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ABSTRACT

The focus of this work was to simulate the heat transfer on two different software, COMSOL 5.6 and
OpenFOAM v5, during the additive manufacturing process named, Selective Laser Melting (SLM). A
heat transfer model, in conduction mode, was implemented with Gaussian distributed laser beam
striking down on the top surface. First of all, a brief presentation of SLM is given. Then the model
assumptions are formed. Moreover, the governing Equations and Laser Boundary Conditions
mathematical treatment are presented in this work. The generation of the code for OpenFOAM and
the model for the COMSOL are presented, too. In addition, the workflow for each program is
presented and the implementation of the heat transfer model is included. On OpenFOAM,
laplacianfoam solver was used, whereas on COMSOL Heat Transfer in Solids Module was used. The
results were compared in respect to three different laser speeds. The runtime, operating system
resources management and user interface were compared, too. During comparison, both software
operated adequately, and it is concluded that for different application each software maybe be more
capable than the other.

In the end of this work, reader will be able to answer to questions such as what is the modeling
workflow for the two programs? How to model conduction mode on SLM process? How far can the
single-track simulation enrich? Which software is most suitable for which application? How
OpenFOAM and COMSOL manage computer resources? And more...



LIST OF ABREVATIONS

Abbreviation

Description

3D Three dimensional

AM Additive Manufacturing
BC Boundary Condition

CAD Computer-Aided Design
Ccv Control Volume

FEM Finite Element Method
FVM Finite Volume Method
GUI Graphical User Interface
OpenFOAM Open source Field Operation And Manipulation
PBF Powder Bed Fusion

RnD Research and Development
SLM Selective Laser Melting
VOF Volume of Fluid




NOMECLATURE

Symbol Units Descrption

v [m/s] speed

p [kg/m?] density

Cp [J/kgK] Specific heat capacity

k [W/mK] Thermal Conductivity
DT [m?/s] Thermal diffusivity

h [W/m*K] Heat Transfer Coefficient
o [m] Standard deviation of laser
beam distribution

n - Surface normal vector

e - Unit vector of axis

d [m] Distance from Surface
\Y% [m?] Volume

T [K] Temperature

) [m] Beam origin

X [m] Beam striking surface point

coordinates
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1. INTRODUCTION

Objectives
After reading Chapter 1, reader will be familiar with the AM processes and especially the SLM
technology. Also, as an extensive presentation of FEM software (commercially available and open
source) is included, the reader will also be able to identify the advantages and disadvantages of these
software. Finally, a disclosure of the key components that a SLM machine consists of, is included.

1.1 SLM TECHNOLOGY

Additive manufacturing has already entered the industrial world with success, and more research is
done on this field than ever before. The techniques used up to date are shown in the figure below:

| AM processes J
|

[ Liquid based ] [ Solid based ] [ Powderbased}

Pro-
Fused Stereo- Polyjet OLP J [ 30 prlnhng] [ metal
Deposition litho
Melting graphy 1
Direct )
Selective Selective R Electron Laminated
laser laser aa) beam engineered net
. : 2la L
sintering melting sintering melting shaping

FiG1.1 ADDITIVE MANUFACTURING TECHNOLOGIES [1] FIG 1

Selective Laser Melting (SLM) or Laser Powder Bed Fusion (LPBF) is an Additive Manufacturing
(AM) Technique that can produce complex three-dimensional (3D) parts through melting and
solidification of the powder used. This process iterates for each layer of the sliced model produced from
a Computer Aided Design (CAD) software[2].

The above technology has some main traits common to other similar technologies (SLS, DMLS etc.).
These include:

o A thermal source, which melts the powder particles and fuses them together (laser)

e A control mechanism to control the melting of the particles to a specific area (galvano
scanner)

e Ability to add a subsequent layer.

e Ability to smooth each layer before addition of the next layer.
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i

FIG. 1.2 SCHEMATIC OF SLM PROCESS [3]

Some applications of this technology are in the medical devices, aerospace, and automotive industry,
where 3D complex geometries and weight are more important.

FIG 1.3 COMPLEX SLM PARTS: (A) STAINLESS STEEL MOLD, (B) TITANIUM ALLOY THIN-WALL STRUCTURE, © 316L SS HEATING
PLATE FOR AEROSPACE INDUSTRY, (D) ADVANCED NOZZLE WITH INTERNAL COOLING, (E) SS ARTISTIC FLOWER, (F) TITANIUM
ALLOY BIOMEDICAL ACETABULAR CUP, (G) COCR DENTAL PARTS [2] FIG 32
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The discrete sub-systems that a SLM machine consists of are: (i) laser system, (ii) scanner system, (iii)
bed, (iv) controller system, (v) build chamber. The laser and scanner system (fig.1.2) consists of two
mirrors that oscillate, creating the desired pattern. However, the beam needs to be focused, so after the
scanner system (galvano scanner head), the beam is guided through focusing optics to scan the desired
geometry on the powder bed.

X-Y Scanner
System

Part
Base Plate

Over Flow
Container

Powder Delivery
System

\
Fabrication
Piston

FIG1.4 AN OVERVIEW OF SELECTIVE LASER MELTING [4] PP 36-62

First, deposition of a uniform layer of powder on the bed is done. Then, the laser beam melts the desired
area to build a single layer of the part. In addition, the melting pattern, or laser scanning pattern, is
created through the galvano scanner and can have multiple geometries (continues lines, near-random
pulses, etc.). The layer is completed by lowering the height of the deposited layer. This process is
iteratively repeated for each layer until the part is produced [4].
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1.2 SLM PARAMETERS

This technology has some key parameters that are important to not overlook. Some of them are [5]:

o Laser power: Power of laser that applied on powder melting.

e Scan speed: Velocity at which laser beam travels. This is controlled by galvano scanner.

e Scan spacing: Parallel laser scans are distanced by this parameter.

e Scan count: The count of laser beam traverses by layer

e Scan strategy: Scanning pattern on each layer

o Layer thickness: The distance that the build platform will lower for the new layer to be
deposited.

o Build temperature: Temperature of bed and/or chamber.

Many factors of this process are shown below:
Process
|);Il'ill|l\‘lt'l'\
|
| | | |
Powder-related Femperature-related

Laser power Scan speed Particle size Powder hed
temperature
¢ Scan Particle shape &
Spotthe Ciic distribution Powder feeder
temperature
Temperature
uniformity
Puise frequency Layer thickness
Material properties

FiG1.5 OVERVIEW OF SLM PROCESS PARAMETERS [5]
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1.2.1 SLM MANUFACTURING ISSUES
SLM manufacturing techniques have some issues that need to be given the necessary importance.
First, the layer bonding defects, that occur due to insufficient heat input. In this case, the particles are
not completely melted and are not consolidated with the bulk material. The result is that gas from the
surrounding atmosphere is trapped in the material.

Furthermore, due to shrinkage, during solidification and cooling, the dimensional accuracy, especially
that of the first layers or overhang areas, is diminished. In addition, stresses are induced during these
phases, thus creating an object with residual stresses.

Balling effect is another issue of this technique. It is the result of instable melt pools. On one hand,
single melt balls are formed due to the surface tension, that is overpowering the other forces. On the
other hand, Plateau-Rayleigh instability leads to melt pool fragmentation for length-to-width ratios
larger than 2.1:1 [6]

Finally, another effect occurring mainly with high-energy beams, is material transport. The maximum
temperatures and evaporation rates increase and the confluence of melt pool lifetime, surface tension
and evaporation pressure finally cause the material to accumulate on certain locations up to height
greater than the layer thickness.

All the above defects together, form an uneven component surface after melting and solidification. If
the defects do not occur, SLM-produced components achieve a flat and even top surface.

MELTING PHENOMENA

Electron or Capillarity
laser beam .
Absorption Powder layer

or reflection

Heat radiation

Sintering

Gravity

FIG. 1.6 PRINCIPLES OF THE SLM PROCESS[6]
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1.3 ADVANTAGES AND DISADVANTAGES

Some advantages of this process, compared to other AM techniques and classical manufacturing
techniques, are:

¢ High density and strength of the parts.

e Recycling of the powders used, leading to minimum waste of material.

e Parts with complicated 3D geometries can be created.

o Ability to process wide variety of metals and their alloys.

o No composite green part is produced. Thus, there is no need for binders or melt phases.

May the positive points of the process be enough to justify its emergence in many industries, though
the drawbacks are not negligible. Below are shown some of them:

e Expensive, especially for parts not designed for manufacturing with this process.
e Limited geometric tolerances and dimensions that can be obtained.

e Rough surface finish of the parts.

e Post-process required, most of the time.

17



1.4 KEY FACTORS IN SLM TECHNOLOGY - MELT POOL

1.4.1 DOMINANT FORCES
Melt-pool of this type is already known from welding processes. The welding process can be
implemented using an electric arc, electron beam or laser beam as a heat source. Below are shown the
dominant forces that affect the weld pool:

e Buoyancy
Upward force exerted by a fluid that opposes the weight of an immersed object.
e Surface tension

This force is due to the tendency of the fluid surface to shrink to the minimum surface. This
force decreases with increasing temperature.

e Electromagnetic forces

Also known as Lorentz force, it is the force caused by charged particles moving at a speed
through an electric field.

e Marangoni force

This force is due to mass transfer along an interface between two fluids due to a gradient of the
surface tension.

Below it can be seen the profile of a melt pool and its characteristic areas.

Radiation

Convection Laser: g(x,y,t)
Scan Dir. £

Distance of Laser from Powder

Conduction Hoar

affected
zone

FIG 1.7 MELT POOL DURING LASER WELDING[7] FIG 1

A laser light heat source of Gaussian distribution can be noted heating the metal and forming a molten
pool. Heat conduction occurs to the surrounding metal, and convection and radiation occur from the
surface to the surrounding gas. Inert shielding gas (Argon, Helium etc.) is used to stop melt pool
oxidation. Within the melt pool, the governing forces, mentioned above, are taking place. During laser
melting, extreme temperatures can be created, exceeding the boiling point of the metal, thus metal
evaporation is possible.
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1.4.2 HEAT CONVECTION
The heat convection consists of two phenomena. The first is by random molecular movements
(diffusion) and the second by the bulk of that fluid motion. The fluid motion is associated with the fact

that, at any instant, massive numbers of molecules are moving collectively or as aggregates. Such
motion, in a temperature gradient, contributes to heat transfer [8].

Below, it is visible the mechanism of heat transfer via convection. Where, x is the length of the surface,
y is the thickness of the fluid layer, u is the fluid velocity, g is the heat flux, and T is the temperature.

Ay Fluid by
. T
_ P
» LA ___.
- Velocity Temperature
distribution distribution
uf'y) q" T(y)
T
= X
L »yuy  Heated L Ty
surface

FIG 1.8 CONVECTION MECHANISM AND FLUID VELOCITY-TEMPERATURE PROFILES[8] PP 6

1.4.3 HEAT CONDUCTION

Conduction may be considered the transfer of energy from the more energetic to the less energetic
particles of a substance due to interactions between the particles.

P, 5T,

o Q o0 o

O\EK?Q‘C\?Q\

_____ e -?—7——&—7— lq.('
f

FIG 1.9 CONDUCTION HEAT TRANSFER MECHANISM[8] PP5-6
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1.4.3 CONDUCTION MODEL VS THERMAL-FLUID MODEL
In literature, there have been developed and proposed many different models to simulate the SLM
process. Heat transfer model is a simpler, yet effective way to determine melt pool characteristics,
whereas thermal-fluid model is a more completed model to use in a more research manner but with a
significant higher requirement in processing time.

Fluid flow calculations are essential in SLM models in order to predict the melt pool dimensions in
cases where flow-related phenomena such as Marangoni flow are dominant. In the conduction melting
mode the simulation results can be in good agreement with the experimental data without considering
the flow related phenomena. The inclusion of Marangoni effect can lead to overestimation of the melt
pool dimensions, when the effects of fluid flow are less significant. Therefore, there are various thermal
models in the relevant literature, which have been shown to predict melt pool dimensions with high
accuracy, as well as microstructure, onset of ball formation and residual stresses, and some researchers
noted that in some cases melt pool dimensions can be predicted even by using simplified thermal models
such as the Rosenthal equation [9]-[13].

Below, the melt pool profiles can be distinguished, modeled on conduction mode and Thermal-Fluid
model, respectively.

a b C
- -
z=0.0 mm (top surface) 1 "
s )
11 -
3,100 = w
3
3 3
2
3
1,699 §
3
B
3
298 1 Pure thermal model

2 Thermal-fluid flow model

uo 2p Buues

FiG. 1.10 MELT POOL PROFILE COMPARISON FOR THERMAL MODEL AND THERMAL-FLUID MODEL [6]
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1.5 FINITE ELEMENT METHOD SOFTWARE

1.5.1 INTRODUCTION
Numerical techniques have emerged and advanced to satisfy the current needs of on many fields
of engineering. One of them, is the Finite Element Method (FEM), which gives a piecewise
approximation to the governing equations. Instead of solving the analytical equations, the solution
region can be approximated by solving the equations for an assemblage of discrete elements
(discretization). Simulations on complex shapes can be introduced, as the elements can take many forms
and shapes [14].

IDEALIZATION DISCRETIZATION | SOLUTION
Physical _ Smthemaﬁc;] Discrete Discrete
system . model : model ~ | solution

- - F 3
Solution error

Discretization + solution error

Mudeljng + discrefization + solution error

VERIFICATION & VALIDATION

FIG 1.10 MODEL-BASED FEM FLOWCHART [14]

1.5.2 OPEN CODE SOFTWARE
Open code software is computer software under a license in which the copyright holder grants the rights
to use, study and change the source code. This comes very handy in situations where the programming
of a custom solver is unavoidable. Such software (aiming in CFD software) is:

CFD Software

e CODE_SATTURNE
e OPENFOAM

¢ GERRIS
Porous flow
¢ MODFLOW

FEM Software

e deal.ll

e Elmer FEM
e FENIiCS

o FreeFEM

e Kratos Multiphysics

Finally, one major advantage over commercially available software is the parallelization of code and
the extensions available from the community. Especially, OpenFOAM, supports GPU acceleration,
whereas well-known commercially available software does not.
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1.5.3 ALTERNATIVE COMMERCIALLY AVAILABLE SOFTWARE
Commercially available software is a computer software that is under a license in which the copyright
holder does not allow any modification of the software or re-distribution of it. These software usually
are more user friendly than the open code software and they are accompanied by a wide range of
toolboxes and external modules to satisfy the customer needs. Some of them are listed below.

Company name Product name Web site

Hibbitt, Karlsson & Sorensen ABAQUS http:/fwww.hks.com

Ansys, Incorporated ANSYS hitp:/fwww.ansys.com
Structural Data Research Corp. SDRC-Ideas http:/fwww.sdre.com
Parametric Technology, Inc. RASNA hitp://www.ptc.com

MSC Software Corp. MSC/NASTRAN hitp:/fwww.mscsoftware.com

FIG1.11 LEADING COMMERCIAL FEM SOFTWARE COMPANIES [14]

1.5.4 STRENGTH AND WEAKNESSES OF EACH SOLUTION
A table of advantages and disadvantages for the two types of software is presented here.

Advantages

Disadvantages

Technologically equivalent to commercial solutions Often, not user-friendly

Ability to create custom solvers

Sometimes need to learn other skills
like programming

Open Code Free

Frequently not so detailed
documentation included

Community support and variety of users code
distributions

User-Friendly Interface

Not free of charge

No need to learn programming

Cannot modify solvers

Commercial Variety of extra modules and toolboxes

Exhaustive documentation

TABLE 1.0 ADVANTAGES AND DISADVANTAGES OF OPEN CODE AND COMMERCIAL SOFTWARE
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2. BASIC THEORY — STATE OF THE ART

OBJECTIVES

This chapter will familiarize reader with the governing equations behind FEM software. In addition, a
brief explanation into some of the state-of-the-art SLM models will be presented.

WHY MODELING SINGLE TRACK

Studies show that single-track for SLM process is quite common and popular. Specifically, from 2016
to 2019 research papers on single-track simulations have increased by 350%.

350 -

Number of publications
(state and prognoses), %

- = NN
c 8888 & 8

2016 2017 2018 2019

FI1G. 2.1 INCREASING NUMBER OF RESEARCH ARTICLES IN SINGLE-TRACK SIMULATIONS FOR SLM PROCESS

Rather than being extremely time-effective, these studies are also very useful for researchers, as they
can extract information and develop new models for successfully simulating the process. Single track
studies not only can provide results with good accuracy for thermal-fluid phenomenon but they can
also be used for simulating with success microstructure mechanisms [15].

2.1 GOVERNING EQUATIONS
The model created in this work is a simple conduction mode model, to investigate the differences of
the two software. Thus, the governing equations are,

C or V- (kVT) =0
[) —_— . =

7 ot Eg. (2.1)
where, p is the density in [kg/m?], C» represents the specific heat [J/kgK], k represents the thermal
conductivity [W/mK], and Q' represents the heat rate per unit volume (W/m?).

The Equation 2.1 is the time-depended 3D Heat Transfer Conduction Mode Equation according to
Fourier’s Law [6]. Specifically, for this work the Gaussian distribution is modeled as a 2D free surface
heat source, thus the right-side term Q is equal to zero. The Equation 2.1 then, is written as,

aoT
pC ——V - (kVT) =0 Eq. (2.2)
P ot

And,

kVT=q +q +¢q Eg. (2.3)

rad abl

conv

In the right side of the equation the sum of the heat fluxes based on convection, radiation and
vaporization of the material are presented. In this case, only the convection heat flux is modeled, thus
Qrad and Qapi are equal to zero.
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2.2 STATE OF THE ART

2.2.1 LASER BEAM MODELING
In literature the laser beam has been simulated as a moving heat flux mechanism, similar to what will
be done in OpenFOAM software too. Specifically, C.H Fu et al. in the paper “3-DIMENSIONAL
FINITE ELEMENT MODELING OF SELECTIVE LASER MELTING TI-6AL-4V ALLOY” has
showed that using a DFLUX subroutine the laser beam can be implemented as a heat flux given by the

following equation [16]:
a2+ y?)
AP | )

F=——-¢e

5 Eq. (2.4)
nr

where F is the applied heat flux, A is the energy absorption coefficient, P is the laser power, and r is the
laser spot radius on the top surface. This represents a Gaussian distribution for the laser beam heat flux
and it is shown on the Figure 2.9 below,

30

i

[ Laser power (x2+y?)
F ——20W p= AP 25
25 1+ . 40 W Tre
zE 20 § - ggw Scan speed: 0.2 m/s
= - Laser radius: 26 pm
Qo Layer thickness: 30 ym
X 15
&=
g
£ 10
5
o i

Distance to laser center (um)

FIG. 2.2 LASER BEAM HEAT FLU GAUSSIAN DISTRIBUTION [16]

Furthermore, in literature, simulations have been accomplished with variable thermophysical values of
materials depending on the Temperature [16].

Ti-6A1-4V Solid & Powder Ti-6Al-4V Solid Ti-6Al1-4V Powder
Specific heat Temperature | Conductivity —Temperature | Conductivity — Temperature
J/kg K °©C W/m-K € W/m-K °C
580 20 7.20 26.85 0.2 20
610 205 8.15 100.00 19.4 1605
670 425 9.44 200.00 283 1655
760 650 13.32 500.00
930 870 18.20 876.85
936 1000 19.79 1000.00
1016 1200 26.26 1500.00
1095 1400 28.27 1655.00
1126 1655 37.00 2126.00
42.00 2426.85

TABLE 2.1 THERMOPHYSICAL VALUES OF TITANIUM ALLOY CHANGING WITH RESPECT TO TEMPERATURE
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2.2.2 MELT POOL GEOMETRY
In addition, work has been done in the file of melt pool geometry calculation and prediction. In the
following Figure 2.10, it is visible the main geometric characteristics of a melt pool. These
characteristics are crucial to know, as many useful conclusions can be deduced, such as bonding
reliability between two scanning lines [17].

3.7 3.8 3.9 4 4.1
x(mm)

FIG. 2.3 PREDICTED TEMPERATURE DISTRIBUTION OVER A MELT POOL [18]

Having said the above, the melt pool geometric characteristics can be calculated and predicted via
simulations. In this specific case that Jingiang Ning et al. are investigating in the paper “Analytical
Modeling of In-Process Temperature in Powder Bed Additive Manufacturing Considering Laser

4000

3000

2000

1000
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3000
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1000

Power Absorption, Latent Heat, Scanning Strategy, and Powder Packing”, a useful graph plotting the
molten pool dimensions depending on the scan time can be deduced [17],
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| | —4— Molten Pool Depth

)

m
8

Molten Pool Dimensions (p

Travel Distance (mm)
8E-4 0.008 0.08 0.8 8
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FIG. 2.4 MoOLTEN PooL DIMENSIONS [17]
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2.2.3 MESHING FOR SLM PROCESS SIMULATION

In literature many different types of mesh elements and mesh sizes have been tested for simulating the
SLM process. In the paper “Simulation of metallic powder bed additive manufacturing processes with
the finite element method: A critical review” there is a great explanation regarding this field. When
simulating the SLM process a powder bed must be constructed and on it metallic particles (powder)
should be deposited. The powder is never stacked perfectly thus, when the laser beam is striking the
surface of the powder, pwder particles of layers below can be affected from the beam. In order to
simulate such a phenomenon a volumetric heat source and a mesh strategy like below, should be used
[19],

(a) I _DESN [ (b) Laser irradiation area
17 n i METNIN.
i l I l l :‘ Layer 1
- : G—S—Layerz
o I Bl o

(c)

Middle layer powders
Bottom layer powders

Matrix

FIG. 2.5 (A) POWDER STACKING STRADEGY (B) LASER IRRIDATION REGION (C) MESHING FOR SIMULATION MODEL CONSIDERING
POWDER [19]
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2.2.1 ANALYSIS OF PROCESS DYNAMICS IN LASER WELDING
The need for analysis and development of the melt pool simulations is possible to come from other
processes as well, such as the laser welding process. Using OpenFOAM as the main FEM software it
is possible to create a multi physics simulation with adaptive mesh refinement and time stepping.
Furthermore, is it possible to couple porosity physics and solidification phenomena [20].

Parameter A

Parameter B

| os—

Temperatee (X)

FIG. 2.6 MELT POOL FORMATION [20]
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FIG. 2.7 MELT POOL FORMATION [20]

2.2.2 MESHFREE SIMULATIONS FOR ADDITIVE MANUFACTURING
PROCESS OF METALS
Some types of simulation problems have not been able to scale well enough with hardware to solve
them with conventional methods. Innovative approaches to problem solving must be taken in this area
to radically change the simulation workflow. Using meshfree solvers it is possible to deal with some of
the problems. Though, as a new it is not widely used and it has some disadvantages, such as the error
from the experimental results [21].

Below it is visible the mesh method for SLM process simulation and a mesh free approach.

32mm

(a) (b)

FIG 2.8 MESHING FOR SLM PROCESS [21]
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The mesh is extra fine in the laser path, and this consumes many PC resources to solve the problem,
thus making the runtime bigger.

A

FIG 2.9 MESH FREE APPROACH AND RESULTS COMPARISON TO EXPERIMENTAL DATA [21]
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FIG 2.10 MESH FREE APPROACH AND RESULTS COMPARISON TO EXPERIMENTAL DATA [21]
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2.2.3 PAPERS ON UNITE ALL THE PHYSICS
Finally, it is widely needed a universal model for additive manufacturing processes such as SLM
process. This is well known from researchers all over the world and a big effort has been taken to
conclude to such a model.

Fluid Dynamics, Heat Transfer, Optics, and a multi-scale approach are some of the things to be united
in order to produce a universal model.

g 0200

velocity [mi's)

FIG 2.11 FLUID DYNAMICS OF MELT POOL [22]

Time: 3.80 ms J U“pf:g’.)‘uo 0
'Cs%m

FIG 2.12 MATERIAL LOSS DURING LASER MELTING, DUE TO DROPLETS [22]
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Specifically, Otto et al., from Vienna University of Technology have done great work simulating the
mechanisms of Selective Laser Melting and similar processes. In the Figure 2.5, 2.6, 2.10 the keyhole
formation is presented. In these papers the researchers coupled a thermal model with a fluid dynamics
model to simulate thermofluidic phenomenon of the process. Also, a material loss model was
introduced, by the researchers, as in SLM process some of the powder is lost during the process. This
is also visible in Figure 2.11 where droplets at the keyhole outlet are present. This is a major mechanism
of material loss during SLM process [20], [23].

Moreover, the researchers are trying to create, eagerly, a Multiphysics model for this process. The work
that has been done in bibliography includes coupled models for porosity formation, thermal-fluid
models, material loss models, solidifications and microstructure models for the SLM process.
Furthermore, multi-scale simulations have been created in order to review mechanisms that appear in
different scales such as in the micro-nano scale. For that reason, it was mandatory to create models that
simulating phenomenon which occur in the femtosecond’s timescale [22].

Last but not least, the idea of simulating models in a meshfree environment has emerged and it has
found its way in the SLM process modeling. Such a method is extremely powerful in some cases.
Nonetheless, as all the methods have their disadvantages so do the meshfree simulations. But as it is
still not widely used, it can not be concluded if it is an effective method for simulating such a process
or not [21].

Concluding, as said above the need for more complete models of the SLM process are mandatory in
order to understand the mechanisms of it. Thus, researchers are constantly trying to develop and refine
their theories and put them to the test via the simulation environments. However, these models need a
lot of computing resources which are not available by everyone. Thus, in this work a simple, yet
effective, thermal model was created to test the two software and show to the research community their
options when concerning effective modeling of the SLM manufacturing technique.
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2.2.4 BASIC FLUID DYNAMICS EQUATIONS FOR THERMAL-FLUID
MODELING
Below it will be presented a basic FLUID DYNAMICS and HEAT TRANSFER Equations, that are
used for making a more complete model for SLM process.

The Governing Equations are the equations that the main algorithm of FEM consists of. These can be
split into three specific equations: Mass conservation, Momentum Conservation and Energy
Conservation.

COMPUTATIONAL FLUID DYNAMICS (CFD)
This is an engineering field where fluid problems are solved numerically. These problems tend not to
be solvable with analytical methods, thus a piecewise estimation of the solution is given.

The solution is given inside a domain called control volume (CV). Control Volume is a domain that
encases the body of interest, including the surroundings. Here, the volume is stationary and the mass of
fluid flows through that volume. Control mass is another approach in which the solution follows the
matter.

FINITE VOLUME METHOD (FVM)

The control volume, mentioned above, is then spitted in discrete parts and are computed separately.
This is called discretization and is needed for the Finite Volume Method (FVM). This method uses the
conservation principles for mass. This can be seen in Equation (2.1), where m is mass, and the derivative
of mass over time is equal to zero.

dt Eq. (2.5)

The Equation (2.1) has a second form, as it can be written as Newton’s second law of motion, where v
is the velocity of the matter and f the forces implied.

d( mv) _
I Eq. (2.6)

The above Equation 2.5 is written in the form of momentum and the derivative of the momentum over
time is equal to the sum of forces f.

MASS CONSERVATION
The conservation of mass equation, also known as continuity equation, can be seen below.

d
—fde-I—fpv-ndSz()
dt v g s

Where p is the density, [kg/m?], v the velocity ,[m/s], and n the surface normal vector. The CV is
analyzed in two distinct parts, a volume integral over the enclosed volume Q and a surface integral over
the boundary surface S. The equations above, computes the entire mass of the CV.

Eq. (2.7)

Furthermore, the surface integral can be converted to a volume integral using Gauss’ divergence
theorem. Thus, the differential coordinate-free form of the Eq. (2.4) can be seen below.

ap .
—+ div( pv) =0
at Eg. (2.8)

The Eqg. (2.4) can also be written as,
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oo () o(pw) o(em)
—+ + —+ =0
ot 0x oy 0z Eqg. (2.9)

In case of constant density, the Equation 2.5 becomes,

ou.,
i_p
0x.

J

Eg. (2.10)

which is the matrix form of the Equation 2.5, and this form is commonly used by the solvers behind
FEM software.

ENERGY CONSERVATION
Here it will be presented the temperature form of the energy conservation equation. In Equation 2.7 it
is visible that e is the internal energy in [ m2kg/s? ], g« is the conductive heat flux leaving the control
volume in the integral form of Equation 2.7, and 1;j is the viscous stress.
dit ou. 0o
(;l(pe) + J (peuj) =—p . T : %
t axj dx, axj ox, Eq (2.11)

For incompressible flows, the second term of the right-hand side of the Equation 2.7 is equal to zero. In
addition, the first term, that contains the divergence the velocity, of on the right-hand side of the
Equation 2.7 is also equal to zero. This results from the continuity equation. So, the new simplified
form of the Equation 2.7 is,
d
a—(pe) + d_( peuj.) =— ﬂ
o1 0x; x; Eq. (2.12)

Using the term,

ol er(u+u)] Eq. (2.13)

Thus, it is possible to decompose the convection term. Also, e’ denotes a residual quantity of internal
energy. The Equation 2.8 can be averaged and the resolved or mean internal energy equation derives:

_ 29, 9,

7] 7] &
—(pe) + peu.) =—
ot dx}.( -f)

0 0% Eq. (2.14)

The quw term, is the turbulent heat flux, which is,

qtk=péu'k+ pe'u,+pe'u', Eq. (2.15)

The heat transfer conduction mode equation is listed below,

0x Eq. (2.16)
Using the above equation, an analogy for the turbulent heat flux equation can be made,
q, ==k a_?
oot Eq. (2.17)

If the density p is set to constant p=po, viscosity to u=po and e=c, T, Equation 2.14 is formed,
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aT a0 ,—— 3 v, Vo) oaT
— —( Tu ) = + —
ot ax; M ox Pr.— PrJox,

Eg. (2.18)
c H
Pr:—c'nﬂo Prtz —
where the Prandtl number is k and kr . Based on turbulent and laminar kinematic
viscosities and the Prandtl values, the heat transfer coefficient can be formed,
k= REE)
/0 Pr, Pr Eq. (2.19)
Using the above equation on Equation 2.14, the temperature equation is derived [24],
T o ,—— a aT
R A
dt 0xj - dxk 4 de Eq. (2.20)

VOLUME OF FLUID (VOF)

Well known and commonly used method for simulating the interaction between fluid and other
phases, is the Volume of Fluid (VoF) method. Here phase fractions @ phase imply and an additional
equation must be solved,

aaphase " a( aphaseuj) _

ot 9%, Eq. (2.21)

The above equation is applied to distinguish the interphase between the two phases. In Equation 2.18
0( a i )
phase” |

dr is the partial time derivative of the dimensionless phase fraction and axj is the

position derivative of the velocity vector.

da phase

PRANDTL NUMBER
The Prandtl number is the ratio of the momentum diffusivity v to the thermal diffusivity and can be
seen in the below equation,

momentum dif f usivity €, H v

thermal dif f usivity k a Eqg. (2.22)

2

Where v is the momentum diffusivity or kinematic viscosity in [ s ] , a is the thermal diffusivity in
W

[S , # is the dynamic viscosity in [P“‘S], kis the thermal conductivity in L 7+ K Cp is the specific

o7
heatinL k¢- K |
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2.2.5 ANSYS AM MODULE
Another, new, method of simulating the SLM process is the AM module of the Ansys Software. It has
a high-level and a low-level analysis. That means, it can qualify parts for printing and/or collect data
for management of the process. Low-level means that it can simulated the process single bead to extract
useful information about material and porosity formation. It can also simulate process on a whole part
to calculate residual stresses and shrinkage to compensate the error in the geometry file (STL). Finally,
it can analyze the geometry of the file and it can predict failure during printing [25].

7 pEsicN
FOR AM
| (DfAM)

[/ oDaTA v
CAPTURE AND ||
| MANAGEMENT |

Fic. 2.9 ANSYS AM MODULE CAPABILITIES

iomirny Ot O 2 m

Additive Print
Assumed Strain

Scan Pattern

Thermal Stramn
Additive Sclence

Single Bead

Porosity

Thermal Hestory [ER0)

Mcrostructure

F1G. 2.10 GRAPHIC USER INTERFACE OF ANSYS AM MODULE
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3. MODEL ASSUMPTION AND MATERIAL PROPERTIES

3.1 MODEL ASSUMPTION WHEN SIMULATING THE SLM PROCESS

Many factors are involved in this AM process, so limitations and compromises had to be introduced as
assumptions in this project to create a functioning model. Therefore, the assumptions are shown below.

There is no solidification modeling in this project.

Fluid dynamics of melt pool were not modeled in this work.

No pores model. The porosity was not implemented in this model as this would mean a full
reprogramming of some solvers to object pressure differences in the melt pool and create pores.
Material loss model was not included in this work.

A 2D Gaussian distribution was implemented for the laser beam.

In conduction mode there is no keyhole formation thus, the reflection mechanism is of minor
importance. Thus, there was no laser secondary reflection modeling in the laser beam.

Forces that are created by plasma interaction with the melt pool are not implemented in this
model, nor plasma shielding.

The heat flux from the laser beam was modeled as Gaussian-distributed heat flux and was given
directly on the top of the bulk material.

The simulation did not consider latent heat loss at the phase transition.

The laser spot was assumed to have a circular shape.

The convective heat transfer coefficient between the bulk material and the environment was
assumed to be constant and independent of temperature.

3.2 MATERIAL PROPERTIES

The material used is pure Aluminum. The COMSOL library has the thermophysical values change in
respect of the temperature changes. But for simplicity manner, constant values will be used.

Aluminum properties Value Unit
Density p 2702 kg/m3
Heat Transfer Coefficient for 150 W/m?/K
heating h
Thermal Conductivity k 10 W/mK
Material thermal diffusivity DT 8e-05 m?/s

TABLE 3.1 MATERIAL PROPERTIES OF ALUMINUM
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4. MODEL DEVELOPEMENT USING OPENFOAM

OBJECTIVES
In this chapter a brief introduction to modeling with OpenFOAM will be presented. After reading the
chapter, reader, will be familiarized with OpenFOAM modelling workflow.

4.1 MODEL

For simple Heat Transfer the LaplacianFoam solver was used. In addition, the problem of introducing
laser on OpenFOAM was solved by importing it as a convection boundary condition (BC) with
accompanying Gaussian distributed laser beam. It was compiled as a free-standing library into the
OpenFOAM pre-existing library and then implemented in a standard solver [26].

4.1.1 LAPLACIAN SOLVER

LaplacianFoam solver: This is a basic solver for heat transfer. It can simulate both steady state and
transient problems. The solver evolves a scalar, T, using the equation:
d

” (T) —V-(DTVT) =5

g Eq. (4.1)
which is like the governing Equation 2.1 that was described in Chapter 2. The D ; term is the thermal
diffusivity coefficient like the £ term used in Equation 2.3 [27].

Finite volume schemes: In this file all numerical schemes are specified. The subcategories of the
schemes are,
0 R

— and —
e Time scheme: The first- and second-time derivatives, dt at? .

e Grad schemes: The gradient, V.
e Laplacian schemes: The Laplacian, V 2.

It is worth noting that, using first order schemes, the solution will be less accurate, but it will need less
processing time than the second order solutions.

4.1.2 LASER BC

The laser beam is modeled as a Gaussian distributed heat source and the Equation hat describes it is,

f ( ) ! |: 1 [ 2 P shape J]
. X 0 y = e_xp —_ + _
Gauss — 3 >
Zﬂﬁxay 1- st,mpp 2( L—p Shnpt,) 6=, o7, 6.0,

Eq. (4.2)
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Where o [m] is representing the standard deviation of the Gaussian distribution laser beam, the x, y
[m] are representing the two orientations of the laser beam plane and pshape [-] the correlation factor.

boundary

© boundary face center
® (auss spot center

O
o —~
O =)
~_
o} o} Q
I & o)

Fic. 2.2 CORRELATION FACTOR P

The above figure shows the heat beam striking the meshed volume. The red dot shows where the center
of the beam strikes down on the surface and the green dots represent the center points of the boundary
face mesh. The boundaries are indicated by grey shading on the top faces.

The x and y-coordinates used in code are differences between the position of the spot center of the
Gaussian beam, xspotCemre, and the center point of the boundary face center, X Face, @S seen in Equation
2.5,

spotCentre - xFa(:e Eq (43)
Similarly for y coordinate the Equations is,

y =yspafCentre_ yFm:e Eq (44)
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4.1.3 CONVECTIVE BC
A convective boundary condition was implemented to mimic the cooling on the surface and in this
case the conduction boundary conditions were swapped for convective boundary conditions.

To be able to calculate a convective boundary condition, the difference between the surface temperature

and the surrounding, ambient, temperature had to be evaluated and used. A flux was then established in

the direction of the lower temperature. The temperature, T, is evaluated in [K], the distance between

the cell center and the center point of the cell face, &, is measured in [m]. The thermal conductivity, &,
W [L]

is measured in [ mK ] the heat transfer coefficient 7 is implemented in m2K ] and the heat flux 4, has

the unitL m? J.

¢ boundary
d; © boundary face center
q e Cell center
® Ambiente point
.
o o
R Qe ~0._
¢ 0 ? RSN 0
~~~~~~~~~~ o
Q © 0
O
~oo
Y < o o

FIG. 2.3 CONVERSION OF A CONVECTIVE BOUNDARY CONDITION INTO A DISCRETE MESH

Below the Equation 4.5 shows that the heat on the material, measured on the right side of the equation
must be equal to what is measured on the other side of the boundary interface, in this case outside the
metal.

T(?ell_ TFace

=k-

T ) B Eq. (4.5)

Face

(1

In addition, applying energy conservation on either side of the boundary, the heat fluxes should be
equal.
q,=4, Eq. (4.6)

where, the dot over the g term means the surface normal vector. Thus, the heat flow on the outside of
the boundary is,

_q]=h'(TFace_ r

ams) Eq. (4.7)

Last but not least, the heat flow in the material is formed by the Equation 4.8below,
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—g =k 2Ly L™ Trace
oo ’ Eq. (4.8)

4.1.4 MATHEMATICAL TREATMENT OF THE BOUNDARY FACES IN

OPENFOAM
1

¥ =

. . o)
The mathematical treatment of the boundary faces is seen below where 8,

T, =f-valueExpression+ (1—-f) - ( T .+ gradExpr- &% ) Eq ( 4 9)

Face

The above is a general expression where fand ( 1= /) | need to be evaluated. valueExpression and

gradExpr gre numerical values, in this case T g and L cen respectively.

If the function / is defined as the convective boundary condition, that is described in Equation 2.7, the
Equation 2.11 gives the solution,

h 1
TFace= h 1 ) TAmb+ h 1 ’ T(,‘el[
k.(_+_) 5.(_+_]
ks ks Eq. (4.10)
Subsequently, the values of / and { I =f) are equal to,
h
PIE Eq. (4.11)
11— - >
g-|—+ —
k8 Eq. (4.12)

4.1.4 MATHEMATICAL TREATMENT OF THE LASER IN OPENFOAM
The heat transfer produced by the laser source is calculated by the Equation 2.15,

Q=h-A-AT Eq. (4.13)

The heat from the middle of the cells was translated to the cell faces by conduction in the material, as
seen below,

Q = E A ( TCe[l - TFace) Eq (414)
1
5% =—
If & then the Equation 2.16 can be written,
o-f

EC—

( TCE‘H_ Tf‘ace) g k Eq. (4.15)

Gaitss

415 MATHEMATICAL TREATMENT OF THE FINAL BOUNDARY
CONDITION
The implementation of the Equation 2.17 in the C++ code can be done using the form below,

Q ’ f Gauss ]
k

T =f.T +(1- T +
Face f Amb ( f) ( Cell Eq (416)

As seen above, Equation 2.17 is the 87@dExpr term in Equation 2.18.
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THERMAL DIFFUSIVITY
The ratio a of the thermal conductivity to the volumetric heat capacity is called thermal diffusivity and
it is described by the equation below,

k
DI=—— Eq. (2.21)
pe,

w J

where, k is thermal conductivity in [ m- K ] cp is the specific heat capacity in [ kg- K ] p is the density

inLm? land” p is the volumetric heat capacity in L m°K

4.2 OPENFOAM INTERFACE
Open-source Field Operation and Manipulation is a complex C++ FEM library able to solve most of
the CFD related problems, but also structural problems, too. It is released and developed primarily by
OpenCFD Ltd since 2004. There is no Graphical User Interface (GUI), and therefore it can be run from
terminal. Below, the OpenFOAM structure is visible,

Open Source Field Operation and Manipulation (OpenFOAM) C++ Library

Y ' 1 1R

___,_.-o—' Bt ..-'"'_'_ it 1l

('; Pre-processing H; & Solving j -’: PDSt—pFﬂCEEEiI‘Ig)

I F IO AT

/ \ / \ \
i Meshing User Standard - Others
Utilities Tools Applications|Applications ParaView e.g.EnSight

FiG. 4.1 OPENFOAM STRUCTURE [28]
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As viewed in the Figure 4.1, pre-processing can be performed on CAD programs or by writing scripts
to create a mesh directly in OpenFOAM. Post-processing is mostly done in ParaView, for a graphic
interpretation of the output files from OpenFOAM [28]

An overview of the directory structure is shown
should be renamed as the user wish. There are
directories subfolders.

t

—_—

in Figure 4.2. The <case> is the main folder and it
three major subfolders, system, constant and time

< Case>

) system

controlDict
fvSchemes
fvSolution
blockMeshDict

- | z lconstant

Properties

—

[ polyMesh

time directories

= il

FIG. 4.2 <CASE> DIRECTORY STRUCTURE[28]
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4.1.1 SYSTEM DIRECTORY
The System Directory contains many different files such as blockMesh, if the mesh is being created in
OpenFOAM, setFields the model contains separate conditions in subdomains of the geometry. Though,
there are three files that are mandatory to be present for the case to be able to run. These are,

ControlDict: Holds all the parameters for the program, like the solver, the start and stop time, the time
step, the output format, and the number of output files.

fvSchemes: Contains the numerical schemes of the model.

fvSolution: Contains the solution and algorithm controls.

In case of parallelization the system dictionary contains the decompose parallel dictionary, which is
used for subdividing the geometry for parallel processing of the simulation[28].

4.1.2 CONSTANT DIRECTORY
In this directory the properties files and polyMesh files are included.

Properties files are files that contain turbulence, phase, and thermo-physical properties of the fluid.
polyMesh folder contains all information about the mesh.

4.1.3 TIME DIRECTORIES
The time directory contains the solution at the discrete time steps. The initial and boundary conditions
are included on the zero folder. It is possible to run a simulation from a later time step. In this case, the
selected time step becomes the initial one [28].

4.2 MESH IN OPENFOAM
In OpenFOAM, the mesh is structured by cells, thus the desired geometry is built up. To describe it,
five files are needed: boundary, faces, points, neighbor, and owner. The sides are included in the
polyMesh folder under the constant directory. All cells must be of hexahedral type; thus, they are
composed of eight corners (vertexes) and six surfaces (faces).

Note: There is the ability to convert a hexahedral into a tetrahedral but this is applicable only for
cylinders [28].

4.2.1 POINTS
In order to define 3-dimensional locations in space, points are used. This location can be pinpointed by
a vector in units of meters. The point file is consisting of a list and each point refer to a label. The
position in the list corresponds to the label given, starting from zero. The above list, though, cannot
contain points that share identical positions or points that are not part of any surface [28].
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4.2.2 FACES
An ordered list of points, that are referred to by their label, consist of a surface. Two neighboring points
are connected to each other by an edge; thus, they create the circumference of the face. Faces, like
points, are consisted of a list that represents the corresponding label given to the face.

The direction of the normal vector is defined by the right-hand rule, when looking towards a face. If the
numbering of the points follows an anti-clockwise path, the normal vector points towards you.

Internal Faces: These are the faces that connect two cells together. Therefore, these can be no more
than two.

Boundary faces: When one or more sides coincide with the boundary of the domain, boundary faces
are used. Therefore, a boundary face is addressed only by a one cell and a boundary patch[28].

4.2.3 CELLS
The Cells file consists of an ordered list of faces. All cells must be contiguous, convex, and closed.

Contiguous: Contiguous means that the cells may not overlap one another and that they must
completely cover the computational domain.

Convex: Cells must keep their center inside the cell.

Closed: All cells must be both geometrically and topologically closed.

()

FiG. 4.3 FACE IN OPENFOAM [28]

On figure 4.3 a face is presented. The cornering numbers are the points, and the surface is the face.
Following the right-hand rule, the surface normal points in the direction of Sf in the figure.

Below, hexahedral cells are visible. The left figure numbers the corner vertexes, the middle figure
depicts the face areas of the cell and the right most figure, the boundary edges of the cell[28].
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F1G. 4.4 HEXAHEDRAL CELL IN OPENFOAM
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4.2.4 PATCHES
Specific face labels around the mesh edges are included in the patch's lists. Thus, these lists only
contain boundary faces. Naming the patches, is the user’s work to do. Commonly used names are
inlet, outlet, top, bottom, depending upon what is to be simulated[28].

4.2.5 BOUNDARY
Patches that are being associated with specific boundary conditions are called boundaries. The
boundary edge must be closed. That means, the sum of the boundary face area vectors is zero[28].

4.2.6 DIMENSIONS IN OPENFOAM
In OpenFOAM Parameter dimensions mean physical dimensions with respect to the Sl unit system,
shown below,

SI [kg ms Kmol A cd]

If the unit is present, a number is given to that position in the bracket. Furthermore, whether the unit is
present in the numerator or the de-numerator of the dimension, the number is positive or negative,

respectively.
m

For example, the velocity is calculated in [ § ] so the dimensions vector will be,
dimensions [O 1-1000 0]

4.3 MESH GEOMETRY
A 3-Dimensional mesh is created for this work. The mesh is a rectangular box. The mesh was created
in OpenFOAM. The dimensions are,

Dimensions of Box X Y Z
[mm] 10 10 10

TABLE 4.1 GEOMETRY DIMENSIONS

The mesh stats are,

Mesh stats
points: 28611
faces: 78500

internal faces: 71500
cells: 25000
faces per cell: 6
boundary patches: 3
point zones:

face zones:

® © ©°©

cell zones:

Which means, the mesh is constructed of 25000 hexahedral cells in total.
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A top view of the mesh geometry is shown here,
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FiG. 4.5 Top VIEw OF MESH
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4.4 SYSTEM, CONSTANT AND ZERO DIRECTORIES DURING
SIMULATION

441 SYSTEM FOLDER
Systems directory consists of control dictionary, finite volume schemes, finite volume solutions, the
block mesh and the decompose parallel dictionary.

Control Dictionary: The solver is specified here. In this case laplacianFoam solver. The time was set
0.2 [s] and the time step to 0.01 [].

Constant directory: The polymesh folder is contained in the constant directory. This folder has the
mesh specifications. It is possible to import a mesh file (.msh) in OpenFOAM, by using commands like
fluentMeshToFoam in order to convert the mesh file to a OpenFOAM mesh. Last but not least, in case
the gravity is needed, it can be defined in the constant file.

Zero directory: In this directory all the boundary and initial conditions are specified.
Velocity file: Here an initial velocity of zero is given.

Temperature file: The temperature boundary and initial conditions are found in the zero directory. The
initial temperature was set to a uniform value of 293 Kelvin. If there are non-uniform list of scalar
temperatures the following script on the upper patch is applied.

PatchName
{
type fixedValue;

value nonuniform List<scalar>

temperature list of values
)
}

In this case, which the laser beam is introduced, a convective boundary condition was applied to all

h=50
surfaces, where the edges and bottom patches were given a heat transfer coefficient of msK |,

The laser beam specifications are included in the boundary condition. The laser beam theoretical
absorbed power is 350 [W]. The beam oy, oy are equal to 0.0015 [m]. And the moving speed of the laser
in the one axis is 0.05 [m/s].

w
k=25 [—]
The thermal conductivity is specified in this area too, mK ],

4.4.2 COMPILING THE laserConvectionBC
The modeling of the laser beam is given by a discrete library, that was downloaded and compiled to be
added to the solver used. The files were compiled using the wmake command in the terminal. Using the
library as shown in APPENDIX A, by adding the following line in the end of the file ControlDict

libs ( “liblaserConvectionBC.s0™ );

This enables the library to be used for this specific case, thus making possible for the boundary condition
to be written into the temperature file.
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443 THE HEAT TRASNFER COEFFICIENT AND MATERIALS

CONDUCTUVITY
w

The heat transfer coefficient, h, is measured in SI units [ m?K ] Heat is transferred to the surrounding
material, otherwise the buildup of heat energy escalates. This is approximated by a convective boundary
condition. The Equation used is visible below,

D _hAT
A Eq. 4.17

Material conductivity is,

W
k=25 [—]
mK Eq. 4.18

And it is used in the Equation 2.3.

4.4.4 PARALLELIZATION
In OpenFOAM is possible to run simulations in parallel. In order to do that the decomposeParDict must
be implemented. This is done by decomposing simulation in subdomains, usually equal to the number
of the available cores of the computer. So, an example of such implementation is,

mpirin —np 6 laplacianFoam —parallel

Which decompose the case in 6 distinct parts, for the CPU to process it. After that, it is mandatory that
the case is reconstructed for the post-process in ParaView.

4.4.5 ParaView
In order to post process, the simulation in OpenFOAM, an extra software is needed. ParaView is used
as a viewer software to visualize the results of the simulations.

The code of ControlDict code is quoted in Appendix A
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5. MODEL DEVELOPMENT USING COMSOL

OBJECTIVES

In this chapter an introduction to modeling with COMSOL will be conferred. In the end of the
chapter, reader, will be familiarized with COMSOL modelling workflow.

5.1 COMSOL
COMSOL is a commercially available FEM software with a Graphical User Interface (GUI). It is an
all-in-one software as it provides Model builder to create 2-3D models and post-processing built-in
software for viewing and editing results.

QUICK ACCESS TOOLBAR — Use these
buttons for access to functionality such as file
open/save, undo/redo, copy/paste, and delete.

RIBBON — The ribbon tabs have buttons
and drop-down lists for controlling all
steps of the modeling process.

APPLICATION BUILDER —

e} B8 e RN E-
Click this button to switch to L™ -ome  Definitions Geometry Materials Physics Mesh Study Results  [eveloper
the Application Builder and A B 2 p, 2 Veriables - & = Import B o0 B A
start building an application L] Y teoFunctions~ o livelink ~ " T3 = A0
Application  Component _ Add Parsmeters Build Add  HeatTransfer Add  Build Mesh
based on your model. Builder Component + . Al Materiasl  inSolids~ Physics  Mesh 1+
Applicat eometr, Materials Physics Mesh
~ * | Graphics
MODEL BUILDER . = BT 8~ = ) Q Q@ & H v e
TOOLBAR 4 %@ Untitied.mph (root)  Build All
p
4 @ Global Definitions _
Parameters 1 Label: Geometry 1 =
% Materials z
4 @ Component 1 (comp1) v Units
E_Definitions [] Scale values when changing units
MODEL TREE — The model £ ::’:‘:’",""y' Length unit:
i Materials
tree gives an overview of 4 |@ Heat Transfer in Sofids (ht) m -
B S 1 :
the model and all of the B Soid Anguar it
B i 25 Initial Values 1 S— =
functionality and operations %= Thermal Insulation 1 -2
needed for building and solving a A Mesh1 v Advanced
. 4 "> Study 1
model as well as processing the = Step 1: Stationary Geoirietiy répiesentation
results. @ Results CAD kemel -

MODEL BUILDER —

The Model Builder window
with its model tree and the
associated toolbar buttons
gives you an overview of the
model. The modeling process
can be controlled from
context-sensitive menus
accessed by right-clicking a
node.

[] Design Module Boolean operations
Default repair tolerance:

Automatic
[V Build new operations automatically
V] Build

ly when leaving g y

SETTINGS WINDOW —
Click any node in the model
tree to see its associated

Settings window displayed next
to the Model Builder.

Y‘L'x

Messages Progress Log Table 1

\

FI1G. 5.1 COMSOL MULTIPHYSICS GRAPHICAL USER INTERFACE [29]

In the Figure 5.1, it can be seen all the basic information for the COMSOL’s user interface. The interface
consists of seven distinct parts.

Ribbon tabs: The buttons and drop-down lists control all the steps of the modelling process.
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Quick Access toolbar: Here the use of buttons, for access to functionality such as file open/save,
undo/redo, copy/paste, and delete, is available.

Application builder: Clicking this button will switch to the Application Builder and start building an
application based on the current model.

Model Builder Toolbar

Model Tree: The model tree gives an overview of the model and all the functionality and operations
needed for building and solving a model as well as processing the results.

Model Builder: The Model Builder window with its model tree and the associated toolbar buttons gives
an overview of the model. The modeling process can be controlled from context-sensitive menus
accessed by right-clicking a node.

Setting Window: Click any node in the model tree to see its associated Settings window displayed next
to the Model Builder.

5.1.1 FILES:
In COMSOL, a single file is created for each case with file extension “.mph”. This file
contains all the information about model, meshing, physics, study and results. Its size is depending on
the mesh size and the computed solution.

5.2 WORKFLOW
The workflow is very intuitive thanks to the graphical environment of COMSOL. The Ribbon Tabs
shows the basic steps to complete a simulation.

Home  Definitions  Geometry  Materials  Physics  Mesh  Study  Results  Developer 1

A .— 7 p: a- Variables ~ T = Import
. I ) \mm - il
o0 Functions = Ca Livelink ~ >
Application Component Add Parameters Build Add
Builder 1~ Component » - All Material
Application Model Definitions Geometry Materials

F16 5.2 COMSOL RIBBON TAB

The first step is to start from the Definitions Tab where all the parameters of the study are defined. After
that, the geometry is imported or created inside the COMSOL. In addition, the material is specified in
the Material Tab. In the Physics Tab, the kind of simulation is determined. Is possible to choose from
variety of physics and Multiphysics in COMSOL. After choosing the desired Physics, the Mesh is
created, where it is possible to change the Mesh size and shape depending on the needs of simulation.
Finally, in the Study Tab should be selected the type of study (Time dependent etc.). After the Study is
over, the visualization and post-processing of the results can be done in the Results Tab.

50



5.2.1 GEOMETRY AND MESHING
In the Geometry Tab it is possible to import a geometry file or create a 2-3D geometry in the
integrated CAD-like Model Builder. The integrated model builder offers a variety of shapes like
blocks, cylindrical shapes, and features known from CAD Software like Extrude, Revolve, Sweep
commands.

"
4 2 Geompimet

plc ™  Build All F8
Fo = import
4 :
* Mater LiveLink Interfaces 4
E T featuring and Repai »
efeaturing and Repair
4 B Heat1 9 P
= g Virtual Operations 4
% Ini 17 Block
ju]
= Th J Cone
= He | .
Cylinder
- Su P
= Dd Sphere
4 /A Mesh More Primitives 4
£ -
441 S & work Plane
&) F
"8 Extrude
"~ Study 1 I
1A Step 1 == Revolve
b " Solver & Sweep
&= Results =  Loft
E Datas .
Booleans and Partitions 4
&% Derive
# Tables Transforms 4
4 W Tempe Conversions 4
Su Chamfer
“ @ Ve /1 Fillet
9 - .
. “| [l Delete Entities
P W Isothe
%= Export Parts 4
[* Repor Programming »
Selections 4
G Measure
EH  Insert Sequence
=  Export
T Delete Sequence
Copy as Code to Clipboard 4
=1 Rename F2
@ Settings
[j;' Properties
Help F1

Fi1G. 5.3 COMSOL GEOMETRY TAB OVERVIEW



After a geometry has been imported or created in the software, the meshing should be created. The mesh
tab has all the features needed in order to create the suitable mesh for each case.

b /. Mesh 1
P oo Study1 | B Build All F8
4 [& Results é
b E Datas

8.85

22 Derive
B Tableg | Boundary Layers
> Wl Tempe More Operations »
b W Isothe Al size
® Export
[ Repor,

Free Tetrahedral

@ Swept

,;;ﬂ Size Expression
HH  Distribution
“ Comer Refinement

HE Scale

Reset to the Physics-Induced Sequence

- |\‘~
o

Clear Mesh

o= Delete Sequence

A Plot
A

Statistics

[= Export

b

Import

Copy as Code to Clipboard >

Duplicate Ctrl+Shift+D
Delete Del

Rename F2

Settings

Properties

BEHE Le

Help F1

F1G. 5.4 COMSOL MESH TAB OVERVIEW

In this case, a hexahedral mesh is needed as this type of mesh was used in OpenFOAM case, too.
Unfortunately, COMSOL does not possess a direct way of using Hexahedral mesh. Instead, an indirect
way of creating this type of mesh is shown below,
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Using the Mesh Tab, navigating to Boundary drop list, selection of a Free Quad button is visible. Free
Quad is a way to generate unstructured quadrilateral mesh. In the Settings Tab of the Free Quad
command, the Geometric entity level is set to Boundary and the user should, now, select a face of the
geometry that this mesh will apply to, in this case the upper face.

Settings ~ ®  Graphics Convergence Plot 1 Probe Plot 2 vy
FieeOtad QA @y SFH Lylwimlzci Cv My @v @y BY 2= @ WP Em
®! Build Selected ® Build All m 20y Gv@

Label: Free Quad 1 = -
¥ Boundary Selection

Geometric entity level: Boundary -

Selection: Manual -

. -

Scale Geometry
Control Entities

Tessellation

F1G. 5.5 FREE QUAD SETTINGS TAB

After the above steps are over, the user should choose the swept command to extend these elements to
the other side of the geometry, in this case the downside. The result of the mesh is shown in the Figure
5.5. The mesh generated is consists of 25000 hexahedral cells in total.

5.2.2 MATERIALS
In the Materials Tab the user can select from a variety of materials from the COMSOL’s built-in library.

Also, the user can import material library or can create a material with custom properties like
unisotropy.

Home  Definitions  Geometry  Materials ~ Physics  Mesh  Study  Results  Developer

o 2 E HH Sae

Add Blank Browse More Recent
Material Material Materials Materials ~ Materials ~

Materials Property Groups User-Defined Libraries

F1G. 5.6 MATERIAL TAB OVERVIEW
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5.2.3 PHYSICS
To choose the physics of the simulation, the user should navigate to the Physics tab and select the
desired module for the case developed. There are available single-physic modules and multi-physics
modules on COMSOL. In this specific case the module below was used,

4 N Heat Transfer in Solids (ht)
= Solid 1
% Initial Values 1
% Thermal Insulation 1
Heat Flux 1

Surface-to-Ambient Radiation 1

Deposited Beam Power 1

F1G. 5.7 HEAT TRANSFER IN SOLIDS

As seen on Figure 5.7, the Heat Transfer in Solids Physics was used. Using this type of physics, it is
possible to simulate heat Conduction. heat Convection on boundaries and laser beam.

Governing Equation:

q=-kVT
Eq. 5.1

The Equation 5.1 is the COMSOL’s form of Equation 2.1.
Laser Beam:

In COMSOL the laser beam is easily simulated by using the Deposited Beam Power option that is
included in the Heat Transfer in Solid Physics. The parameters of the beam are specified in the Settings
Tab as shown below,

= Beam Crientation

Beam orientation:
0 X
e 0 y |1

1 7
+ Beam Profile

Beam profile:

Built-in beam profiles -
Deposited beam power:
Py laserpower W

Beam origin point:

30[mm] X
0 speed*t y ' 'm
& [mm] 7

Distribution type:
Gaussian v
1 o [l x (x - o)
f(0e)= - d=
@)= gizes (- 5} T
Standard deviation:
a  0.1[mm] m

F1G. 5.8 DEPOSITED BEAM POWER SETTINGS
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The Laser Beam distribution is Gaussian and is described by the Equation 5.2,

ton=gren( 5} +=E5)

20° el

FIG. 5.8 LASER BEAM DISTRIBUTION

This is like what is used in the LaserConvectionBC algorithm shown in Equation 2.4.

Eq. 5.2

Controlling the Laser Beam path is possible through the Beam origin point. In this case, a global
parameter “speed” was defined in the Parameters Tab, which specify the laser beam speed across one
axis. Then, this parameter was used in the Beam origin point and specifically in the y-axis direction to
create a linear movement in the y-axis. Using more complicated formulas it is possible to create more

complicated shapes and thus, create a scan pattern.

5.2.4 STUDY

Finally, when the simulation is almost ready to run, the user needs to specify what type of study will be

running. This is possible from the Study Tab where the options below are given,

Add Study Add Physics v
Add Study

Studies

4 ~do General Studies
[~ Stationary
I Time Dependent
4 oo Preset Studies for Selected Physics Interfac
lin. Thermal Perturbation, Eigenfrequency
[* Thermal Perturbation, Frequency Dom:
b ~oo More Studies
o Empty Study

Fi1G. 5.8 COMSOL ADD STuDY PANEL OVERVIEW
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Here the Time Dependent Study was chosen with settings,

Settings v
Time Dependent
= Compute (* Update Solution

Label: Time Dependent

¥ Study Settings

Time unit: s -
Output times:  range(0,0.001,0.1) s L
Tolerance: Physics controlled -

¥ Results While Solving

[ Plot

Plot group: Temperature (ht) »

Update at: Times stored in output v
Probes: All v
Update at: Time steps taken by solver A

~ Physics and Variables Selection
[] Modify model canfiguration for study step

»
Physics interface Solve for | Discretization

Heat Transfer in Solids (ht) ™ Physics settings >
I> Values of Dependent Variables
> Mesh Selection

' Adaptation

I> Study Extensions

F1G. 5.9 TiIME DEPENDENT STUDY SETTINGS TAB

As shown in the Figure 5.9 the time was set from 0 to 0.1 sec with time step 0.001. These values were
selected because in the Deposited Beam Power settings the laser beam speed was set to 12000 [mm/s].
Also, the current geometry has a length of 100 mm, which means that the laser beam will scan the hole
length of the block in 0.1 sec. Thus, the simulation time was chosen as shown in the Figure 5.9.
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5.2.5 ADDITIONAL FEATURES

ADAPTIVE MESHING
In COMSOL, it is possible to use adaptive meshing. This is done through the Study Settings Tab ->
Adaptation Drop List. Adaptive meshing is creating a coarse mesh at first in order to distinguish the
areas which errors are occurred. After that, a refinement of the mesh in these areas is done for the
simulation to run smoothly.

AUXILLIARY SWEEP
This is a feature that Time Dependent Study Solver is possessing. This features let the user run the
simulation iteratively for many different parameter values. For example, if the user wanted to run the
simulation for laserpower equal to 100 [W], 200[W], 350 [W] in one row, then the usage of auxiliary
sweep is highly recommended.

LINEAR SYSTEM SOLVERS
In COMSOL, the following linear system solvers are included:

MUMPS: The MUMPS solver works on general systems of the form Ax = b and uses several
preordering algorithms to minimize the fill-in by permuting the columns. MUMPS can be used to solve
problems on distributed memory architectures by using MPI. The code is written in Fortran 90. Further,
details about MUMPS can be found in [30].

PARDISO: The PARDISO solver works on systems of the form Ax = b. The solver algorithms
are based on a Level-3 BLAS update, and exploit pipelining parallelism with a combination of left-
looking and right-looking supernode techniques. PARDISO is multi-threaded on platforms that support
multi-threading. If you clear the Parallel Direct Sparse Solver for Clusters check box, or if you run
PARDISO in the out-of-core mode, the solver settings are changed to corresponding MUMPS settings.
The code is written in C and Fortran. COMSOL Multiphysics uses the PARDISO version developed by
Olaf Schenk and collaborators [23], included with Intel® MKL [30].

SPOOLES: The SPOOLES solver works on systems of the form Ax = b, using the multi-
frontal method and direct LU factorization of the sparse matrix A. If the matrix A is symmetric or
Hermitian, the solver uses an LDLT version of the algorithm, which saves half the memory. SPOOLES
uses several preordering algorithms to minimize fill-in by permuting the columns. SPOOLES supports
multi-threading on platforms that support multi-threading, and it also supports solving on distributed
memory architectures through using MPI. The code is written in C. COMSOL uses SPOOLES version
2.2, developed by Cleve Ashcraft and collaborators [30].

DENSE MATRIX SOLVER: The dense matrix solver works on systems of the form Ax = b.
The dense matrix solver uses LAPACK for multi-threaded solves and ScaLAPACK for distributed
memory architectures. This solver is mainly useful for cases where the system matrices are densely
populated, including boundary element (BEM) models [30].
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5.3 UNITS IN COMSOL

In COMSOL, the selection of Units is done in the CASE Setting Tab as shown below,

Settings
Laser_source_350W_1000mms.mph

v Protection

Editing not protected Set Password

Running not protected  Set Password
¥ Used Products

COMSOL Multiphysics
CAD Import Module

Heat Transfer Module

¥ Unit System

Sl

F1G.5.10 UNIT SYSTEM SELECTION

Is possible to select between a variety of Unit Systems,

S

S

British engineering units
CGSA

MPa

EMU

ESU

FPS

IPS

Gravitational IPS

None

F1G.5.11 UNIT SYSTEMS

Furthermore, if the user desire to write the values in different units from the Sl, for example write the
velocity in [mm/s] instead of [m/s], it can be done directly on the cell where the value is entered by

including the desired units like in the figure below,

30[mm]

FI1G. 5.12 IMPORT UNIT SUBDIVISION DIRECTLY IN VALUE’S CELL
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6. RESULTS AND COMPARISON OF THE SOFTWARE
OBJECTIVES

In this chapter the results of the two software will be presented and compared. Also, a brief
comparison will be presented for the two software in means of Processing time, Resources
management and features.

COMPUTER CHARACTERISTICS

Device name DESKTOP-K11I1SC
Processor Intel(R) Xeon(R) E-2176M CPU @ 2.70GHz  2.71 GHz
Installed RAM 32.0 GB (31.8 GB usable)

System type 64-bit operating system, x64-based processor

PROCESSOR
Xeon E-2176M is a 6-core, 12-threads mobile processor (designed for laptop-notebook use) with a
clock speed of 2.70GHz and Intel turbo boost of 4.40Ghz. In this case the Intel turbo boost function is
disabled. It also possesses 12 MB Intel® Smart Cache and a bus speed of 8GT/s.

MEMORY
32768 MBytes of Dual-Channel DDR4 Random-Access Memory (RAM), clocked at 2666 MHz.

SYSTEM TYPE
The Windows 10 Pro 64bit operating system was used to run COMSOL and the Windows Linux
Subsystem with Ubuntu 18.04 LTS was installed in order to run OpenFOAM on a Linux environment.
The 64bit system’s integer supports up to 9.22e+18 cells, faces, points in the mesh whereas the 32bit
system supports up to 2.147e+09 cells, faces or points in a mesh [31].
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6.1 MESH
Both software have the option to import or directly create a mesh for a geometry locally. In openFOAM
it is done through some integrated mesh converters such as,

fluentMeshToFoam

Reads a Fluent.msh mesh file, working for both 2-D and 3-D cases.
starToFoam

reads STAR-CD/PROSTAR mesh files.
gambitToFoam

reads a GAMBIT.neu neutral file.
ideasToFoam

reads an I-DEAS mesh written in ANSYS.ans format.
cfx4ToFoam

reads a CFX mesh written in .geo format.

Furthermore, it is possible to import a STL file and convert it to mesh with the snappyHexMesh
command. The results of the meshing are showed below,

Fi1G. 6.1 MESH IN OPENFOAM
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In COMSOL, this is done through the Geometry and Mesh Tabs mentioned in Chapter 5 and with a
predefined extremely fine element size.

Fi1G. 6.2 MESH IN OPENFOAM

The mesh stats in both programs are,

Mesh Stats OpenFOAM COMSOL
Type Hexahedral Hexahedral
Total Elements 25000 25000

TABLE 6.1 MESH STATS

It is important for the mesh to be of same size for a correct comparison of the results in Chapter 6.2.
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6.2 MELT POOL GEOMETRY
The thermophysical and solver settings of the two simulations are:

Thermophysical Values OpenFOAM COMSOL
Thermal Conductivity Constant Constant
Density Constant Constant
Specific Heat Constant Constant

TABLE 6.2 THERMOPHYSICAL VALUES SETTINGS FOR THE TWO SOFTWARE

And the solver settings are,

Solver Settings OpenFOAM COMSOL
Precision 6 digits 5 digits
Tolerance 0.01 0.01

TABLE 6.3 SOLVER SETTINGS VALUES SETTINGS FOR THE TWO SOFTWARE

It is worth noting that the thermophysical values are kept constant. This will make the results to be far
from realistic ones but in this case, it is not a major problem as the simulation are done with comparison
as the primary purpose. The COMSOL software’s Material libraries have these values change with the
change of temperature. Unfortunately, OpenFOAM does not have a materials library at all. This means
that the user must import the material’s thermophysical values in respect to Temperature change in

order to have realistic results.

In addition, it is important noting that for the simulation to be comparable, the same environment

settings must be implemented on both cases. The settings are shown below,

Case settings OpenFOAM COMSOL
Initial Temperature [K] 293.15 293.15
Laser Power [W] 350 350
Laser Speed [mm/s] 50 50
Laser Beam o [m] 0.0015 0.0015

TABLE 6.4 CASE ENVIRONMENT VARIABLES

Here, it is it is appropriate to say that there was no power reduce coefficient included on Laser Power.
This coefficient is simulating the primary reflection of the material and is implemented by multiplying
Laser Power with the power reduce coefficient which is taking values from 0 to 1.
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The results from the OpenFOAM laser case are shown below,

Fi1G. 6.3 LASER MELTING CASE IN OPENFOAM. START TIME 0s, END TiME 0.2s, STEP 0.015.

In the Figure 6.3 it is visible that the beam is travelling on the positive direction of the X-axis. The
maximum Temperature is 4850K.




F1G. 6.4 SECTION VIEW ON SIMULATION RESULTS ON PLANE YZ

The profile of the Temperature in conduction mode is similar to other profiles analyzed in bibliography.

At gy

ed Zone: "

L

FIG. 6.5 THE MICROGRAPH OF SINGLE TRACK FORMATION OF SS 316L POWDER ON SS 316L SUBSTRATE (A) P 150W; V 12 M/MIN;
D 300 m; (B) P 200W; V 2.4 m/mIN; D 500 M; () P 200W; V 8.4 m/MIN; D 300 M [32].
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Here a threshold value was implemented in the results and a volume was generated with temperature
T>2000,

— 49e+03
— 4500

— 4000
3500
3000
2500
2000

- 1500

— 1000

— 29e+02

FIG. 6.7 THRESHOLDED VOLUME FOR T>2000K, TOP VIEW




F1G. 6.8 THRESHOLDED VOLUME FOR T>2000K, SIDE VIEW

The volume of this shape is computed by the Paraview post-processor, and it is equal to 2.31e-08 m®.
There is no extrapolation implemented in cells, thus the volume is calculated as the sum of each cell
volume. This is easily implemented with the Integrate Variables Filter.
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And the results from COMSOL are shown below,

Time=0.17 s Volume: Temperature (K)

x10°

mm

lo

3.5

5 mm

2.5

10

Fi1G. 6.9 SINGLE TRACK RESULTS FROM COMSOL SIMULATION

In the Figure 6.9 it is visible that the beam is travelling on the positive direction of the X-axis. The
maximum Temperature is 4900K.
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Time=0.17 s Slice: Temperature (K)

mm

FI1G. 6.10 SECTION VIEW OF COMSOL’S SIMULATION RESULTS ON PLANE YZ

The profile of the Temperature in conduction mode is similar to other profiles analyzed in bibliography
as shown in Figure 6.5.
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Time=0.17 s Volume: Temperature (K)

F1G. 6.11 FILTERED SINGLE TRACK FOR T>2000K

Time=0.17 s Volume: Temperature (K}

mm

108" 5

x10%

mm

a8

46

a2

x10*

4.8

4.6

4.4

4.2

3.8

F1G. 6.12 FILTERED SINGLE TRACK SIDE VIEW

3.6

3.4
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The criterion, chosen, for evaluating the results of the two software is the calculation of the generated
volume from the threshold value filter (T>2000K), which are visible in Figure 6.7 and 6.12. This is a
common and easily implemented method for the two software unlike the measurement of melt pool
manually, which could result in random error. The calculated volumes are shown below,

Volumes OpenFOAM COMSOL
2.3168e-08 2.1062e-08

TABLE 6.5 CALCULATED THRESHOLDED VOLUME VALUES FOR THE TWO SOFTWARE

Because the implemented model is not a complicated one, the results should be remarkably similar to
each other. So, the differences of the two software are concluded here,

The maximum Temperature on OpenFOAM is 4850K whereas on COMSOL is 4900K. This results in
a 1.2% difference between them. And the filtered volume on OpenFOAM is 2.3168e-08 whereas on
COMSOL is 2.1062e-08, resulting in a 9.1% difference between them.

Comparison of results OpenFOAM COMSOL Difference
Temperature [K] 4850 4900 1.2%
Calculated filtered volume [mq] 2.3168e-08 2.1062e-08 9.1%

TABLE 6.6 DIFFERENCES OF THE TWO SOFTWARE

Finally, the same method was iteratively executed for 2 more case with laser speed equal to

2*laserspeed and 10*laserspeed:

Comparison of results OpenFOAM COMSOL Difference
Temperature [K], 2*laserspeed 3292 3356 1.9%
Filtered Volume [m?], 4.832e-09 3.9337e-09 18.6%
2*laserspeed
Temperature [K], 2080 1998 3.9%
10*laserspeed
Filtered Volume [m?], 3.84e-10 4.8422¢-10 20.7%
10*laserspeed
FIG. 6.7 RESULTS FOR CASES: A) 2*LLASERSPEED; B) 10*LASERSPEED
25
20.7
20 18.6
x
g 15
2
R3] 9.1
£ 10
o
5 3.2
12 1° °
° °
0
0 0.1 0.2 0.3 0.4 0.5 0.6

1: laserspeed; 2: 2*laser speed; 3: 10*laserspeed
FIG. 6.13 GRAPH SHOWING THE DIFFERENCES IN RESPECT TO LASER SPEED CHANGE

From the Graph presented in Figure 6.13 it is observed that the difference between the temperature and
the laserspeed is growing to one extent and then it shows similar shape to a log(x).
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Below, will be presented the differences in the same values for each program,

OpenFOAM Filtered COMSOL Filtered Volume
OpenFOAM COMSOL Volume [e-08m] [m]
X-Values  Temperature [K] Temperature [K]
0
0.05 4850-4850=0 4900-4900=0
2.3168-0.4832=1.8336 2.1062-0.39337=1.71283
0.1 4850-3292=1558 4900-3356=1544
2.3168-0.0384=2.2784  2.1062-0.048422=2.057778
0.5 4850-2080=2770  4900-1998=2902
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FIG. 6.14 GRAPH SHOWING THE TEMPERATURE DIFFERENCE BETWEEN EACH VALUES OF THE TWO SOFTWARE
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FIG. 6.15 GRAPH SHOWING THE FILTERED VOLUME DIFFERENCE BETWEEN EACH VALUES OF THE TWO SOFTWARE

These graphs were included as a way to observe why there are these differences in the Figure 6.13.
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6.3 PROCESSING TIME, COMPUTER RESOURCES MANAGEMENT AND
PARALLELIZATION
The processing time for the two software is,

Processing time OpenFOAM COMSOL
Wall clock time [s] 22 423

TABLE 6.6 SIMULATION RUNTIME VALUES FOR THE TWO SOFTWARE

OpenFOAM can use both physical and logical processing units unlike COMSOL which is able to use
only the physical cores. Moreover, OpenFOAM currently supports GPU Acceleration capabilities
whereas COMSOL do not. COMSOL also states this at the simulation log file shown at Figure 6.14.

CPU Intel(R) Xeon(R) E-2176M CPU@ 2.70GHz

Fi1G. 6.14 OPENFOAM UTILIZING 12 LOGICAL PROCESSORS AT THE SAME TIME

Running on Intel64 Family 6 Model 158 Stepping 10, Genuinelntel.
Using 1 socket with 6 cores in total on DESKTOP-K11I1SC.

Available memory: 32.54 GB.

F1G. 6.14 PART OF COMSOL’S SIMULATION LOG FILE.

Below the terminal log is presented after running the time ./ALLrun command, which runs the
case and counts the processing time.

real om22.169s
user Omll.969s

sys om5.047s
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The means of the above different types of time are presented here,

o Real is wall clock time - time from start to finish of the call. This is all elapsed time
including time slices used by other processes and time the process spends blocked (for
example if it is waiting for I/O to complete).

e User is the amount of CPU time spent in user-mode code (outside the kernel) within the
process. This is only actual CPU time used in executing the process. Other processes and
time the process spends blocked do not count towards this figure.

e Sys is the amount of CPU time spent in the kernel within the process. This means
executing CPU time spent in system calls within the kernel, as opposed to library code,
which is still running in user-space. Like 'user', this is only CPU time used by the
process. See below for a brief description of kernel mode (also known as 'supervisor'
mode) and the system call mechanism.

Thus, Real refers to actual elapsed time; User and Sys refer to CPU time used only by the process
[33]. To compare the results to COMSOL the real time will be used.

For COMSOL, the solution log file was exported and a part of it is presented below,

Running on Intel64 Family 6 Model 158 Stepping 10, GenuineIntel.
Using 1 socket with 6 cores in total on DESKTOP-K11I1SC.
Available memory: 32.54 GB.

Time: 1 s.

Physical memory: 1.84 GB

Virtual memory: 2.23 GB

----- Compile Equations: Time Dependent in Study 1/Solution 1 (soll) -----

Physical memory: 1.85 GB

Virtual memory: 2.24 GB

Time-stepping completed.
Solution time: 423 s. (7 minutes, 3 seconds)
Physical memory: 4.93 GB

Virtual memory: 5.56 GB
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It is worth noting that, in COMSOL, each time the simulation runs, the processing time differs on a
small extent. This is due to the solver implementation to choose a relatively different value for
iterative algorithm initialization.

For example, the above Simulation was executed in COMSOL several times and the results of the
processing time are,

COMSOL | RUNTIME
SOLUTION [s]
1 462
2 434
3 402
4 576
5 423

TABLE 6.7 COMSOL RUNTIME VALUES AFTER SEVERAL EXECUTIONS
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7. CONCLUSIONS

OBJECTIVES
In this chapter, some final conclusions regarding these two software will be deduced.

First of all, the results in Chapter 6.2 show a growing difference between the two software, as the laser
speed is increasing. Probably this can be corrected by calibrating the OpenFOAM solvers, that are
manually set up for more steps to be calculated.

At the end of this work, it is mandatory to say that both software have their advantages and
disadvantages. They are both reliable when used appropriately. If a simulation needs to run multiple
times with changing values on meshing, solver or parameters then OpenFOAM is very flexible software
to make it work as desired in the cost of much more time for setting up the code. If the GPU Acceleration
and extremely robust powerful optimization algorithms is mandatory for the simulation, then again
OpenFOAM is the way to go. Though, if the user wants to experiment with different solvers in a short
time and get results quickly in an intuitive graphical user interface, then the COMSOL is the suitable
program.

In some cases, the equations a solver is computing need to change. This is easily done in OpenFOAM
as the solvers are open and written in C++. Unfortunately, in COMSOL something like this is not
feasible as the program is not open code. This “feature” of OpenFOAM makes it possible for the
community to contribute on this code and, thus create a large capacity of third-party solvers and libraries
able to do extremely complicated tasks such as Topology Optimization which COMSOL does not
include yet.

The two-software address different audience. The COMSOL is a commercially available software used
by big manufacturers and research labs. OpenFOAM is an open-code software used by researchers and
manufacturers on a smaller scale and mainly for Research and Development (RnD) as it is highly
customizable as said in chapter 6.4. To use OpenFOAM, knowledge of Linux systems and coding in
C++ is highly recommended, thus it has a smaller audience unlike COMSOL which has a GUI
environment which is very intuitive to learn.

Both programs possess features that are extremely useful. COMSOL, includes a material library which
has a large dataset of materials and their thermophysical properties in respect to Temperature change.
Furthermore, in COMSOL a mirror plane can be introduced in a simulation which is very useful as the
solution is running only for the half geometry, thus reducing the runtime further. On the other hand,
OpenFOAM, can be highly customizable as said in the Chapter 6.4 and many third-party libraries and
solvers are available from researcher, thus making it an immensely powerful tool.

Thus, in the following table the similarities and differences of the tested software are summarized,

Similarities Differences
User Interface is a lot different
Ability to implement in these two software and
multiphysics models depending on the user, it can
be easy or difficult to learn
Powerful and effective solvers Material Library
OpenFOAM-COMSOL Customization differences as
Widely used, community the COMSOL is not easily
support customizable
Meshing as OpenFOAM does
not support all kind of
elements

TABLE 7.1 SIMILARITIES AND DIFFERENCES OF OPENFOAM AND COMSOL
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8. FUTURE WORK

Objectives
This chapter is dedicated in the potential of the current work for future additions. The information
below, will create motivation and set some remarkably interesting point for future developing of the
current work.

8.1 MODELING AND COUPLING OF FLUID DYNAMICS AND PHASE

CHANGE
A more complete model would be one with thermal and fluid coupling. This can be done via the
icoReactingMultiphaselnterFoam solver. This solver can handle simulations with multiple phases.
Better described, the solver, first, solves the continuity and momentum equations for two fluids and
then uses the Volume of Fluid approach to solve the phase-fraction based interphase equation for the
interface between the fluid boundaries. This problem can be mathematically described by the equations
shown in the Chapter 2.5.4.

8.2 MODELING OF ELECTROMAGNETIC FORCES DUE TO PLASMA

INTERACTION

During Selective Laser Melting process, electromagnetic forces are present (Lorentz forces) due to
plasma generation. This phenomenon could be coupled with the above thermal-fluid model and produce
a more complicated and completed model.

8.3 COMPARING THERMAL, FLUID, ELECTROMAGNETIC MODELS TO

DETERMINE IF IT HAS ANY EFFECT ON THE RESULTS

The above cases should be tested for their impact on the overall results. This should be done on a
statistical manner. The models tested should be the thermal model, the thermal-fluid model and the
thermal-fluid-electromagnetic model. Some characteristics and advantages for each model should be
presented.

8.4 COMPARISON BETWEEN DIFFERENT MESH SIZES
Here a comparison between different mesh sizes should be done. This is vital as the processing time is
decreasing a lot. Using Richardson extrapolation estimation method, it is possible to determine the error
between two different mesh sizes and evaluate them with processing time as a criterion.

The Richardson extrapolation estimation method | used for estimating the error which occurs due to
discretization.

First, a representative height for the cell, mesh or grid size must be defined. In 3-Dimensional cases this
is defined in Equation 4.1,

N 1
. 1 3
hezght=lﬁz (4v) ] 3

i=1 Eq. 8.1
Where height js a cell height taken by averaging the volumes.
The extrapolated temperature is calculated by the Equation 4.2,
Toitlis (ri+1,ipT1_ Tz)
ext
(rivni=1) Eq. 8.2

The term p in Equation 4.3 is defined by the Equation 4.3 below,
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p= A1nl z+2,t+l|+q(p):|
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Eg. 8.3
Where & term is described as,
£:+2,z+1=Ti+2_ Ty Eq. 8.4
And,
P, )
i+ 1,0
] )
ivait17 S Eq. 8.5
Finally, the s term that is present in the Equation 4.5 can be defined as follows,
[ Eivairl )
S=s5gn| ——
Eivni Eq, 8.6

This method can be used to estimate the error between two varied sizes of mesh, which is shown in
[34].

8.5 PLASMA SHIELDING COUPLING (BEAM ENERGY LOSS)
During SLM process the metal is changing phases from solid to liquid, thus creating the melt pool.
Though as the power of the laser beam is focused on a small area, it is common to change phase from
solid to gas on an instant. During this state of the process, plasma is generated, and a drop of laser beam
power is introduced as the plasma is “shielding” the powder. This problem can be modeled as a simple
power loss of the beam, which will not be as precise as a more sophisticated modeling.

8.6 TOWARDS AN OPEN-SOURCE AM SOFTWARE TOOLKIT, BASED

ON OPENFOAM OPEN-CODE SOFTWARE

In order to evolve the SLM process, more researchers should be able to have access to free software to
experiment with their ideas. Having said that, this work is possible to set the start line for the
development of an open-source software based on OpenFOAM and open code software, that will be
able to perform multiple types of simulations such as, thermal history simulation, residual stresses etc.
Many other features can be introduced, such as an adaptive set for SLM process parameters,
depending on the object’s geometry. This will facilitate researchers and enthusiasts to enter this field
of research and evolve it with their innovative ideas.
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APPENDIX A

ControlDict

1 /- Fo O *\
2 | |
3 ield | OpenFOAM: The Open Source CFD Toolbox |
4 peration | Version: 4.0 |
5 nd | Web: www.OpenFOAM. org |
6 anipulation | |
. - */
8 FoamFile

9 o1

10 version 2.0;

11 format ascii;

12 class dictionary;

13 location "system";

14 object controlDict;

15 -}

_]_6 //*************************************//
17

18 application laplacianFoam;

19

20 startFrom latestTime;

21

22 startTime 0;

23

24 stopAt endTime;

25

26 endTime 1;

27

28 deltaT 0.01;

29

30 writeControl runTime ;

31

32 writeInterval 0.01;

33

34 purgeWrite 0;

35

36 writeFormat ascii;

37

38 writePrecision ©;

39

40 writeCompression off;

a1

42 timeFormat general ;

43

44 timePrecision 6;

45

46 runTimeModifiable true;

47

48 libs ( "liblaserConvectionBC.so" );

49 // EE S R R R e e R R R R R //
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EKTETAMENH ITEPIAHYH

AVATTTUEN KOl GUYKPLGT] HOVTEL®V HETAPOPAS OepnoTnTOS Y10
katepyoosio SLM g OpenFoam kot 6 pnmopiké mokéTo
MEMEPUOUEVOV GTOLYELOV

I[TEPIAHYH

H Simthopatikn pe to mopandve 0po eoTidlel 6TV TPOGOUOI®ON TG KATEPYAGIOG TPOGHNKNE LALKOD,
Selective Laser Melting (SLM) vAomoidvtog £va HovtéLo HETOPOPAS OEpHOTNTOG, 68 3V SLOPOPETIKA
Aoyopikd, to COMSOL 5.6 kot to OpenFOAM v5. To povtého avtd mepthopBavel Tov pnyovicuo
petapopdg Beppotnroag e ayoyn. H déoun laser n omoia ytumd 10 vAKO okoAovbel ykaovoiavn
katavopn. [lpota an’ 6la, divetar pio chvtoun mapovoioon tng katepyaciog SLM. Ztn cuvéyeia
oynuatifovrotl ot TapadoyES ToL HoVTEAOL avTo¥. EmimAéov mapovotdletol o pobnuatikdc xeiptopds
TV eEIlOMOEOY KOl TOV OplaK®V cuvOnkdv tov laser, kabdg kot 1 dnuovpyia Tov KMOOKA Yo, TO
OpenFOAM «ot t0o povtéro yio to COMSOL. EmmAéov, yivetal ektevig Teptypagn g Stodtkaciog
7OV akoAovBOEiTaL Y100 TV HOVTEAOTOINGT], KAOMDC Kot Tapovsiaon TG KATASTPMGNE TOL LOVTEAOD GTA,
dv0 owtd Aoyiopukd. Xro OpenFOAM, ypnoporomOnke o emdvng laplacianfoam, evé oto COMSOL,
1o Heat Transfer in Solids Module. Ta anoteréopoto cvykpiOnKay o TPEIC SLOPOPETIKES TAYVLTNTEG
laser, kaBdg emiong kat 0 xpOvog EKTELEOTG, 1| SLXEIPION TTOP®OV TOL AELTOVPYIKOV GLGTNILOTOG KO TO
nepiPdilov epyaciog ypnom. Katd ) ocbykpion, kot to V0 AOYIGUKA AEITOVPYNCOV EMAPKADS KoL
GUVAYETOL TO GUUTEPUCLLO OTL Y10 SIPOPETIKN EPUPIOYT KAOE AOYIoUIKO Umopel va €ivarl TTlo Kavo omd
70 GANO.

SOUTEPACLOTIKG, O ovayvdotng Ba elval oe B6om vo amavtioel 0e EPOTNOEIS OTMG: Ol Eivat 1
pebodoroyio povteAomoinong Yo, To VO TPOYPALUUOTO; TAOC UTOPEL VO LOVTEAOTOOEL 1| LETAPOPA
Oeppomrog pe aymyn ot katepyacio SLM; m6c0o moAd umopel vo eUTAOVTIOTEL 1| TPOGOUOIMGT TG
KOTEPYAGIOG AVTNG; TTOL0 AOYIGULKO EIVOL TO O KUTAAANAO VIO TOLOL EQOPLOYT]; TMDG TO TPOYPOUUATA,
OpenFOAM ka1 COMSOL dwyepilovtor Toug TOpovg T0L VITOAOYICTN;



1. EIZATQI'H

Objectives
O avayvdotng oto 1éhog tov Kepakaiov 1 Ba givan e€owkeimpévog pe Tig katepyooieg TpocHnkng
VAKOD Kal €101KA TNV TeYvoroyia SLM. Emiong, kabdg mepthapufavetol (o eKTETOUEVN TOPOVGINGT
Tov Aoyicpkod FEM (gumopikd S100€61H0 KOt ovoiyTton KMOKO), HIopovdV va, Yivouv avTIAnTtd To
TAEOVEKTNUATO, KOL TO HEOVEKTAUOTO TNG EMAOYNAG TOL €vOG amd To VO Aoyicpkd. Télog,

TPOYLOTOTOLEITAL [0l TOPOVGINGT] TV PACIKOV CUGTNUAT®OV OO TO OTOI0 OTOTEAEITOL IO UNYOVA
SLM.

1.1 TEXNOAOI'TA SLM

Ot xotepyacieg pe mpooOnkn vVAKoL €yovv MoOM e16éAbel ot Prounyavio pe emttvyion Kot yiveton
evoereync épevvo oe avutov tov Topéa. Ol TeQVIKEG TOL YPTOUYLOTOOVVTOL UEYPL ONUEPQ
TOPOVGIALOVTOL OTNV TOPAKAT® EIKOVOL:

AM processes ‘
|

[ Liquid based J [ Solid based 1 [Powderbased]

Fused Stereu}{ Polyjet ][ OLp

[ 3Dprinting] [ n:'::.;l }

Deposition litho-
Melting graphy

Direct :
Selective Selective g2 Electron Laminated
laser laser Sotsl beam engineered net
; , etal 3
sinterin, meltin : J meltin
¢ " sintering — Haping

YXHMA 1.1 TEXNOAOTIEE IPOZOHKHE YAIKOY [1] FIG 1

H Selective Laser Melting (SLM) 1 Laser Powder Bed Fusion (LPBF) eivot pia katepyacio tpoctnkng
vAkoy (AM) mov pmopel va mapdyel cuVOETEG TPIGOACTATES YEMUETPieS PEC® TG THENG KoL TNg
oTEPEOTOINONG NG ToVdpag Tov ypnoipomoteitat. Avti 1 dwdikacio exavorappdvetar yio kébe
otpmon tov sliced model wov mapdyetor and Aoyioukd oyedioong pe tn Porndsia vroroyioti[2]

H mopanmdve teyvohoyia £yl optopéva KOpLa YopoKTNPIOTIKA KOWVA 08 AAAES TAPOUOIEG TEXVOLOYIES
(SLS, DMLS «.Am.). Avtd meptrappdvouv:

e Mo Oeppukn mnyn, 1 omoio MdVEL To cmpatiotn Tovdpag Kot ta cvyymvevet poli (laser).
o  'Evag unyovioudc yio tov EAeyyo TG TNENG TOV COUATIOMY GE [0 GUYKEKPIUEVT] TEPLOYN.
o Avvartdtnra TpochNKNg ETOUEVNC GTPDOONC.

o Avvatdtnra eEopdivvong kdbe oTpdONC, TPV amd TV TPOSHNKN TNE ETOUEVNC OTPOCTC.



1.3 IIAEONEKTHMATA KAI MEIONEKTHMATA
Opiopéva TAEOVEKTALOTO QVTHG TNG O1001KACTI0G, GE GUYKPION UE GAAES TEYVIKES TPOSONKNG VAIKOV
Kol KAOGTKEG KATEPYAGIES, Elvat:

o YynAn mokvotnto Kot avtoyn Tov eEapTnuiTmy.

o AvakxOKA®OT NG Un TNYUEVNGS TOVSPAS LUE ATMOTEAEGLLO TNV EAGYLIOTY CTATAAT VAIKOV.

e Anpovpyio £aptnUaToV pe TEPITAOKES TPLOIIACTATEG YEMUETPIES.

o Agv mopdyeton green part. ‘Etot, dev vmdpyel avaykn Yo, EMOUEVEG QACELS TNG KOTEPYAGING,
OT®MG GLGCOUATOOT).

Ta Betikd onueia g KoTePYOsiog Elval ApKETA Yo VO SIKALOAOYHGOLV TIV EUPAVIOT] TNG O TOALOVE
KAGOOLE, v Kol To PUEOVEKTAUATA NG Ogv gival apeintéa. Tapaxdto mtopovoidaloviol pepikd amod
ovtd:

o Aoamovnpn katepyaocia, €OKA ylo. EQPTNUATO TOL OV £YO0VV OYXEOINGTEL Y10, KOTOOKEDT ME
OLTH TOV TPOTO.

o [leplopiopévec YEMUETPIKEG AVOYES Kal O10GTACELC.

e  Empaveioxn kotepyoasio amorteitol cuvnlog petd ) dadukacio.

1.5 AOTTIEMIKO ITEITEPAXMENQN XTOIXEIQN

15.1 EIZATQI'H
Ot aplBuntikég teyvikéc £xovv avadvbel kot e&elybel Yo va IKAVOTOIGOVVY TIC TPEXOVGES AVAYKEC
TOAMOV TOPEDV TNG UNYaviKng. Mia and avtéc, eivan 1 Mébodog Ienepacuévav Ttoyeiov (FEM), n
omoia divel pia TPooéyylomn oTig KVpleg eEI0MGELS. AVTL TNG EMIAVONG TOV AVOAVTIKGOV e£loMOGEMY, N
mePLOYN Avong pmopel va mpooeyylotel pe v emilvon Tov e£loMGE®V Y10, £VO. GOVOAO SLOKPITOV
onueiov. Mmopovv va mpaypatonomBodv Tpocopoldoel; oe chHvleTa oynuate, Kabmg vVIapyovv
dopopeTIKoi THTOL GTOLYEI®V TOV KAADTTOVY S1aPOopeTIKG TpoPArpata[3].

|IDEALIZATION DISCRETIZATION | SOLUTION |
Physical Mathematim‘ Discrete Discrete
system - model model solution

» i

Solution ervor

Discretization + solution error

,\lodeling + discretization + solution error

VERIFICATION & VALIDATION

IXHMA 1.10 AIATPAMMA POHS ME@OAOY NEMEPASMENQN STOIXEIQON [3]

1.5.2 AOT'TEMIKO ANOIKTOY KQAIKA
To Aoyiopkd ovorytov KddKa eivor Aoywopkd pe ddew yprong otnv omoio 0 KATOYO0G TV
TVEVUATIKOV OIKOLOUATOV TOPUY®PEL TO, SIKAIDUATE ¥PNONG, HEAETNG KOl OAAMYNG TOL TNyaiov
KOOk, Avtd eivatl TOAD avoyKoio 6€ TEPUTTMGEIC OOV O TPOYPUUUNTIGUOG EVOC TPOGUPUOGC LUEVOD
emlotn (solver) eivar ovamdeevktog. Tétowo Aoyiopikd eivaw 1o OpenFOAM koi 1o Kratos
Multiphysics.

1.5.3 ENAAAAKTIKO EMITIOPIKA ATAGEZIMO AOT'IEMIKO
To gumopikd S100110 AoYIG KD givor £va AOYIG KO VTOAOYIOTH TOV PpicKeTon VIO AdEW GTNV OTola,
0 KUTOYOC TMV TMVELUOTIKOV OIKOUIMUATOV 08V EMITPEMEL KAUIO, TPOTOTMOINGT TOL AOYIGUIKOD M
avadlavoun tov. Térowo eivar COMSOL, ANSYS k.Am.



2. BAXIKH OEQPIA — STATE OF THE ART

2TOXOI

Av10 10 KEQALO10 B0l EEOIKELMGEL TOV AVAYVDOTT UE TIC KOPLe EEIOMGEIS TO® 0o TO Aoyloikd FEM.,
EmumAéov Ba Topovoiactel o eERynomn o€ opiopéva oo ta State-of-the-art poviéha SLM.

2.1 KYPIEX EZIZQXEIX

To povtého mov OSmuovpynbnke oe avtny tn SWAGUOTIKA elvor éva amAd HOVTEAO HETAPOPAS
BepuonTOg pe oyyn, yi vo SlEPELVICEL TIS Slapopés v 600 Aoywokdv. Etol, ot kuplapyeg
eflomoelg gival,

oT
pC ——V -(kVT) =0 Eq. (2.2)
P gt

Ko,

KV T=g +g Eq. (2.3)

conv t4q rad abl

10 0e&i uépog g eicmong abpoiletor  BeppoTnTO KATA T CLVOY®YR, TNV OKTIVOPOALN Kot TNV
e&ation Tov VAIKOD. T€ 0Th TNV TEPITTOOT, LOVO 1] BEPUOTNTA GUVAY®YNG LOVTEAOTOLEITOL, £TGL Grad
Kot abl €tvan ico pe undév.

2.2 STATE OF THE ART

2.2.1 ANAAYZH THX AYNAMIKHE THX KATEPI'AXIAX
YYTKOAAHXHZ ME LASER
H avdykn yo avéloon kot avartoén npocopowdoswv melt pool givon dvvarr va mpoédbet kot and
GAAeg Katepyooies, Omwg 1 dwdikacio cuykOAnong e laser. Xpnowomnowwvrag 1o OpenFOAM wg
Kopto Aoywopukd FEM givar dvvatdév vo dmuiovpynBei o mpocopoimon multi physics e
TPOCOPUOSTIK Peitioon mAéyuatog. EmmAéov, eivar duvatov va ouvOvactel 0 Unyovicopog
dnovpyiog TopmSoLE Ko TaL povopeva atepeomoinomng [4].

Parameter A

€= spikes

Parameter B

Tomperatse (X)

FiG. 2.5 Mopot MELT POOL [4]



2.2.2ITPOZOMOIQZEIX I'TA THN ITAPAXKEYH METAAAIKQN

ANTIKEIMENQN ME TTPOX®HKH YAIKOY XQPIX ITAETMA
Opiopévol tomot mpoPAnudatov Tpocopoimong dev Ntav o BEon va KApok®Bouv apketd Ko d e TO
VAKO Yo va o AbGouv pe cuppatikég pebodovg. [péret vo Anebodv Katvotopee Tpoceyyioelg yio TNV
eMilvom TPOPANUATOV GE AVTOV TOV TOUEN Y10 VO dAAAEEL PILIKA 1) pOT] EPYOCIOG TMV TPOCOUOIDCEDV.
Xpnowonowdvtag AVcelg yopig mAEyUa givar SLVATOV VO OVIHLETOMICTOVV OPIGUEVO OTO TO
mpofAnuata, ov Kot 0gv ypnollomoleitol evpémg ®G KowvoLpyln HEBodoc dOTL Exel opiopéva
pelovekthpata [5].

Hopakdre etvar opati n péBodog mAéypatog yio mtpocopoinon depyaciog SLM kot pua Tpoceyyion
Yopic TAEyHO.

(a) (b)

YXHMA 2.8 AHMIOYPTIA TIAETMATOS T'TA IPOSOMOIQEH THE SLM [5]

To mhéyua eivon e€atpetikd Aentd otn dadpoun laser kot avtd Katavoldvel TOAAODS TOPOLG
VTOAOYIGTH Y10 va. fpel Vo, KabeTOvTog £T01 TO YPOVO EKTEAEGN G LEYAADTEPO.

Cm‘ac A

FIG 2.7 TTIPOXOMOIQZXH SINGLE TRACK XQPIZ ITAETMA [5]



2.2.3 APOPA TIA TH ZYTXONEYZH ITOAAQN MONTEAQN OYZIKHE
THX KATEPI'AXIAX
Télog, elvar evpémg avaykaio Eva KaBoAkd LOVTELD Yia TIG KOTEPYAGIEG TPOGHNKNG LAKOD, 0TGN
katepyacio SLM. Avto givar yvootd amd epeuvntég o OAOV TOV KOGHO Kot £YEL KaToPANOEl peydin
mpooTadelo yio vo, oLoKANp@Oel Eva T€T010 PoVTELO.

H dvvapkn pevotdv, 1 LETOQOPA BEPLOTNTOC, 1) OTTTIKN KOl LU0 TPOGEYYIGT) TPOCOLOIOCNG OE
TOALOTTAEG KMpoKeS peyéBovg eivorl Hepikd amd To TPAYUATE TTOV TPETEL VO EVOBOUV TPOKEWEVOL VL
mopoyOel Evo KaBoAkd LOVTELO.

YXHMA 2.10 PEYSTOAYNAMIKH ITPOOMOIQEH TOY MELT POOL [6]

Kotalyovtag, 0mmg mpoava@Epbnike, 1 avaykn yio mAnpéotepa poviéda tng dwudkaciog SLM givar
VTOYPEMTIKY TPOKELUEVOL VO KOTAVOT|COVUE TOVG Unyaviopovs . 'Etot, ot epevvntég mpoonadodv
OLVEYMG VO AVOTTOEOVV KOl VO TEAELOTOMOOLV TiG Bewpiec Tovg Kot Vol TIG SOKIUAGOVY LECH TV
TePPAALOVTOV TPOCOHOIMONG. 206TOGO, AVTE Ta LOVTEAX YPELELOVTOL TOAAOVS VTTOAOYIGTIKOVS TTOPOVG
nov dgv givan draBéaor amd 6Aovg. 'Etot, oe autn tn dtmhopatikn epyocio dnpovpyndnke Eva amho,
0AAG amoTEAEGOTIKO, OEpUIKO HOVTEAO Yoo Vo JOKIUAGEL TO. 000 AOYIOUIKG Kol Vo Ogifgl otV
EPEVVNTIKT KOWOTNTO TIC EMAOYEG TOV VILAPYOVY OGOV GPOPE. GTIV OTOTELEGUATIKY LOVTEAOTOINGN
¢ kotepyaciog SLM.

2.2.5 ANSYS MODULE KATEPI'AXION ITPOXO®HKHE YAIKOY
Mo GAAN, véa, péBodog mpocopoivong g dadikaoiog SLM givaw to module AM tov Aoyiopikod
Ansys. To Aoytouikd avtd pmopel va eAéyéel av Eva oy€d10 TANPoOL TIC TPoHTOOEGEIC Yo EKTOTOON 1)
Kot vo cVAAEEEL dedopéva Yo TN dwoyeipton g Katepyacioc. Mmopel eniong vo TpocoUoIdoEL TV
KOTEPYOGIO GE OAOKANPO TO EVPOG TG EKTHTMGT|G Y10 TOV VITOAOYIGHO TOV TOPUUEVOVCHV TACEMV Kol
G cvppikvoong yia vo avtiotaduetel o opdipo oto apyeio STL. Télog, 10 Aoyloikd avtd umopsei
VO OVOADGEL TN YEOUETPIO TOL apyeiov kot pumopei va TpofAEyeL v omotvyia katd thv ektvnmon [7].

/ DESIGN

| capTURE AND |
| MANAGEMENT |

YXHMA. 2.9 EYPOX XPHXHX TOY ANSYS AM MODULE



I[TAPAAOXEZ MONTEAOY KAI IAIOTHTEXZ YAIKOY

3.1 [IAPAAOXEX MONTEAOY KATA THN ITPOXOMOIQXH THX
KATEPI'AZIAY SLM

[ToAhol mapdyovteg epmAékovtal o€ avth T dwdikacio AM, ondte Enpene vo OeomicTodv Teplopiopol
kot cupPiBacuol mg Tapadoyés oe avTd TO £pY0 Yo T dMpovpyia evOg Aettovpytkod HovTéAov. g €K
TOVTOV, Ol TOPAdOYES ELPaVIiOVTOL TAPAKAT®.

Agv viomofnke poviélo otepeonoinong.

H pevotodvvapukn tov melt pool égv viomombnke o€ owtd 10 £pyo.

Agv viomomOnke LOVTELO TOPDOOVG.

To povtého anmdAelng LAIKOD dev GUUTEPIANQONKE GE aVTO TO £pYO.

M ykaovotovn dtavopr epaprocTnKe yio Ty aktivo A&lep.

Aev vrapyetl oynuatiopog keyhole étot, o unyaviopog ovakiaong givol 166ovog onpaciog.
T owto dgv vAOTOMONKE HOVTELD BELTEPEVOVOAG AVAKANONG TNG déoung Tov laser.

Ot duvauelg mov dnpovpyodvtatl omd TV aAANAETidpacn Thdopotog pe tnv melt pool dev
epappudlovtat og avtd To povtého, ovte 1 Bwpdkion Thdopatog (plasma shielding).

Xmv mpooopoioon dev efetdotnke M amoAsw Oepudtnrag koTd TNV oAAOYn @dong
(AavBavovca Beppotnta).

To mpo@ik ¢ déoung laser gixe kKukAikd oynuo.

O oVVTEAESTNG UETOPOPAS DEPUOTNTOC, KOTA TNV CLVOY®YN, MUETAED TOL LAKOD Kl TOL
mepPdAlovtog BempnOnke otabepdc Kot aveEaptntog amd T Oeppokpacio.

3.2 IAIOTHTEX YAIKOY

To vikd eivor koboapd Alovuivio. H Piprodnin vikdv tov Aoyicpukod COMSOL éyer Tig
Oepropuoiég 1010TNTEC TV VAIKOV eaptdpeveg amd v Beppokpacia. o Adyovg amAodoTtevong
TNV TOPOVGH EPYOCIO YPNCULOTO0VVTAL GTAOEPES TIUES.

Aluminum properties Value Unit
Density p 2702 kg/m®
Heat Transfer Coefficient for 150 W/m?/K
heating h
Thermal Conductivity k 10 W/mK
Material thermal diffusivity DT 8e-05 m2/s

IMINAKAE 3.1 IAIOTHTEX AAOYMINIOY




4. ANAIITYZH MONTEAOY ME XPHXH OPENFOAM

2TOXOI
e ovTd TO KEPAANL0 Ba TAPOVSIOOTEL o COVTOUT EIGOYW@YRH 0N povteAonoinon pe o OpenFOAM.
Metd v avayvemon Tov kepaiaiov, o avayvmdotng, 0o yvopilel tn pebodoroyio poviehonoinong oto
Aoyopikd OpenFOAM.

4.1 MONTEAO

IMo amAn petapopd Beppotntag ypnopomombnke o emAvtng LaplacianFoam. EmimAéov, 1o mpdfinua
™mg povtelonoinong laser 6to OpenFOAM AHONKe pe v eloaywyn Tov laser g opraxr| cuvOnkn (BC)
pe 6éoun yroaovoavhg kotavopns. Eykataotddnke oc po eledtBepn PifAlodnkn otnv mpodmdpyovca
Biprodnkn OpenFOAM kol 61N CLVEXEW EQOPUOCTNKE GE £vav TUMIKO EMADTN, ONMG TOV
laplacianfoam [8].

4.1.1 LAPLACIAN EIMIAYTHX (SOLVER)

LaplacianFoam emldtng: Avtdg eivor £vag Pactkog emATng yia T petapopd Oeppdmrog. Mropet
Vo TTPOGOUOIDGEL TOG0 oTabepd 660 kot duvaukd mpoPAnuata. O emAvtmg ywoo va Ppel v
Bepuokpacia T Avel v E&icwon 4.1:

a—(T) —V-(DTVT) =S

ot r Eq. (4.1)

1 omoia elvar dpota pe v Kotaotatikn e€icwon 2.1 mov meprypdpetal 6to kKepdiato 2. O dpog Dy
givan 0 cvvtedeotg Bepuikng didyvong, 6nmg o dpog k Tov ypnoomoteitar oty e€icmon 2.3 [9].

A&ilel va onueiwbel Ot1, ypnoyoToldVINS cvothuate TpdTov Pabuod n Adon OB sivor Arydtepo
axpiPnc, oAra Oo ypelactel Ayotepo xpovo enelepyaciog amd Tig devtépov Pabuov AdcELC.

4.1.2 OPIAKEZ ZYNOHKEX LASER

H oxtiva Aélep oapopeavetol ¢ Kotaveunuévn mnyn Oepudmmrog pe katavoun Gauss kot
nepypaeeTol amod v €icmon,

1 l X 2 y 2 2p S]’![Ip[’){‘v
f G(mn'(x’y) = exp| — + = —
B _ 2 2 2
2]1-6"0,\‘ - ‘Ozshapc 2( I P Sfmpe) - o y Gxdy
Eq. (4.2)



4.1.3 OPIAKEZ XYNO®HKEZ XYNATI'QI'HX
Epopupooctke pia oplokn cuvOnin yio va lupn el tnv yoén oty enQAavel.

['o va givan oe Béom va vmoloywotel 1 oplaky] cuvBnKn, N dapopd peta&d g Beppokpaciog g

EMPAVELNG Kot TOV TePPdAlovtog Empene va aloloyndei kar va ypnoomombei. H Beppoxpacia, 7,
petpéron oe LK ] , M 0MOCTOCN & HETOED TOL KEVIPOL TMV KEAIDV KOl TOL KEVIPLKOL ormueiov tng
w

EMPAVENG TOV KEMADV, UETPATOL GE [m] H Oepuiks oyoyotTa, k, petpdron oe LMK 1 o
w

W 1]
GULVTEAEGTNG PETaPOPAS BepudtnTag Le Guvay®yn mK | xo n OgpuoTnTa 4, oe m? |,

? boundary
iy © boundary face center
q e Cell center
® Ambiente point
O Q- / / / Q.
o ~._ e
B 2 RN 1 *?—:‘: ““““““““ O
¢ o ? AN AN 0
----------- qzo
o O o
O
~
e % & o

TXHMA. 2.3 YAOIIOIHEH OPIAKHE SYNOHKHE XYNAT'QIHE £TO ITAETMA

Amnd v eElowon 4.5 mpokdmTel O6TL 1 BgpUOTNTA GTO LAKO, PETPOVUEVT] OTN 0e&ld TAELPA NG
eklomong mpénel va eivar ion pe avty mov pETPdTOl OTNV GAAN TALLPE TNG JETOPNG LAKOD-
nePPAAAOVTOG.

T. —-T
Cell Face
h (TFar;e_ TAmb) =k- ) Eq (45)

AOY® NG SlaTthpnoNg TG EVEPYELAG,

q,=4, Eq. (4.6)

OMOV, M KOLKKIda 6TOV Opo g onuaivel dtdvucpo kKabeto oty emodveia. 'Etol, ) feppomra oto
eEmtepkd Tov opiov gival,

- q;] =h- ( TFuce_ TAmb) Eq. (4.7)



4.2 ITEPIBAAAON OPENFOAM
Open-source Field Operation and Manipulation givor o fiphodnxn ypauuévn o C++ yio Adon
TOADTAOK®V TPOPANUATOV PNyYaviKNG 1e TNV LEBodo menepacuévov ototyeimv. [apaxdtom n dopun piog
TPOGOLOIMONG HE 0LTO TO AOYIGHIKO Eivon opath).

Open Source Field Operation and Manipulation (OpenFOAM) C++ Library

LH_ F’rlLL pro ce55|ng )|

—_—

-\H\

T

C Solving :j

I

HJE[_JSt—pFﬂCEESiHEﬂ.
&___I_ i

/ \ / \
il Mes.hmg User Standard : Others
Utilities Tools Applications|Applications i i e.g.EnSight

YXHMA. 4.1 AOMH OpPENFOAM [10]

Onwc paiveton oto Zynpa 4.1, n npoenetepyocio pmopet va mpaypnatonombet oe mpoypdupata CAD 1
ypdopovtag Kaduka yio va. dnpovpyndet Eva miéypa anevbeiog oto OpenFOAM. H peta-enelepyacio
yivetal kupimg oto ParaView, yio. pio ypapikn epunveia tov apysiov e£66ov amd 1o OpenFOAM [10]

Mo emoxdnnon g 6opng Tov Katahdyov mapovotaleTor oto oxnua 4.2. O pdkelog <case> givar o
KOprog @dxehog kol Bo mpémel va petovopaotel dnmg embupel o ypos. YRApYouv TPELS KLPLot
vropdkeAot, System, constant kou time directories.

:j ~cases
= I'_‘:} system

controlDict
- fvSchemes
— fvSolution
L blockMeshDict

- [ constant

- ... Properties

- — polyMesh

I boundary
.- faces

-~ neighbour
- owner

L points

L[ time directories

YXHMA. 4.2 AOMH ®AKEAOY <CASE> [10]
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4.3 ITAEI'MA KAI TEQMETPIA
‘Eva tprodidototo mhéypa dnuovpynbnke yio v mapovca epyacia. To miéyua dnuovpynbnke oto
OpenFOAM. Ot dwactdoelg givar,

Dimensions of Box X Y Z
[mm] 10 10 10

TABLE 4.1 AIASTASEIZ TEQMETPIAT

To miéypa etvan katackevacpévo and 25000 eEdedpa otoryeio GUVOAIKA.

M kdToyn g yeopetpiog mAéypatog mapovstileTon 60,

0.005 0,004 0003 0.002 0.001 ) 0,001 0.002 0003 0,004 0,005

0.005 0.005

0.004 0.004

0.001 0.001

0,001

-0.004 -0.004

\;ui\ﬂ 0.004 0.003 0.002 0.001 @ -0.001 -0.002 0003 -0.004 -0.005

X z

I XHMA. 4.5 KATOWH ITAETMATOX

11



5. ANAIITYEH MONTEAOY ME XPHXH TOY COMSOL

XTOXOI

210 kePGAa0 avtd Ba yivel o eilcaymyn ot poviehonoinon pe to Aoyiopkd COMSOL. Xto téhog
Tov KePoAaiov o avayvmotng Ba eokelwbel pe T pon| epyaciag poviehonoinong octo COMSOL.

5.1 COMSOL

To COMSOL givan éva gpnopikd dwbéoyo Aoyispukd FEM to onoio mepihapfavet ypopikod
nepiBarrov epyociog (GUI). Eivar éva Aoyiopiko all-in-one, kabmg mapéyet Ty dvvatdtnta
onpovpyiog oxediov 2-3D kot eneepyaciog TV amOTEAEGUAT®OV LETA TNV TPOGOUOI®GT).

QUICK ACCESS TOOLBAR — Use these
buttons for access to functionality such as file
open/save, undo/redo, copy/paste, and delete.

APPLICATION BUILDER —
Click this button to switch to
the Application Builder and
start building an application
based on your model.

MODEL BUILDER
TOOLBAR

MODEL TREE — The model
tree gives an overview of
the model and all of the
functionality and operations
needed for building and solving a
model as well as processing the
results.

RIBBON — The ribbon tabs have buttons

and drop-down lists for controlling all
steps of the modeling process.

® IR B R e BENE-
File Definitions Geometry Materials Physics Mesh Study Results eveloper
o 2 , 3= Variables + == [3Import » . m A
&> 2 i = F oY ] \
. i 5 O £
A L - 0 Functions + = e Livelink + "3 ] T4 - LR
Application Component Add Parameters Build Add Heat Transfer Add Build Mesh
Builder 1+ Component ~ - All Material inSolids »  Physics Mesh 1+
Application Model fi Geometr Materials Physics Mesh
B v % Grap
* S ErELH~ 5 QQ CHENRPR LR RN
4 @ Untitled.mph (root) & Build All
4 (@ Global Definitions ="
Parameters 1 Label: Geometry 1 =
% Materials .
4 [@ Component 1 (comp1) ¥ Units
= _Definitions [ Scale values when changing units
\ 1
- Length unit:
i3 Materials gt
4 |@ Heat Transfer in Solids (ht) ! X
W8 Solid 1 Angular unit:
om |
= Initial Values 1 e—— =
% Thermal Insulation 1
A Mesh 1 v Advanced

Study 1
[7 Step 1: Stationary
& Results

MODEL BUILDER —

The Model Builder window
with its model tree and the
associated toolbar buttons
gives you an overview of the
model. The modeling process
can be controlled from
context-sensitive menus
accessed by right-clicking a
node.

Geometry representation:

CAD kernel
"] Design Module Boolean operations
Default repair tolerance:

Automatic
[ Build new operations automatically
[V} Build

lly when leaving gs y

SETTINGS WINDOW —

Click any node in the model
tree to see its associated
Settings window displayed next
to the Model Builder.

z

Y\I/'x

Messages
\

YXHMA. 5.1 COMSOL MULTIPHYSICS I'PA®IKO MEPIBAAAON [11]

Progress Log Table 1

Y10 oyfua 5.1, eivon gpeaveic OAeg Pacikég mANPoPopies Yo T0 TEPIPAAAOV EPYUCING TOV AOYICLUKOD

COMSOL.
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5.2.1TEQMETPIA KAI [TAETMA
XpNoIHOTOIDVTOG TNV KAPTELN TAEYUATOG, EIVOL Opoth 1 €mA0YN €vOg Kovpumiov Free Quad. To Free
Quad &ivat évog Tpomog dnpovpyiag un SoUNUEVOV TETpayovev eripovelkakmy (2D) otoyeimv. Xty
kaptéra PuBuiceig g eviodng Free Quad, to Geometric entity level éyel opiotel oe Boundary kot o
xpotng Ba mpénel va emAélel o emedvela g yeopetpiag oty omoia Ba gpappootel avtd 10
TAEYHO. TNV TEPIMTOOT QVTH ETALYETOL 1) EMLPAVELD TNG KATOWYTG.

Settings ~ % Graphics Convergence Plot 1 Probe Plot 2

Free Quad 2 Q@ @v @ FH Lelviwlc e O @ 5v @~ BN R . E

® Build Selected ® Build All D B Sy Gvoa
Label: Free Quad 1 =
w Boundary Selection

Geometric entity level:  Boundary -

Selection: Manual >

4

Scale Geometry
Control Entities

Tessellation

1010

YXHMA. 5.5 PYoMIzElz FREE QUAD

Metd 10 TéA0C TV Topunave Pnudtov, o xpnotng Ba mpénetl vo emAéEel TNV Sweep evioAn yuo va
EMEKTEIVEL QVTA T, GTOLYEID OTNV GAAN TAELPA TNG YEMUETPIOG Kol VOl T, KAVEL TpLodidoTtata e£aedpal
otoryeia. To amotéheco Tov TAEYUATOG QoiveTal oTo oyfue 5.5. To mAéyua mov Tapdyetal amoteAsitan
amo 25000 e&aedpa oot eio. GLVOALKA.

5.2.3 PHYSICS
TNo vo emé€et T LOTKN TG TPOCOUOImGNG, 0 XpNoTG Ba Tpéret va ThonynOel otnv kaptéla Physics
Kot vo, emAé€el v embount) EvOTNTO YO TV TEPITTMOOT TOV OVOTTOGGEL YTAPYOUV SlobEctueg
evotnteg single-physics kot evotnteg multi physics oto COMSOL. Xt cvykekpiuévn Tepintmon
YPNOLOTOMONKE N TOPAKAT® EVOTNTA,

4 | Heat Transfer in Solids (ht)
Solid 1

Initial Values 1
Thermal Insulation 1
Heat Flux 1

Surface-to-Ambient Radiation 1

0 =0 =0
T we

Deposited Beam Power 1

2 XHMA. 5.7 HEAT TRANSFER IN SOLIDS

13
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Kotaotatk egicmwon emivty oo COMSOL:

pCp%t—T+pCpu-VT+V-q=Q+Qted

q=-kVT
Eq. 5.1

H E&icwon 5.1 eivau ) E&lowon 2.1, oAk oty popen tov emivtn tov COMSOL.

Aé¢opn laser:

stnv COMSOL n aktiva laser mpooopolwvetal eVKoAa He T Xpnon tng emhoyng Deposited Beam
Power mou mepapPavetar oto Heat Transfer in Solid Physics. Ou mapduetpot tng S€oung
kaBopilovtal otnv kaptéAa Pubuioelg, omwe dpaivetal mapakaTw:

¥ Beam Orientation

Beam orientation:
0 X

e 0 y | 1
fl z

¥ Beam Profile

Beam profile:
Built-in beam profiles ~
Deposited beam power:
Py laserpower w
Beam origin point:
30[mm] X
0 speed*t Yy | m
& [mm] z
Distribution type:
Gaussian h
Lo ) g lexceeoll
gt 207 Jfell

Standard deviation:

f(0,e)=

g  0.1[mm] m

YXHMA. 5.8 PYemizElz DEPOSITED BEAM POWER

H xatavoun g déoung laser ivan ykaovotavig popeng kot teptypdoeton amd v E&icwon 5.2,

1 & le X (x - 0)|
f(0,e)= ——exp(- L&) d=""—"_A
() m?e"p( za?) el
Eqg.5.2
e,
d
(0] X

2XHMA. 5.8 KATANOMH GAUSS AEsMHE LASER

To mopomdve gival to avrtiotoryo g LaserConvectionBC Biriobrkng mov eaiveton oty e&icmon
2.4.

14



6. AIIOTEAEZEMATA KAI £XYT'KPIXH TOQN AOTI'TEMIKQN
>XTOXOI

210 ke@dAao avtd Bo mapovolactovy kot Ba cuyKplBohy Ta amoTEAEGUATO TOV dVO AOYIGUIK®V.
Emiong, 6o mapovciactel pio cuvToun cOyKpion e Sluyelplon TOP@V Ao To. AOYIGUIKA.

XAPAKTHPIETIKA YITOAOI'TETH

Device name DESKTOP-K11I1SC
Processor Intel(R) Xeon(R) E-2176M CPU @ 2.70GHz  2.71 GHz
Installed RAM 32.0 GB (31.8 GB usable)

System type 64-bit operating system, x64-based processor

EIIEEEPI'AXTHZ

Xeon E-2176M civaw évog 6-core, 12-threads emefepyaotng, oyedloopévog yo ypron o€ @opntod
VIoAOYIoTH, Ypovicpuévog ota 2.70GHZ kat éyovrag Intel turbo boost ota 4.40Ghz.

MNHMH
32768 MBytes Dual-Channel DDR4 Random-Access Memory (RAM), xpovicuévn ota 2666 MHz.

TYIIOX EYZTHMATOZ
To Aertovpykd cvotnuo Windows 10 Pro 64bit ypnopomomdnke yua av tpé€et to COMSOL kar to
Windows Linux Subsystem pe Ubuntu 18.04 LTS eykatootdbnke yuo vo tpé€et OpenFOAM oe
neptBardov Linux. Ot axépatot Tov 64bit cvotpaTog propovv va vrootnpifovy £mg kot 9.22e+18
ototyeia evd tov 32-bit puéypt 2.147e+09 orovyeia [12].

15



6.1 [IAETMA

Kot ta 600 Aoyiopikd £ouv Ty ETIA0YT VO EIGAYOLV 1] VO dNUIOVPYOVV amevBeing Evo TAEY O YioL Uid
veopetpia. Lto 0penFOAM yivetar PECH PEPIKMYV EVEMUATOUEVOV LETATPOTEWDY TAEYUOTOG.

EmumAéov, sivar duvarr| 1 eloayoyn evog apyeiov STL kot 1 peTatpomn Tov o€ TAEYHA Le TNV EVIOAN
snappyHexMesh. Ta amoteAéopata TOL TAEYUOTOC TOPOTIOEVTOL TAPOKATO.

YXHMA. 6.1 TIAErMA =10 OPENFOAM

>10 COMSOL, anto yiveTor LEG® TOV KOPTEADV YEMUETPIOG KOl TAEYUATOG TTOV AVOPEPOVTOL GTO
Ke@dAao 5 kat pe mpokabopiouévo eEarpetikd Aemtd péyehog orotyeiov.

1010

YXHMA. 6.2 ITAETMA £TO OPENFOAM
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To oTaTioTIKG TAEYUATOG Kol 6TA 000 TPOYPAULOTA EIVOLL:

Mesh Stats OpenFOAM comMsoL
Type Hexahedral Hexahedral
Total Elements 25000 25000

ITINAKAE 6.1 ETATIZTIKA [TAETMATOZ

Etvat onpavtikd o miéypa va €yt to 1610 péyebog mpokepévon va vdpEel GmOTH GUYKPLoT TOV
OTOTELECUATOV TOV KEQOANiOV 6.2,

6.2 TEQMETPIA MELT POOL
O Beppoguoikég 1010t Teg puOpioTKay G e&NG:

Thermophysical Values OpenFOAM COMSOL
Thermal Conductivity Constant Constant
Density Constant Constant
Specific Heat Constant Constant

TIINAKAS 6.2 @EPMO®YSIKES IAIOTHTEE

O puBuiocelg Tov emAvt gival:

Solver Settings OpenFOAM COMSOL
Precision 6 digits 5 digits
Tolerance 0.01 0.01

ITINAKAS 6.3 PYOMIZEIZ EMMAYTH

A&ilel va onueiwbei 0t ot TYég BeproPuoIKdV 110THTEV dtotnpovvtal ctabepés. Avtd Oa Kdvel ta
OTOTEAECLATO VO, OEYOVY TOAD Omd TO, PEOMGTIKG, GAAL GE QLT TNV TMEPINTOON dev amOTELEL
TPOPAN LA, KOO M TPOCOUOIMOT] YIVETAL [IE TN GVYKPLIOT TV AOYICUIKDV OC TPOTOPYIKO ckomd. Ot
TWEG TV 1010TNTOV TV VAIK®OV 610 COMSOL dagopomoiodvtar pe v adiayn g Oepuokpaciog.
Avotoymg, 10 OpenFOAM dev drabétel kKabBoAov PiAodnkn vVAIKOY. Avtd onuaivel 0Tl 0 XPNOTNG
TPEMEL VO EI0AYEL TIC OEPLOPVOIKEG 1O1OTNTEC TOL VAIKOD GE GY€om HE TNV aAlayn Oeppokpaciog
TPOKELEVOL VO EYEL PEOAICTIKA OTOTEAEGLLOTAL.

Emumiéov givarl onpovtikd vo TovicTel Tmg Yo vo Yivel 66T GUYKPLIoN KAToles Pacikég TIUEC EMPEnE
Vo, Elvot KOweEg:

Case settings OpenFOAM COMSOL
Initial Temperature [K] 293.15 293.15
Laser Power [W] 350 350
Laser Speed [mm/s] 50 50
Laser Beam o [m] 0.0015 0.0015

ITINAKAE 6.4 BASIKES TIMEE [TPOSOMOIQEHE
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Ta arnoteAéopota Tov OpenFOAM mapovsidlovial TopakdTo,

—49e+03
— 4500

— 4000
3500
3000
2500
2000
1500

— 1000

—29e+02

YXHMA. 6.3 LASER MELTING CASE 210 OPENFOAM. XPoNOx ENAPEHE 0S, END TIME 0.25, BHMA 0.01s.

210 Zynua 6.3 givar opatd 6t déopn Kveiton Tpog ™ Betikn KatevBuvon tov a&ova X. H péyom
Beppoxpooio eivar 4850K. Ta anoteréopota tov COMSOL mapovoidlovtar  mopakdto.

Time=0.17 5 Volume: Temperature (K]

v
o s 10

YXHMA. 6.9 AITIOTEAEIMATA ITPOzOMOIQsHE LASER MELTING = T0 COMSOL

210 oynua 6.9 eivat opatd 6TL M déopn Kwveita Tpog T Beticy kotevBuven tov aEova X. H péyiom

Bepuokpacio eivar 4900K.
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O mopakdtom 6yKkog onpovpynonke epappolovag tnv cuvnin T>2000,

— 49e+03
— 4500

— 4000
3500
3000
2500
2000

- 1500

— 1000

— 29e+02

FIG. 6.7 IIAPATQMENOSX. OI'’KOX I'lA THN SYNOHKH T>2000K, KATOYH




Oocov apopd to COMSOL,

Time=0.17 s Volume: Temperature (K)

x10%

mm
T 48

4.6

4.4

4.2

3.8

3.6

3.4

3.2

10

FIG. 6.11 TTAPATOQMENOS OI'KOX I'lA THN £YNOHKH T>2000K 10 COMSOL, KATO¥YH
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To kprtfplo mov emhéyetal yuo TNV a&lOAOYNOTN TOV OTOTEAEGUAT®OV TV 000 AOYICUIK®V €lval o
VTOAOYIGUOC TV TAPAYOUEVOV OYK®V 0o T cuvOnkn, T>2000K, ot oroiot eivar opatoi oto oynuoto
6.7 xor 6.12. Avt eivol o Ko Kot €0KOAO €apuootun péBodog. Ot vmoAoylopévol OYKOoL
Tapovotdlovtol TopaKdT:

Volumes OpenFOAM COMSOL
2.3168e-08 2.1062e-08

TABLE 6.5 YIHOAOT'IEMENOX OT'KOZE, I'lA THN £YNOHKH T>2000K, I'IA TA AYO AOTIEMIKA

Enedn 1o epappocpévo poviého dev ivor mepimioko, ta omotedéopata Oo mpémel va eivor eEopeTikd
mopopoto. peta&d toug. ‘Etotl, ot dapopég tov S0 AOYICUIK®Y OAOKANp@VovTol 0. H péyiom
Oepuokpacia oto OpenFOAM eivar 4850K, evod omv COMSOL eivar 4900K. Avtd éxel og
arotéleoua o dweopd 1,2% peta&d tovg. O mapayouevog 6ykog, and 1o ¢iktpo T>2000K, cto
OpenFOAM egivan 2.3168e-08, evdd ato COMSOL eivor 2.1062¢-08, pe amotérecpa pia dtopopd 9,1%
peta&i Tovg.

Comparison of results OpenFOAM COMSOL Difference
Temperature [K] 4850 4900 1.2%
Calculated filtered volume [m?®] 2.3168e-08 2.1062e-08 9.1%

TABLE 6.6 AIAGOPEE @EPMOKPAZIAS KAI YIIOAOTIZOMENQN OT'KQN XTA AYO AOTTEMIKA

TéLog, 1 10100 HEOOBOC EKTEAEGTIKE EMOVAANTITIKG Y0, GVO OKOUT TPOCOUOIDGELG e ToOTNTaL laser ion
ue 2*laserspeed kot 10*laserspeed:

Comparison of results OpenFOAM COMSOL Difference

Temperature [K], 2*laserspeed 3292 3356 1.9%

Filtered Volume [mq], 4.832e-09 3.9337e-09 18.6%
2*laserspeed

Temperature [K], 2080 1998 3.9%
10*laserspeed

Filtered Volume [mq], 3.84e-10 4.8422e-10 20.7%
10*laserspeed

FIG. 6.7 ATIOTEAESIMATA TIA: A) 2*LASERSPEED; B) 10*LASERSPEED

25
20.7
20 18.6
2
> 15
(8]
c
L
(0]
£ L 9.1
()
5 32
12 19 °
o ®
0
0 0.1 0.2 0.3 0.4 0.5 0.6

1: laserspeed; 2: 2*laser speed; 3: 10*laserspeed

FI1G. 6.13 AIA®OPA @EPMOKPAXIAY KAI YTIIOAOTIZOMENOY OI'KOY ME THN AYZHEH TOY LASERPEED

Me umié mopovcidletoar M Swpopd Tng Oeppokpaciog evd He TOPTOKOAL 1 dPOPd TOV
VTOAOYILOUEVOV OYK®V.
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[opoakdte, Bo TapovslacToby 01 SL0POPES OTIG TILESG TG DEPOKPACING KOl TOV DTOAOYIOUEVOL
OYKOV Y10 KAOe TPOYpOpLLQL,

OpenFOAM Filtered COMSOL Filtered Volume
OpenFOAM COMSOL Volume [e-08m] [m]
X-Values  Temperature [K] Temperature [K]
0
0.05 4850-4850=0 4900-4900=0
2.3168-0.4832=1.8336 2.1062-0.39337=1.71283
0.1 4850-3292=1558 4900-3356=1544
2.3168-0.0384=2.2784 2.1062-0.048422=2.057778
0.5 4850-2080=2770  49500-1998=2902
3500
3000 5%
8 $
c
g 2500
L
S 2
o 000 1588
2 1500 ®
©
2
g 1000
2
500
0
0 ®
0 0.1 0.2 0.3 0.4 0.5 0.6

Laserspeed values

YXHMA. 6.14 'PAOGHMA TO OITIOIO EINAI EMOANHE H AIAGOPA ®EPMOKPAZIAL I'A TA AYO AOTIEMIKA

2.5 2.2784
2.099778
o 1.8336 ®
o 2
g 177283
s °
&
£ 15
o
>
T 1
(]
o
5
2@ 05
0
0 °
0 0.1 0.2 0.3 0.4 0.5 0.6

Laserspeed values

YXHMA. 6.15 'PAOHMA =TO OI1OIO EINAI EM®ANHE H AIAGOPA TQN YIIOAOTIZOMENQN OTKON I'IA TA AYO AOTTEMIKA

Me pmie mapovoidlovtor ot Tipég Yo to OpenFOAM kot pe moptokai ot tipég yio COMSOL
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6.3 XPONOZ EME=EPTAZIAZ, AIAXEIPIZH MTOPQN YNOAOTZTH KAl TTAPAAAHAOTNOIHZH
KQAIKA

O xpovog eneepyaciog yio ta 600 AOYIoUIKA giva,

Xpovog enelepyaciog OpenFOAM COMSOL
Wall clock time [s] 22 423

TTINAKAZ 6.6 XPONOZ EIEZEPTATIAY I'IA TA AYO AOTTEMIKA

To OpenFOAM pmopet v yp1GUYLOTO|GEL TOGO PLGIKES OGO KOl AOYIKEG LoVAde eneEepyaciag, o€
avtiBeon pe v COMSOL mov givor oe B€om va ypNOLLOTOMGEL LOVO TOVG PLGIKOVG TUPNVEG.
EmmAéov, to OpenFOAM vrootnpiletl duvorotreg GPU Acceleration, evd to COMSOL dgv 10 Oyt.
¥t0 oynuo 6.14 mopovoidletoar n Kotovdioon nOpwv eneEepynoT KOTO TV TPOGOUOI®OT LE
OpenFOAM.

CPU Intel(R) Xeon(R) E-2176M CPU@ 2.70GHz

YXHMA. 6.14 KATANAAQSH ITOPQN ENIEEEPTAXTH ATIO TO OPENFOAM

A&iler va onpewwbel nog oto COMSOL, kabe @opd mov extereitar 1 mpocsopoinon, o ypovog
eneepyaciog dwpépel oe PKpO Pabud. Avtd oesideton oty EMAOYY SPOPETIKNG TUNG
apyIKOToinong amd Tov ETAVTY.

o mopdadetypo, n mopordve mpocopoimon ekteréotnke oto COMSOL apxetés @opéc kot To
aroteléopata Tov ypdvov emeepyaciog etvat:

COMSOL | RUNTIME
SOLUTION [s]

1 462

2 434

3 402

4 576

5 423

ITINAKAX 6.7 XPONOI ATIOKPIEHE TOY COMSOL EIIEITA ATIO APKETES AOKIMES
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7. XYMIIEPAXMATA
£TOXOI

e avto 10 KePdAio Ba cuvayBodv oplopéva TEAMKAE GUUTEPAGLOTO GYETIKA e aVTA T 600 AOYIG LK.

[Ipata an '6ha, To anoteléopata 1o Kepdrawo 6.2 delyvouv pio av&avopevn dtapopd petald tov 600
Aoylopkov, kabmng 1 tayvmto laser av&avetot. ITiBavodg avtd pmopei va dopbwbei fabdpovopmvrog
tovg emivuteg OpenFOAM.

Ta 600 Aoywopikd amgvBivovtar o dapopetikd Kowvd. To COMSOL eivar éva gumopikd S100écipo
AOYIOUIKO TOL ypnolomoleital omd PEYAAOLG KOTAOKELAOTEG KOl €PELVNTIKG gpyactnpia. To
OpenFOAM givor éva AOYIoMIKO 0avOlXTOD KOOIKO 7OV YPTOLUOTOIEITOL OO €PELVNTEG KOt
KOTOOKELOOTEG OE LKPOTEPN KAlpoKo kol Kupimg yuoo épguva kal avarntuén (RnD), kobmg eivar
eEQPETIKA TPOCAPUOGILO, OTWS AVaPEPETAL 0TO KEPAALo 6.4. ['a va ypnoiporombel 1o OpenFOAM,
ouvioTtdral 1laitepa 1 YOO T®V cuotnudtev Linux kot tng kKodikonoinong og yAmwcsca C++, oe
avtiBeon pe to COMSOL, 1o onoio €xet mepifaiiov GUI.

Kot o 600 mpoypdaupata dtobétovy yapoaktnpliotikd wov gival e€apetikd ypnoua. To COMSOL
nepopPavel o PipAodnkm vAke@v mov S100étel Eva PEYAAO cHVOAD OESOUEVOV VAIKDV KOl TIG
Bepropuoicég Toug 1310t TES, OGOV 0PopA oty olhayn Beppokpaciag. And v dAkn, to OpenFOAM,
umopel va glvan eEapetiKd TpocapUocIpo, Omws avagépetol 6to Kepdiato 6.4 kot moArés PipAiodnkeg
Kot Aoelg Tpltomv etvon dobéoyeg and Tov epevvnTh, KadoT®dVTag To €101 éva e&apeTiKd 1GYLPO
gpyoreio.

‘Eto1, otov mopokdto mivoko cuvoyifovtol ot OUOWOTNTEG KOl Ol SlPOPES TOV OOKIULAGUEVOL
Aoyiopikov:

Opoldtnteg Awadopég
To mepidriov epyaciog
yxpNotn gival ToAD SlapopeTIKO
Avvotomra eappoyNg o€ OVTA T0 OVO AOYIGUIKA KoL
multiphysics povtélov aveAOYeL e TO XPAOTN, HITopE
va glvar €0KOA0 1 SVGKOAO VL
uéOet
OpenFOAM-COMSOL Ioyvpoi ko anotedecsporikol BipAodnkn Yakodv
AbtEg
Evpéwng ypnoyonompévog, Awpopég Tpocapproyns, kabmg
vroompién amd v kowotta | to COMSOL dev givar gvkoia
TPOGUPUOGILO
To miéypa wg OpenFOAM dev
vrootnpilel 6la o idn
oTolyEioV

ITINAKAE 7.1 OMOIOTHTES KAI AIA®OPEE TON OPENFOAM KA1l COMSOL
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8. MEAAONTIKH EZEAIZH TOY PROJECT
XTOXOI

210 KeQPAAMO aVTO B TAPOLGLUGTOVV UEPIKES 1O0€EG Yo TNV HeEAOVTIKY eEEMEN Tov BEpatog ng
gpyooiog avtg.. Ot mopakdt® TANPoeopiec Ha dnpovLPYHGOLY KivTpa Yio TN HEALOVTIKY] avarTTuén
Tov apdvTog project.

8.1 XYI'XQNEYZH MONTEAOY PEYZTQN KAI AAAATHE PAXHZ

‘Eva. mo oAoxAnpopévo povtého Ba Mtav avtd pe tn ovlevén tov OBepuucod HOVTEAOL Kot NG
PELOTOUNYAVIKNG. AVTO pmopel va yivel péow tov emdvTn icoReactingMultiphaselnterFoam, o omoiog
UTOPEL VO YEPIOTEL TPOGOUOIDGELG IE TOMAATAEC PAGELG VAIKDV.

8.2 MONTEAOIIOIHEH HAEKTPOMAI'NHTIKQN AYNAMEQN AOI'Q
EINIAPAXHY [TAAXMATOX

Kotd ™ dudpxela g SLM katepyoaoiog, veiotavtor nAektpopayvntikég duvauelg (duvapelg Lorentz)
AOY® TG TOPOY®YNG TAAGLOTOC, GTNV TEPLOYN TRENS. AVTO TO PaVOLEVO B LTOPOVGE Vo GLVOVAGTEL
LLE TO TOPOTAV® LOVTEAO UETAPOPAG BEpUOTNTAG-PEVGTAOV KOl VO TOPAYEL £V LOVTEAO TANGIEGTEPO
070 KOBOAKO.

8.3 XYTKPIZH TOY OEPMIKOY MONTEAOY ME TO MONTEAO
PEYXTQN KAI HAEKTPOMAI'NHTIKOQN AYNAMEQN

To mopamdve povtéda Bo mpémel vo, ereyyBobV Yo TOV OVTIKTUTTO TOLG OTO GUVOAKE
amoteAéoparta (UEC® OTATIOTIKOV T€0T). Ta povtéha mov dokipdlovtal mpémel va givat to Bepuikd
HOVTELO, TO LOVTEAO LETOPOPAC DEpUOTNTAG-PEVGTAOV KUL TO LOVTELD UETAPOPAG OEpLOTNTAC-PEVOTMV-
NAEKTPOLOYVITICUOD.

8.4 XYT'KPIZH AIA®OPETIKQN MEI'EGQN ITAETMATQN
Edo mpéner va yivel ovykpion peToEd OSopopeTikdv peyebov mieypdtov. Avto eivor peilovog
onpaciog, Kabmg o ypovog enetepyaciog peidvetal ToAd. Xpnoiwonowmvtag ) pébodo extipunong
Richardson, etvat duvatdv vo tpocdloptotel 10 PaAua LeTaED 600 SloPOPETIKOV UEYEDDY TAEYUATOG
ka1 vo a&loloynBovv e Kpitnplo o ¥povo enelepyaciag.

8.5 YT XONEYZH MONTEAOY PLASMA SHIELDING (AITOPPO®HXH
ENEPI'EIAYX THX AEXMHX LASER)

Katéd m Swpkea e Swdwoacicg SLM to pérodlo aArdler @doegig and oteped o€ vypo,
duovpymvtog £tot To melt pool. Kabmbg n mukvotnta evépyetog givor avénuévn oty meployr o,
70 UéTaALo umopel va aALAEEL paoT 0o 6TEPED GE BEPLO 1 0o VYPO o€ aéplo. Katd ) didpreta ovthg
NG KOTAOTUONG, TOPAYETOL TAAGHO KOl O aTudg TOv UETGAAOL, Otav Eemepdoet v (dvn LVYNANG
OeproKpaciog, CLUTVKVAOVETOL KOl SIOUOPPDVEL COUOTIOW Ta, ool umodilovy va TepAcel OAN 1
1oy0¢ Tov laser otnv emedveio Tov TG Tovdpag. Avtd To Pavopevo ovopdletot plasma shielding.

8.6 AHMIOYPITA MIAX T'ENIKHX BIBAIOOHKHX AOI'TEMIKOY TI'TA
THN KATEPT'AXIA TIPOXOHKHYX YAIKOY SLM ANOIXTOY KQAIKA,
BAXIZMENH XE AOT'TEMIKO ANOIXTOY KQAIKA OPENFOAM

[Ipokeyévovu va e&ehybei n dwdikacio SLM, mepiocdtepol epguvntég Ba mpémetl va eivar og Béon va
&yovv pdcPaocn o erevBepo hoyiopuko. H mapovca epyacio pmopei vo amoteAéceL VOGO Yol TV
avAamTuén evog AoYIGIKOD avotyTol kddika pe Baon 1o OpenFOAM. To Aoyioukd avtd Ba gival o
0éon vo exteléoel TOAAOTAODG TUTOVG TpocopolcE®Y Omwe, thermal history kor vmoloyiopod
TOPALEVOLC DV TACEWV K.AT.
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