larger thermal capacitance will take more 

time to heat and the opposite [10,18,19] 

ρc (
∂T

∂t
+ vx

∂T

∂x
+ vy

∂T

∂y
+ vz

∂T

∂z
) = kxx

∂2T

∂x2
+ kyy

∂2T

∂y2
+ kzz

∂2T

∂z2
+ q̇ (2:4) 

where, 

ρ: density, kg/m3 

c: specific heat, J/(kg K)  

T: temperature, K  

t: time, s 

kxx, kyy, kzz: thermal conductivity in the element’s x, y, and z directions respectively, W/(m K),  

q̇: heat generation rate per unit volume W/m3  

vx, vy, vz: the velocity for transport of heat in x, y, and z directions, respectively, m/s  

In welding simulation, in addition to providing temperature distributions which are transferred as 

thermal strains in the mechanical analysis part, it also provides the required input data in order to 

define the width of the heat-affected zone and also, heating and cooling rates that define the final 

microstructural and hardness of the material. These are the critical parameters for the accurate 

estimation of residual stresses and deformations. 
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2.3 Simulation approaches for modelling the moving weld heat source 

2.3.1 Goldak thermal source 

To simulate the weld pool during of metal arc weld, the double ellipsoidal model proposed by Goldak 

et al. in 1984. [17,18](Figure 2.1). It can be properly modified for different types of welds as well. The 

model represents the power density distribution of each point around the centre of a moving heat 

source, as a function of time and point's position relative to the centre. It uses two different ellipsoidal 

sources, each divided in quadrants. These quadrants have same width and depth but have different 

length to accurately simulate the elongation of the power heat distribution rear to the centre, which 

occurs as the heat source moves. The power density distribution is described by Equations (2:5) to 

(2:8). 

 

Figure 2.1: The Goldak’s heat source model, found in [25] 

𝑞̇𝑉(𝑥, 𝑦, 𝑧, 𝑡) = 𝑞̇𝑓(𝑥, 𝑦, 𝑧, 𝑡) + 𝑞̇𝑟(𝑥, 𝑦, 𝑧, 𝑡) (2:5) 

𝑞̇𝑓(𝑥, 𝑦, 𝑧, 𝑡) =
6√3𝑓𝑓𝑄

𝑎𝑏𝑐𝑓𝜋√𝜋
∙ 𝑒

−3
𝑥2

𝑎2 ∙ 𝑒
−3

𝑦2

𝑏2 ∙ 𝑒−3[𝑧+𝑣(𝜏lag−𝑡)]
2
/𝑐f

2

 (2:6) 

𝑞̇𝑟(𝑥, 𝑦, 𝑧, 𝑡) =
6√3𝑓𝑓𝑄

𝑎𝑏𝑐𝑟𝜋√𝜋
 ∙ 𝑒

−3
𝑥2

𝑎2 ∙ 𝑒
−3

𝑦2

𝑏2  ∙ 𝑒−3[𝑧+𝑣(𝜏𝑙𝑎𝑔−𝑡)]
2

/𝑐𝑟
2
 (2:7) 

𝑓𝑓 + 𝑓𝑟 = 2 (2:8) 

where, 

fr: heat fraction deposited in the rear quadrant, J 

ff: heat fraction deposited in the front quadrant, J 

C: characteristic radius of flux distribution, m  

V: welding source travel, m/s  

t: time, s  

τlag: a lag factor (“phase shift”)  

Q: energy input rate, J/s 
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The effective heat input rate Q is calculated as: 

𝑄 = 𝜂 ∙  𝑉 ∙ 𝐼 (2:9) 

where, 

η: weld metal arc efficiency 

V: voltage around weld metal arc, V 

I: current of the weld metal arc, A  

2.3.2 Rectangular thermal source 

A rectangular heat source is a simplified model to represent the distribution of heat from welding 

process. In contrast with the Goldak heat source, the heat generated by the welding arc is assumed to 

be evenly distributed over a rectangular area. It's a simplification that helps in numerical simulations 

by providing a way to estimate the effects of the heat source without needing to simulate complex, 

physically accurate heat flux patterns. The energy input rate is defined by the same equation (2:9).  

 

Figure 2.2: Schematic of the rectangular heat source model  

2.4 Ansys Finite Elements 

2.4.1 3D solid elements 

The commercial software ANSYS was applied for the FE analysis of the welding simulation in this study. 

Different finite elements were used to perform the analysis depending on the models. As for a solid 

element, the SOLID70 was used. It is an 8-node element with one degree of freedom (DOF), 

temperature, at each node and has 3D thermal conduction capability [20]. 

 

Figure 2.3: SOLID70 Geometry 
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The shape Functions for Solid 70 is described in Equation (2:10). 

 

Figure 2.4: 8-Node Brick Element 

𝑇 =  
1

8
 (𝑇𝐼(1 − 𝑠)(1 − 𝑡)(1 − 𝑟)  + 𝑇𝐽(1 − 𝑠)(1 − 𝑡)(1 − 𝑟)  

+  𝑇𝐾(1 − 𝑠)(1 − 𝑡)(1 − 𝑟) + 𝑇𝐿(1 − 𝑠)(1 − 𝑡)(1 − 𝑟) 

 + 𝑇𝑀(1 − 𝑠)(1 − 𝑡)(1 − 𝑟) + 𝑇𝑁(1 − 𝑠)(1 − 𝑡)(1 − 𝑟)

+  𝑇𝑂(1 − 𝑠)(1 − 𝑡)(1 − 𝑟)  +  𝑇𝑃(1 − 𝑠)(1 − 𝑡)(1 − 𝑟)) 

(2:10) 

2.4.2 3D Shell elements 

Shell131 is used as shell element (Figure 2.5). Is 3D element with thermal DOFs, having in-plane and 

through-thickness thermal conduction capability. The element has four nodes with up to 32 

temperature degrees of freedom at each node. The element properties, such as thickness and material 

are defined through the secdata command. Since the solid element has only one DOF, TEMP the same 

was employed in the shell element. (DOFs are defined with the use of keyopt (3) and by giving it the 

value 2, one layer with only TEMP DOF is considered) [20]. 

 

Figure 2.5: SHELL131 Geometry 

The shape function for 4-node quadrilateral without rotational degree of freedom (RDOF) and without 

extra displacement shapes is defined by (2:11) 
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Figure 2.6: 4-Node Layered Thermal Shell 

𝑇 =  
1

4
 (𝑇𝐼(1 − 𝑠)(1 − 𝑡)(1 − 𝑟)  + 𝑇𝐽(1 − 𝑠)(1 − 𝑡)(1 − 𝑟)  

+  𝑇𝐾(1 − 𝑠)(1 − 𝑡)(1 − 𝑟) +  𝑇𝐿(1 − 𝑠)(1 − 𝑡)(1 − 𝑟)) 
(2:11) 

Temperature-dependent thermal properties of the investigated material (S355) are assigned to the 

solid and shell elements with mp command.  

2.4.3 Contact elements 

In the hybrid model (solid- shell), in order to simulate thermal transfer between solid and shell 

elements, contact and target elements were defined. Since the interface is between the shell edge and 

solid side the appropriate pair of contact is Conta175 – Targe170. This contact pair is used to represent 

node to surface contact, Figure 2.7[20,21]. 

 

Figure 2.7: Conta175 – Targe170 Geometry 

Only one DOF, that of temperature TEMP was activated (Keyopt(1)=2). Automated adjustments in case 

of initial geometric gaps or penetration were activated. (For the ICONT, the corresponding Real 

Constant parameter, ICONT (R, cid,5) needs to be set. The value of ICONT is a factor of the contact 

depth, so trial processes should be performed to determine the correct value.) In addition, any 

imperfection (penetration or gap) in the contact interfaces is excluded (keyopt (9) = 1.) The two 

elements shell and solid remain in contact all the time (keyopt (12) = 5.) 

Lastly, for simulating the heat transfer between the shell and solid element, TCC (Thermal Contact 

Conductivity) (R, cid,14) is important to be determined with sufficient accuracy. The values that are 

given to this parameter are the same as those specified in the material properties for shell and solid 

elements for thermal conductivity [21]. 
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2.5 Thermal Behaviour of Mild Steel 

The thermal behaviour of mild steel, particularly during heating and cooling, plays a critical role in 

determining residual stresses in welding simulations. The thermal strain evolution during heating and 

cooling being shown by the dilatometric curve (Figure 2.8). Key aspects of this behaviour include the 

coefficient of thermal expansion (CTE), and the phase transformations. For mild steel, the CTE is 

approximately 11–13 µm/m°C, meaning the material expands or contracts by this amount per degree 

Celsius of temperature change (Light Form Group, n.d.). During cooling, the material's contraction is 

influenced by thermal gradients and phase transformations, which are critical for understanding 

residual stress formation [22]. 

 

Figure 2.8: Dilatation curve for SA508 Grade 3 steel heated to 1000˚C at 20˚C s-1 and cooled to room 
temperature at 20˚C s-1. The transformation on cooling around 400˚C is that to martensite [22] 

Residual stresses in welding are primarily introduced during the cooling phase, when the material 

undergoes contraction. These stresses arise due to thermal gradients—non-uniform cooling rates 

across the weld and heat-affected zone (HAZ)—which create differential contraction. For example, 

faster cooling in certain regions leads to localized contraction, resulting in tensile stresses in those 

areas. Additionally, mild ferritic steel undergoes phase transformations around 750°C to 800°C during 

heating up, 500°C to 350°C during cooling down, which can affect the material's microstructure and 

mechanical properties. However, residual stresses are primarily driven by thermal gradients rather 

than phase transformations. The cooling rate also plays a significant role, as faster cooling rates lead 

to microstructure changes in phases with higher yield limits, and therefore higher residual stresses are 

introduced, as they are depending on the materials yield limit (material in the HAZ and Fusion Zone). 

[22] 

The accuracy of the cooling rate is significant for cooling down to 300°C as this rate dictates the final 

microstructure of the material. Bellow this temperature the cooling rate, has negligible influence on 

the final microstructure and in extension the final residual stress. 

 



 

3 NUMERICAL MODELS 

3.1 Introduction 

Chapter 2 provided the theoretical foundations of heat transfer in welding and the heat source models 

to simulate the weld pool. This chapter focuses on the numerical simulations of welding processes, 

with the goal of reducing the computational time while maintaining the accuracy. Till now the most 

usual method to reduce the computational time is by applying a coarser mesh at the areas away of the 

welding bead. For welding simulations, a model only by Solid elements is preferred due to their ability 

to accurately represent 3D temperature and stress distributions and microstructural transformations 

in the weld area. This study aims to evaluate the computational efficiency and accuracy of hybrid 

model compared to solid-only models, using both Goldak and rectangular heat sources. Solid element 

models are used as validation reference, as they were previously validated against experimental results 

[18].  

The Goldak heat source model, is widely used in welding simulations due to its ability to accurately 

capture the heat distribution in the weld pool. In contrast, the rectangular heat source offers a 

simplified approach, which reduces computational complexity to check, if possible, simplifications in 

the weld heat source model can reduce the computational load. The hybrid model combines solid 

elements in the weld zone, where stress and temperature gradients are highest, wιth shell elements 

in the outer regions, where the stress variation through the thickness are minimal. This approach aims 

to reduce the number of elements and nodes, thereby decreasing computational time and memory 

usage without significantly compromising the accuracy of the results. For the investigations V - grooved 

but weld is simulated. For validation of the hybrid model, smaller components are simulated with both 

approaches (hybrid shell-solid and solid) and with both heat source models, as modelling a real scale 

structure with 3D solid elements would be computationally very expensive with the current available 

computational power. Then, the ones that are found to be computationally efficient and sufficiently 

accurate are then are applied to the simulation of welding in wind turbine tower. 



NUMERICAL MODELS 15 

FE SIMULATION OF WELDING DISTORTION IN LARGE OFFSHORE STRUCTURES 

3.2 Small scale Specimen 

3.2.1 Heat Source and Material Parameters 

3.2.1.1 Heat Source and Initial Conditions 

The heat sources that introduced in §2.3.1 and §2.3.2 are used to simulate the weld pool. The heat 

input is calculated by equation (2:9) for V = 30 V, A = 300 A and η = 0.90. The applied welding velocity 

is vweld = 7.1 mm/s. The heat source is applied to the centre of the welding, and is moving at each load 

step along the welding line. The distance that covers at each load step can be determined by the 

welding speed multiplied with the time step between the consecutive solutions. The dimensions of the 

welding pool for each heat source model are given in Table 3.1. 

Table 3.1: Heat Source Parameters 

[25] 

a 4mm 

b 8mm 

cr 16mm 

cf 4mm 

 

a  4mm 

b  8mm 

c = cr + cf 20mm 

 

The heat losses are assigned as boundary conditions as per equation (2:2). For the transient analysis 

the initial condition must be defined. Ambient temperature was assumed equal to 20°C in all cases. All 

simulations are carried out, up to the completion of the welding pass with a subsequent cooling time 

of 2000s. 

3.2.1.2 Material Modelling 

The temperature dependent thermal material properties for steel S355, as shown in Table 3.2 to Table 
3.5 [23], are derived from the heat transfer principles discussed in §2.1. All intermediate values are 
interpolated. These properties are critical for accurately simulating the thermal behavior of the 
material during welding.  
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Table 3.2: Thermal Conductivity for steel S355 [23] 

 Temperature Thermal Conductivity 

 

 T [°C] K [W/mK] 

 0 54 

 210 47 

 410 40 

 880 27.3 

 1500 27.3 

 1544 35 

 3000 35 

   Figure 3.1: Thermal Conductivity for steel S355 

 

Table 3.3: Specific heat capacity for steel S355 [23] 

 Temperature Specific heat capacity 

 

 T [°C] c [J/KgK] 

 0 400 

 600 750 

 675 846 

 725 1483 

 775 950 

 875 650 

 1500 650 

   Figure 3.2: Specific heat capacity for steel S355 

 

Table 3.4: Heat convection for steel S355 [23] 

 Temperature 
Heat convection 
(film coefficient) 

 

 T [°C] hf [W/m2K) 

 0 3.53 

 100 5.9 

 200 8.56 

 500 24.8 

 750 51.5 

 1000 91.3 

 1590 263 

 10000 58214 

   Figure 3.3: Heat convection for steel S355 

 



NUMERICAL MODELS 17 

FE SIMULATION OF WELDING DISTORTION IN LARGE OFFSHORE STRUCTURES 

 

Table 3.5: Density for steel S355 [23] 

 

 Temperature Density 

 T [°C] ρ [Kg/m3] 

 0 7800 

 500 7720 

 1000 7620 

 1500 7420 

   

   Figure 3.4: Density for steel S355 

 

3.2.2 Geometry 

The geometry of the specimen is designed to simulate a V-grooved butt weld, which is commonly used 

in welding applications. The finer mesh in the weld zone, as shown in Figure 3.8 is necessary to 

accurately capture the steep thermal gradients. Mesh convergence studies conducted elsewhere (see 

for instance [17]) have dictated the required mesh density in the HAZ and the fusion zone line equal 

or smaller than 7 % of the Goldak’s source half width [17, 23]. 

 

Figure 3.5: Solid Model 

The hybrid model combines solid elements in the weld zone with shell elements in the outer regions. 

To ensure efficient heat transfer between the solid and shell elements, pairs of contact, as shown in 

Figure 3.7, are used between the interfaces. 

8mm 

1 

1'

’ 



18 CHAPTER 3  

VARVARA PAPPA – MASTER THESIS NTUA - 2025 

 

Figure 3.6: Hybrid Model 

 

Figure 3.7: Hybrid Model – Contact- Target Elements 

8mm 
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Figure 3.8: Mesh size – Finer in welding area, coarser in outer areas 

 

Figure 3.9: Hybrid Model - Front view 

The sketches in Figure 3.10 and Figure 3.11 illustrate the nodes being compared. The former sketch 

shows nodes near the welding area, while the latter depicts nodes before, at, and after the solid-shell 

interface. 

 

Figure 3.10: Weld section. A, B and C are the nodes near the welding area where temperature time history was 
measured 

 

Figure 3.11: Weld section. 1, 2, 2’ and 3 are the nodes near the interface area where temperature time history 
was measured. Pts. 1, 2 belong to Solid while Pts 2', 3 belong to Shell. 
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Table 3.6: Investigated Models 

Model Source Mesh No. Element No. Nodes CPU [s] Size [MB] 

A1 Rectangular Solid70 6240 7275 506.625 1.188 

A2 Rectangular Solid70 – Shell131 6178 7077 533.812 1.062 

B1 Goldak Solid70 6240 7275 513.766 1.188 

B2 Goldak Solid70 – Shell131 6178 7077 498.609 1.062 

3.2.3 Simulation Results for Rectangular Heat Source  

The rectangular heat source, is a simplified model that assumes a uniform distribution of heat over a 

rectangular area. This simplification reduces computational complexity while still providing reasonable 

accuracy for certain applications. The rectangular heat source is particularly useful for initial 

simulations, where computational efficiency is prioritized over detailed heat flux distribution Figure 

3.12 presents the temperature contours for Models A1 and A2 at three different stages: at the 

beginning (LS 2, analysis time 0.70 s), halfway through (LS 12, analysis time 7.77 s) and at the end of 

welding phase (LS 26, analysis time 11.30 s). To assess the deviation between the two models at the 

end of the welding phase (LS 26), the temperature distribution along path 1-1' (see Figure 3.5) is shown 

in Figure 3.13. To facilitate a direct comparison between the models, the temperature distributions 

are normalized to the highest temperature peak observed in both models. Normalization allows for a 

clearer assessment of the relative temperature differences, independent of the absolute temperature 

values.  

 

Figure 3.12: Temperature contours for Models A1 and A2 at welding phase (LSs =2, 12, 26) 

         

490 1431 2371 3312 4252 

20 960 1901 2841 3782 

 

Model A1 Model A2 
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Figure 3.13: Temperature distribution for Models A1 and A2 at the end of welding phase (LS =26) 

As shown in Figure 3.13, the two models are in perfect agreement. While this is a positive outcome, it 

should be viewed as a verification, since the heat fluxes are confined to the solid area, which is 

consistent in both models, and have not yet propagated to the shell area. 

Following the welding phase, the cooling phase begins. Figure 3.15 and Figure 3.15 shows the 

temperature contours at 20s, 100s, 200s, and 300s (corresponding to LS 46, LS 106, LS 206, and LS 306, 

respectively) during the cooling phase. It can be observed that, from the start of the cooling phase until 

100s, the temperature differences between the two models are negligible. However, by 200s, the 

temperature difference between the models reaches 7°C. The higher temperatures observed in the 

hybrid model (A2) during cooling are likely due to the transient change in the direction of heat fluxes 

at the solid-shell interface. This effect is governed by the thermal contact conductance, which may not 

perfectly replicate the heat transfer behavior of a fully solid model. As time progresses, this difference 

remains nearly constant. Additionally, the temperature gap between the two models is evident in the 

temperature distribution shown in Figure 3.16 and Figure 3.17 along the section 1-1’ (see Figure 3.5). 

  

                      

 182 472 762 1052 1342   181 471 762 1052 1342  

 37 327 617 907 1197   36 326 616 907 1197  

  
                      

 265 386 507 628 749   261 384 506 629 751  

 205 326 447 568 689   200 322 445 568 690  

Figure 3.14: Temperature contours for Models A1 (Left) and A2 (Right) in cooling phase (LSs 46, 106) 
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 365 401 436 472 507   368 405 441 477 514  

 347 383 418 454 489   350 386 423 459 495  

  
                      

 385 396 407 418 429   397 407 416 426 435  

 380 391 402 412 423   392 402 411 421 430  

Figure 3.15: Temperature contours for Models A1 (Left) and A2 (Right) in cooling phase (LS 206, 306) 

 

Figure 3.16: Temperature distribution for Models A1 and A2 in cooling phase (LS =100) 

 

Figure 3.17: Temperature distribution for Models A1 and A2 in cooling phase (LS =300) 
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Although the simulation results between the two models have been generally sufficient, an error 
arises in model A2 after the 400-second mark during cooling. The overall temperature difference in 
hybrid model is 5°C (Figure 3.18). Due to the small thermal differences, the contact elements at the 
solid-shell interface lose their ability to maintain the correct direction of the heat flux, resulting in its 
redistribution within the solid elements. 

  

                      

 379 382 386 390 394   396 398 399 401 402  

 377 381 384 388 392   396 397 399 400 402  

 
 

                      

 376 379 382 386 389   394 395 396 397 398  

 374 378 381 384 387   394 395 395 396 397  

  
                      

 373 376 379 382 384   391 392 393 394 395  

 372 375 377 380 383   390 391 392 393 395  

Figure 3.18: Temperature contours for Models A1 (Left) and A2 (Right) in cooling phase (LSs 406, 426, 446) 
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From LS 506 onwards (see Figure 3.19), as the A2 model stabilizes and begins redistributing heat from 

the solid to the shell elements, a temperature gap of 44°C develops between Model A1 and Model A2. 

This gap becomes more apparent in Figure 3.20 - Figure 3.23, which represent the time history at 

different nodes located at specific distances from the welding area, as compared between the two 

models. 

 
 

                      

 365 366 368 370 372   382 383 385 387 389  

 364 365 367 369 371   381 383 384 386 388  

 
 

                      

 358 360 361 363 365   376 378 380 382 384  

 358 359 361 362 364   375 377 379 381 383  

 
 

                      

 194 194 194 195 195   235 236 237 238 239  

 193 194 194 194 195   235 236 237 238 239  

Figure 3.19: Temperature contours for Models A1 (Left) and A2 (Right) in cooling phase (LSs 506, 546, 2026) 
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In Figure 3.20, it is evident that the two models are almost identical (1:1). However, as the nodes move 

further away from the welding pool, the effect of the contact abnormality becomes more pronounced, 

as shown in Figure 3.22 - Figure 3.24. The resulting temperature difference between the two models 

at the end cooling (2000s) is approximately 40°C. Despite this, the heat transfer between the two 

elements remains accurate enough, which is the most significant aspect. 

 

Figure 3.20: Temperature time history in points A, B and C (See Figure 3.10) 

 

Figure 3.21: Temperature time history in points 1, 2, 2’ and 3 (See Figure 3.11) 
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Figure 3.22: Temperature time history in point 1 (See Figure 3.11) 

 

Figure 3.23: Temperature time history in points 2 and 2’ (See Figure 3.11) 

 

Figure 3.24: Temperature time history in points 3 and 3’ (See Figure 3.11) 
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3.2.4 Simulation Results for Goldak heat source  

The Goldak heat source can represent accurately the heat flux distribution in the weld pool. Unlike the 

rectangular heat source, the Goldak model accounts for the elongation of the heat flux distribution 

rear to the center, making it more suitable for detailed simulations where precise heat flux distribution 

is critical. Figure 3.25, similar to rectangular source, presents the temperature contours for Models B1 

and B2 at three different stages: at the beginning (LS 2, analysis time 0.70 s), halfway through (LS 12) 

and at the end of the welding phase (LS 26), analysis times 7.77 s and 17.95 s, respectively). As in the 

previous section, Figure 3.26, represents the temperature distribution along path 1-1' (see Figure 3.5) 

at the end of the welding phase (LS 26) and is used as a verification that the two models are in perfect 

agreement.  

 

Figure 3.25: Temperature contours for Models B1 and B2 at welding phase (LSs =2, 12, 26) 

 

Figure 3.26: Temperature distribution for Models B1 and B2 at the end of welding phase (LS =26)  
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Figure 3.27 and Figure 3.28 shows the temperature contours at 20s, 100s, 200s, and 300s 

(corresponding to LS 46, LS 106, LS 206, and LS 306, respectively) during the cooling phase. It can be 

observed that, for the first 100s of cooling phase, the temperature differences between the two 

models are negligible. However, by 300s, the temperature difference between the models is only 3°C. 

As time progresses, this difference remains nearly constant. Additionally, the progress temperature 

gap between the two models is evident in the temperature distribution for LS 100 and LS 300 shown 

in Figure 3.29 and Figure 3.30 respectively along the section 1-1’ (see Figure 3.5). 

  
                      

 112 271 430 589 748   111 270 429 589 748  

 32 191 350 509 668   31 190 350 509 668  

  
                      

 180 234 288 342 396   177 232 288 343 399  

 153 207 261 315 369   149 205 260 316 371  

  
                      

 239 250 260 271 282   241 252 263 274 285  

 233 244 255 266 276   236 247 258 269 280  

Figure 3.27: Temperature contours for Models B1 (Left) and B2 (Right) in cooling phase (LSs 46, 106, 206) 
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 243 245 248 250 253   250 252 254 255 257  

 242 244 247 249 252   249 251 253 254 256  

Figure 3.28: Temperature contours for Models B1 (Left) and B2 (Right) in cooling phase (LS 306) 

 

Figure 3.29: Temperature distribution for Models B1 and B2 in cooling phase (LS =100) 

 

Figure 3.30: Temperature distribution for Models B1 and B2 in cooling phase (LS =300) 
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The model error happens now after the 300s in cooling. The overall temperature difference in B2 

model is 2°C (Figure 3.31).  

  

                      

 236 237 238 239 239   249 250 250 251 251  

 236 236 237 238 239   249 249 250 251 251  

 

 
                      

 234 235 236 237 237   248 248 248 249 249  

 234 235 235 236 237   248 248 248 249 249  

Figure 3.31: Temperature contours for Models B1 (Left) and B2 (Right) in cooling phase (LSs 346, 366) 
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From LS 406 onwards (see Figure 3.32) the B2 model stabilizes and begins redistribution of heat from 

the solid to the shell elements. The temperature gap in the end of cooling is 26°C between Model B1 

and Model B2. The temperature gap between the hybrid model (B2) and the solid-only model (B1) is 

primarily due to the heat flux redistribution at the solid-shell interface. The thermal contact 

conductance, while sufficient for most of the simulation, may not perfectly replicate the heat transfer 

behaviour of a fully solid model during prolonged cooling. This gap becomes more apparent in Figure 

3.34 - Figure 3.37, which represent the time history at different nodes located at specific distances 

from the welding area, as compared between the two models. 

  
                      

 236 237 238 239 239   244 245 245 246 247  

 236 236 237 238 239   244 245 245 246 246  

  
                      

 233 233 234 235 235   241 242 243 243 244  

 232 233 234 234 235   241 241 242 243 244  

  
                      

 130 130 131 131 131   155 156 156 157 157  

 130 130 130 131 131   155 155 156 156 157  

Figure 3.32: Temperature contours for Models B1 (Left) and B2 (Right) in cooling phase (LSs 406, 446, 2026) 
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In Figure 3.33, it is evident that the two models are almost identical (1:1). However, as the nodes move 

further away from the welding pool, the effect of the contact abnormality becomes more pronounced, 

as shown in Figure 3.34 - Figure 3.37. In model B2 the heat transfer between the two elements (solid 

– shell) remains perfect. At the end of cooling (2000s) the resulting temperature in models B1 and B2 

is 131°C and 157°C respectively. 

 

Figure 3.33: Temperature time history in points A, B and C (See Figure 3.10) 

 

Figure 3.34: Temperature time history in points 1, 2, 2’ and 3 (See Figure 3.11) 
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Figure 3.35: Temperature time history in point 1 (See Figure 3.11) 

 

Figure 3.36: Temperature time history in points 2 and 2’ (See Figure 3.11) 

 

Figure 3.37: Temperature time history in points 3 and 3’ (See Figure 3.11) 
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3.2.5 Conclusions 

This study evaluated the computational efficiency and accuracy of hybrid models, using both 

rectangular and Goldak heat sources. The simulation of the welding pool using the rectangular heat 

source, a simplified method results in higher peak temperatures during the welding phase, 

approximately 2300°C in the middle of the plate. As a result, these elevated temperatures remain in 

the specimen for a longer period, leading to slower cooling rates. In contrast, simulations using the 

Goldak source, which is more precise, yielded lower peak temperature (1174°C) during the welding 

phase and faster cooling. The temperature from the Goldak source is nearly half that of the rectangular 

heat source. This is shown in temperature distribution (Figure 3.38) for both heat sources at the end 

of welding (LS26). This discrepancy is due to the more precise heat flux distribution predicted by Goldak 

model. However, the rectangular heat source, is expected to be inaccurate, but it was selected here as 

a simplified alternative, in order to check, if any significant reduction in computational load could be 

achieved. 

 

Figure 3.38: Temperature distribution for all models in cooling phase (LS =26) 

In all simulations the hybrid models (A2 and B2) result to higher temperatures at the end of cooling 

compared to the solid models (A1 and B1). Specifically, model A2 reaches 236°C, which is 20% higher 

than the temperature in model A1, while model B2 reaches 157°C, 18% higher than model B1. These 

temperature differences are primarily caused by the transient change in the direction of heat fluxes at 

the solid-shell interface, as governed by the thermal contact conductance. This effect is evident in the 

time history figures (pg.25,32), where the temperature gap becomes apparent after the disruption 

step.  

However, as discussed in §2.5, the dilatometric curve of mild steel indicates that these temperature 

differences have no significant impact on residual stresses. This is because these gaps occur at 

temperatures (~200°C) where residual stress formation is no longer active. Residual stresses are 

primarily determined by thermal gradients during cooling from high temperatures, which are similar 

in both hybrid and solid-only models. Additionally, the dilatometric curve of mild steel (Figure 2.8) steel 

indicates that the material's response to temperature changes is governed by the CTE and cooling rate, 

rather than absolute temperature differences. As long as the cooling rates and thermal gradients are 

consistent, small temperature gaps will not significantly affect residual stresses. 

In conclusion, this study successfully demonstrated that the hybrid models, combining shell and solid 

elements, provide a viable approach for reducing computation cost without significantly compromising 

accuracy. As summarized in Table 3.7, the hybrid model B2 achieved a reduction both in computational 

time and model size. Specifically, Model B2 required 498.609 CPU seconds and 1.062 MB of memory, 

compared to 513.766 CPU seconds and 1.188 MB for Model B1. All simulations requested 4 parallel 

processes, with single thread, on a computer with an AMD Ryzen 7 5800H processor and 16 GB of 

RAM, demonstrating the efficiency of the hybrid approach.  

0.00

0.20

0.40

0.60

0.80

1.00

-80 -60 -40 -20 0 20 40 60 80

T/
T M

A
X

Distance from the weld centerline [mm] 

Model A1

Model A2

Model B1

Model B2



NUMERICAL MODELS 35 

FE SIMULATION OF WELDING DISTORTION IN LARGE OFFSHORE STRUCTURES 

Table 3.7: Clock time and induced error 

Model CPU MB 

A1 506.625 1.188 

A2 533.812 1.062 

B1 513.766 1.188 

B2 498.609 1.062 

The reduction in computation time appears modest, due to the small model size. To ensure that indeed 

reduction in computation time is achieved, larger components should be simulated. However, the 

hybrid models are validated as accurate enough as they show good agreement with the 3D solid only 

cases. These findings lay the groundwork for future applications in large offshore structures. Future 

work could focus on optimizing the thermal contact conductance between solid and shell elements to 

further reduce temperature gaps during cooling. Additionally, the hybrid model approach can be 

applied to welding simulation in wind turbine towers, as discussed in the next chapter. Overall, this 

study highlights the potential of hybrid models to bridge the gap between computational efficiency 

and accuracy in large-scale welding simulations. 

3.3 Welding simulation for a wind turbine bin 

This section presents the application of the hybrid FE modelling approach, validated in previous 

sections, to simulate welding distortions in a large-scale wind turbine tower. The goal is to demonstrate 

the computational efficiency and accuracy of the hybrid model in predicting welding distortions in 

complex, large-scale structures. 

The thermal analysis simulated the heat input from the welding process using the Goldak heat source 

model. The dimensions of the welding pool are given in Table 3.8. The heat input is calculated by 

equation (2:9) for V = 29 V, A ≈ 3500 A and η = 0.90. The values were taken according Hyundai Welding 

brochure for wind turbine tower welding [1]. The values in brochure are referring to a X-groove welding 

with section thickness 50mm, thus interpolation was made for the 30mm thick section. The applied 

welding velocity is vweld = 9,7 mm/s (58CPM). The section is assumed to be from steel S355, thus the 

same temperature-dependent material properties as per §3.2.1.2 were used. The heat losses are 

assigned as boundary conditions as per equation (2:2). Ambient temperature was assumed equal to 

20°C in all cases. All simulations are carried out, up to the completion of the welding pass, with a 

subsequent cooling time of 2000s for WTT-1 and WTT-2 and 500s after each welding pass for model 

WTT-3. 

Table 3.8: Heat Source Parameters 

Model a b cr cf 

WTT-1 15 30 60 15 

WTT-2 15 30 60 15 

WTT-3 15 23 60 15 
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3.3.1 Geometry 

A 5500mm tower diameter with varying thickness and length was designed to simulate the wind 

turbine tower section (Figure 3.39). The weld geometry is simulated as V-grooved and a X-grooved 

butt weld. The V-grooved weld was simulated as a simplification to test the approach, while the X-

grooved weld represents a more realistic scenario. An overview of the simulated models is presented 

in Table 3.9. A finer mesh as shown in Figure 3.41 was used in the weld zone to simulate with accuracy 

steep thermal gradients, while a coarser mesh was applied in the outer areas to reduce computational 

cost. 

 

Figure 3.39: Wind turbine tower section 

 

Figure 3.40: Element overview 

 

Ø5500 
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Figure 3.41: Element overview -Zoom in welding area 

Table 3.9: Overview of wind turbine tower numerical models 

Model No. Passes Diameter  Thickness Length No Nodes No Elements CPU Size 

  [mm] [mm] [mm]   [s] [Mb] 

WTT-1 1 5500 30 1000 31632 33472 2686 3.812 

WTT-2 1 5500 30 3000 97149 92566 8368 10562 

WTT-3 2 5500 50 1000 57142 54922 4356 6.812 
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3.3.2 Results 

The thermal analysis simulated the heat input from the welding process using the Goldak heat source 

model. The hybrid models were solved in short times with the given computational power. For 

example, model WTT-2 required just 8368 CPU seconds (≈2.3 hours) and 10.562 MB of memory.  In 

contrast, previous studies with 3D solid elements [17] show that simulating this geometry with that 

approach would lead to significantly longer computational time. As a reference, the duration of 

simulating a small-scale, double-sided fillet weld of transverse stiffeners on a base plate with 

dimensions of 1000 mm x 370 mm x 10 mm and 4 weld passes with a mesh of 175827 nodes and 

160296 elements was in real-time 97 hours 45 min and 34 seconds on the ForHLR I high-performance 

research computer at the Steinbuch Centre for Computing, Karlsruhe Institute of Technology. That 

simulation utilized 16 processors of a fat node (2.6 GHz frequency, 50 GB memory) and generated 

result files of at least 400 GB. 

An investigation into the influence of the length on the computational time was conducted by 

comparing WTT-1 and WTT-2 models. Figure 3.43 presents the temperature contours for WTT-1 at 

three different stages: early stage in welding (LS 4, analysis time 1.55 s), halfway through (LS 101, 

analysis time 51.71 s) and at the end of welding phase (LS 201, analysis time 103.41 s). Respectively, 

Figure 3.42 presents the temperature contours for WTT-2 in early stage in welding (LS 101, analysis 

time 51.71 s), halfway through (LS 401, analysis time 206.83 s) and at the end of welding phase (LS 

601, analysis time 318.24 s). The computational time increases linearly with length. 

 

Figure 3.42: Thermal distribution during welding for WTT1 

 

Figure 3.43: Thermal distribution during welding for WTT2 

During cooling phase as shown in Figure 3.44 and Figure 3.45 the two models (WTT-1 and WTT-2) 

present similar cooling rates. At the end of the cooling phase the maximum temperature in WTT-1 is 

172°C, while in WTT-2, it is 173°C. Notably, the error observed during cooling in the small specimens, 

caused by the small overall temperature difference in the section, does not occur in wind turbine 

towers simulations. Since heat flows from hot to cold, the analysis clearly defines the heat fluxes paths, 

as the rest section remains in room temperature (20°C). 

  

WTT-1 

LS 4 LS 101 LS 201 

WTT-2 

LS 101 LS 401 LS 601 
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 64 153 242 330 419   64 151 239 326 414  

 20 109 197 286 375   20 108 195 283 370  

  
                      

 50 111 171 231 292   50 110 169 229 289  

 20 80 141 201 261   20 80 140 199 259  

  
                      

 44 91 139 186 233   43 90 137 184 231  

 20 67 115 162 210   20 67 114 161 208  

Figure 3.44: Thermal distribution during cooling for WTT-1 and WTT-2, with iteration 400s from the start of the 
cooling till the end (1) 



40 CHAPTER 3  

VARVARA PAPPA – MASTER THESIS NTUA - 2025 

  
                      

 40 79 119 158 198   40 79 118 157 196  

 20 59 99 138 178   20 59 98 137 176  

  
                      

 37 71 105 139 173   37 70 104 138 171  

 20 54 88 122 156   20 54 87 121 155  

Figure 3.45: Thermal distribution during cooling for WTT-1 and WTT-2, with iteration 400s from the start of the 
cooling till the end (2) 

This minor temperature difference indicates that the hybrid model performs consistently across 

different lengths of the structure. Additionally, the temperature time history of a point located at the 

interface of the solid-shell elements (at a length of 1 m) further confirmed the similarity in cooling 

rates between the two models ( Figure 3.46) 

 

Figure 3.46: Time history of point 2 and 2’ (see Figure 3.11) at 1m length for both WTT- 1 and WTT-2 



NUMERICAL MODELS 41 

FE SIMULATION OF WELDING DISTORTION IN LARGE OFFSHORE STRUCTURES 

The simulation of the X-groove weld represents a realistic welding scenario for wind turbine towers. 

Based on Hyundai’s brochure [1], a simplified version of the welding process was created to estimate 

computation time. The simplification involves simulating a single-pass weld instead of the five passes 

typically recommended by Hyundai for each groove (see Figure 3.47). This approach was necessary to 

reduce computational complexity while still capturing the essential thermal behavior of the welding 

process 

 

Figure 3.47: Geometry reference from Hyundai Welding  

To further optimize computation, the simulation included intermediate cooling periods of 500 seconds, 

ensuring that temperatures dropped below 300°C before the next pass. After the second pass, 500s of 

cooling was applied. Figure 3.48 shows the welding area at t=1s.  

 

Figure 3.48: Welding area for t=1s  
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Figure 3.49 and Figure 3.50 illustrate the temperature distribution during the first and second passes, 

along with their respective cooling phases. At the end of cooling, the temperature reached 195°C for 

the first pass and 303°C for the second pass. The section affected by temperature changes was 

approximately 500 mm in length. 

  
                      

 541 1592 2642 3693 4743   477 1399 2320 3242 4164  

 16 1066 2117 3167 4218   16 938 1860 2781 3703  

 
 

                      

 281 803 1326 1848 2370   68 163 258 353 449  

 20 542 1064 1587 2109   20 115 210 306 401  

  
                      

 45 95 144 194 244   39 78 117 156 195  

 20 70 119 169 219   20 59 98 137 176  

Figure 3.49: 1st pass and cooling time in different time steps  

 



NUMERICAL MODELS 43 

FE SIMULATION OF WELDING DISTORTION IN LARGE OFFSHORE STRUCTURES 

  
                     

 39 78 117 156 195   323 930 1537 2143 2750 

 20 59 98 137 176   20 627 1233 1840 2446 

  
                     

 37 71 105 139 173   436 1267 2099 2930 3762 

 20 54 88 122 156   20 851 1683 2514 3346 

  
                     

 82 206 330 454 578   51 114 177 240 303 

 20 144 268 392 516   20 83 146 208 271 

Figure 3.50: 2nd pass and cooling time in different time steps  

The computational efficiency of the hybrid modelling approach was particularly evident in Model WTT-

3, which simulated a double X-groove weld on a 50 mm thick wind turbine tower section. This 

simulation required just 4,356 CPU seconds (~1.2 hours) and 6.812 MB of memory. In contrast, 

previous studies using 3D solid element models for similar geometries have shown significantly longer 

computational times. This efficiency is attributed to the hybrid modelling approach, which strategically 

combines solid elements in the weld zone with shell elements in the surrounding regions, dramatically 

reducing computational cost while maintaining accuracy. 
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3.3.3 Conclusions 

This section summarizes the key findings from the simulation of welding distortions in a large-scale 

wind turbine tower using the hybrid finite element (FE) modelling approach. The results demonstrate 

the computational efficiency and accuracy of the hybrid model, making it a practical tool for simulating 

welding processes in complex, large-scale structures. 

The most significant advantage of the hybrid model is its substantial reduction in computational time 

and memory usage compared to traditional solid-only models. For instance, Model WTT-3, which 

simulated a double V-groove weld on a 50 mm thick section, required just 4,356 CPU seconds (~1.2 

hours) and 6.812 MB of memory. In contrast, similar simulations using 3D solid elements have 

historically required significantly longer runtimes and larger memory allocations. The use of shell 

elements in areas with minimal stress and temperature gradients reduced the total number of 

elements and nodes, thereby decreasing computational cost. This efficiency makes the hybrid model 

particularly advantageous for large-scale structures, where computational resources are a critical 

concern. 

These findings have significant practical implications for the fabrication of wind turbine towers and 

other large offshore structures. By reducing computational time and memory usage, the hybrid model 

enables more efficient simulation of welding processes, helping manufacturers optimize welding 

parameters, minimize distortions, and improve structural integrity. Additionally, the hybrid approach 

can be extended to other materials and welding processes, further enhancing its applicability. 

Future work could focus on several areas to further improve the hybrid modelling approach. First, the 

model could be extended to include multi-pass welding, which would provide a more accurate 

representation of real-world welding processes. Second, collaboration with industry partners could 

enable validation of the model against experimental data from actual wind turbine fabrication 

processes. Finally, the hybrid approach could be applied to other large-scale structures, such as oil 

platforms and bridges, where welding distortions are a critical concern. 
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