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ABSTRACT

ARGHAJIT CHAKRABORTY. Computational Studies of the Effect of Moisture on
Powder Bed Quality in Metal Additive Manufacturing. (Under the direction of DR.

HARISH CHERUKURI)

Metal additive manufacturing techniques such as SLM, and DMLS, based on the

powder bed fusion (PBF) process, rely on a high-quality powder bed to minimize

the formation of defects in the manufactured part. Various parameters like blade

velocity, the thickness of the powder layer, shape and size of particles, angle of repose,

coefficient of friction, and restitution are known to influence the bed quality. However,

there is limited information available on the effect of moisture on powder bed quality.

The purpose of this study is to simulate the powder spreading process considering

the interactions between individual particles in the presence of moisture using a 3D

discrete element method (DEM) model to evaluate the effect of particle moisture on

powder bed quality. The commercial DEM software package EDEM® along with the

Mikami liquid bridge contact model and the Hertz-Mindlin contact model are used for

the simulations. In addition, the combined effects of the gas-particle interaction forces

on the spreading process of moisturized particles generated due to shield gas flow are

simulated using a four-way CFD-DEM coupling. EDEM-OpenFOAM coupling is

utilized for this purpose. The quality of the powder bed is measured in terms of void

fraction, mass flow rate, surface roughness, and particle agglomeration. The results

obtained show an increase in void fraction and surface roughness of the powder bed,

indicating a degradation of the powder bed quality. The shield gas flow helps in

reducing the void fraction of the moisturized powder bed. The average mass flow

rate, agglomeration, and stress distribution results demonstrate that particles form

aggregates due to moisture which may lead to jamming.
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CHAPTER 1: INTRODUCTION

1.1 Motivation

Additive Manufacturing(AM) is classified into seven different categories by the

ASTM group "ASTM F42- Additive Manufacturing" as: VAT Photopolymerization,

Material Jetting, Binder Jetting, Material Extrusion, Powder Bed Fusion, Sheet Lam-

ination and Directed Energy Deposition. In both the Binder Jetting and the Powder

Bed Fusion (PBF) processes, powdered particles are fused together to form the desired

part. Direct metal laser sintering (DMLS), Electron beam melting (EBM), Selective

heat sintering (SHS), Selective laser melting (SLM), and Selective laser sintering (SLS)

are all typical printing techniques used in the Powder Bed Fusion process. All these

PBF techniques require the spreading of the powder material on top of the previously

spread layer using either a blade or a roller. Subsequently, a laser or electron beam

is used to melt/fuse or sinter the powder to form parts based on a 3D CAD model.

Figure 1.1 shows a typical DMLS process. A high quality powder bed is vital to

ensure proper quality of the final product. The powder bed quality depends on vari-

ous parameters of the powder spreading process like velocity of the blade, thickness

of the powder layer, physical properties of the particle material, shape and size of

powder particles, angle of repose (AOR), coefficient of friction, coefficient of restitu-

tion (COR), cohesion between particles and presence of moisture. The powder bed

quality greatly influences the subsequent fusion or sintering process and can adversely

affect the quality of the final part. Poor powder flow during spreading results in the

formation of empty patches and may increase the roughness of its surface, leading to

inadequate bonding between different layers of the final part or formation of cavities,

thus impacting the product quality.



2

Figure 1.1: Direct metal laser sintering (DMLS) Process.

The Discrete Element Method (DEM) uses a Lagrangian approach in which the

movement and interactions of the individual entities of a particulate matter is numer-

ically simulated. DEM has been used extensively by researchers to simulate powder

spreading in PBF processes for parametric studies in lieu of carrying out experiments.

For instance, Parteli et al. [1] used DEM for powder spreading of non-spherical parti-

cles to conclude that an increase in blade velocity results in higher surface roughness

of the powder bed. Haeri et al. [2] studied the spreading of rod-shaped polymer

particles using a roller as well as a blade spreader using DEM simulations. They

found that the layer surface roughness increases and the packing density decreases

with the increase in roller or blade spreader velocity. In addition, they also found

that a roller spreader yields a better powder layer quality than a blade spreader. Nan

et al. [3] used DEM to study the mass flow rate passing through the blade-bed gap.

Their study established that the mass flow rate was independent of the blade speed
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when the blade speed reached a critical value. Fouda et al. [4] used DEM to simulate

powder spreading of spherical particles with no cohesion to identify factors affecting

the powder bed quality. Han et al. [5] performed both DEM and experimental stud-

ies to investigate the effect of thickness of the powder layer on certain powder bed

characteristics like the void fraction. They considered the cohesion force between the

spherical particles. Chen et al. [6] investigated the powder spreading by experiments

and DEM simulations in which they used counter-rolling-type spreader to study pow-

der bed characteristics such as surface roughness, relative packing density and mass

flow rate. Zhang et al. [7] also used DEM to analyze the powder spreading process

by roller spreader using DEM and taking into account particle cohesion.

As evident from the above, many powder spreading studies reported in literature

using DEM have taken cohesion into account by using a separate contact model in

DEM which is capable of considering the cohesive forces like the van der Waals force.

There are other types of cohesive forces like capillary forces, electrical forces and

electrostatic image forces [8]. Capillary forces come into play due to the presence of

moisture content in the particles and can be of significant magnitude compared to

the van der Waals force depending on various factors like size of the particles and

the moisture percentage. Till date, most of the research work in powder spreading

process using DEM have considered only the dry particle cohesion force i.e., van der

Waals force. There has been some research on wet particle powder spreading, however

all these studies have been conducted based on experimental data [9] [10] [11] [12].

In powder bed fusion technologies, humidity can be a matter of concern. Szemkus

et al. [11] suggest that moisture inside the inert gas chamber is often associated

with the formation of pores in the final product. Some materials such as aluminium

alloys are more affected than others. They investigated the nickel-based superalloy

(IN718) and claim that in addition to particle size and shape, adsorbed water on

the powder surface can also be a major contributing factor influencing the flowability
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of the powder. Mitterlehner et al. [12] experimentally demonstrated that moisture

adsorbed on the powder surface increases the void fraction of the powder layer as long

as the moisture is retained during spreading. Higher relative humidity levels therefore

lead to less covered surfaces, which is not desirable for the PBF process. However,

their study also showed that there is no clear trend to relate the surface roughness of

the powder layer to different humidity conditions.

To summarize, powders can pick up moisture if they are stored in an humid at-

mosphere. In an AM process like L-PBF, the presence of moisture in the particles

can lead to increase in void fraction, reduced density of particles in the powder bed

and powder agglomeration resulting in poor part quality. Thus, the study of powder

spreading process in the presence of moisture using DEM is carried out in this thesis.

1.2 Literature Review

Moisture present in the gap between contiguous bodies form liquid bridge between

them and give rise to capillary forces between those bodies. The capillary force is

caused by the surface tension and the Laplace pressure. The capillary force and

bridge geometry can be calculated from the Laplace’s equation. Several capillary

bridge models are available in the literature to determine the capillary forces between

particles. Some of the noteworthy work were presented by Fisher [13], Israelachvili

et al. [14], Weigert et al. [15], Weillett et al. [16], Mikami et al. [17] and Rabinovich

et al. [18], among others. All these studies consider the liquid bridge geometry as

static. There are some studies involving dynamic liquid bridges as well like Mazzone

et al. [19] and Ennis et al. [20]. The liquid bridge model proposed by Mikami et al.

[17] proved that for low viscosity liquid like water, the dynamic liquid bridge force

can be neglected. The Young-Laplace equation is solved using regression analysis to

obtain the cohesion force due to liquid bridge. In this thesis, the Mikami model [17]

is used to determine the capillary forces between particles.

There has been considerable research in the past to study the effects of moisture
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in granular material using DEM, especially in particle mixing processes like bladed

mixers, intensive mixers, centrifugal granulators etc. However, as mentioned before,

the moisture effects on the powder spreading process in PBF using DEM has not yet

been adequately covered. This section examines the existing literature on the study

of moisture effects in particulate flow using DEM in various processes. Muruguma

et al. [21] used DEM to model the particle flow in a centrifugal tumbling granulator

where a binding liquid was added for granulation. The capillary force model by Fisher

et al. [13] was used by the researchers to determine the capillary force. Numerical

simulations were compared to experimental data, which showed that small amount of

moisture could severely affect the circulating flow of the particulate. Remy et al. [22]

incorporated the liquid bridge model by Mikami et al. [17] into EDEM® to simulate

moisturized granular material in a bladed mixer, which was then compared with

experimental data. Their studies showed that the particle velocities were significantly

reduced, void fraction increased, and agglomerates were formed due to the presence

of moisture. Tsunazawa et al. [23] developed a numerical DEM model taking into

account the effect of liquid bridge based on the capillary force theory by Israelachvili

et al. [14] as well as the cohesive forces generated when particles are at contact based

on Johnson, Kendall, and Robert (JKR) theory [24]. The simulation of wet particles

in a pan pelletizer was then validated with experimental data and a good match was

observed between the two especially in terms of the behavior and cascading angle of

wet particles. Ma et al. [25] used the capillary force model suggested by Soulie et al.

[26] in DEM to investigate the effect of moisture on flowability of synthetic granular

material.

1.3 Thesis Objective

The primary objective of this work is to study the effects of moisture during powder

spreading process of L-PBF. A 3D model will be developed using DEM in EDEM® to

simulate the powder spreading. The moisture will be introduced into the simulation
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using a liquid bridge contact model.

The powder spreading process takes place inside a build chamber filled with inert

gas. A CFD-DEM coupling will be attempted to simulate the inert gas atmosphere

during the powder spreading. Thus, the effect of moisture on the powder bed quality

in the presence of shield gas flow will be investigated. The powder bed quality will be

investigated using certain quantitative parameters like void fraction, mass flow rate,

surface roughness etc.

Thus, the objective of this study is to show how the moisture built on granular

materials due to their storage in a humid atmosphere may result in the degradation

of the powder bed quality.



CHAPTER 2: METHODOLOGY

2.1 The Discrete Element Method (DEM)

2.1.1 Introduction to DEM

The discrete element method (DEM) is a common tool used for the simulation

and study of granular flows. In this method, a particle is considered as a discrete

entity and thus, any granular material can be represented as an assembly of many

particles. DEM is a viable alternative to continuum approaches such as the Finite

Element Method (FEA), which relies on advanced constitutive models to capture the

intricacies of particulate material behavior. In DEM, many of the characteristics of

the particulate matter can be captured by using simple numerical models to simulate

inter-particle contacts [27].

DEM was developed by Cundall and Strack [28] in the 1970s. This method is

able to (i) numerically calculate finite particle displacements, and rotations, and (ii)

automatically perform contact detection for an assembly of particles and generate the

contact forces [29].

There are two approaches in a DEM simulation namely: hard-sphere and soft sphere

approach. In hard-sphere particle simulations, no deformation is considered during

particle impact and collisions are assumed to be instantaneous. For low concentra-

tion systems, when the actual collision time is much shorter than the average time

between collisions (e.g., granular gases), the hard sphere approach assumptions are

often applicable. When particle interactions are sustained, however, soft-sphere mod-

els are appropriate [30]. Typically, in the soft sphere approach, the contact between

particles is identified using suitable contact detection algorithm and then the contact
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forces acting on each particle are calculated using various contact models. Based on

the computed force, the acceleration, and position of each particle is determined using

Newton’s laws of motion and numerically integrated in time [30].

Figure 2.1: Sequence of steps in a DEM simulation [27]

The linear translation of each particle can be described using Newton’s laws of
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motion as [31]

mi
dvi

dt
=
∑
j

Fc
ij +

∑
k

Fnc
ik + Ff

i + Fg
i (2.1)

where, vi=velocity vector of particle i, Fc
ij=contact force acting on a particle i due

to contact with particle j or other geometries, Fnc
ij =non-contact force (like capillary

forces due to presence of moisture in the particles) experienced by particle i due to

interaction with particle k or geometries, Ff
i = fluid interaction force (drag) acting on

particle i, and Fg
i=gravity force acting on particle i. Similarly, the angular rotation

can be described by [31],

Ii
dωi

dt
=
∑
j

Mij (2.2)

where, ωi=angular velocity vector of particle i, Mij= moment applied on particle i

by particle j, and Ii is the moment of inertia. There are two components of contact

force at each contact point namely normal force and tangential force. The tangential

force causes moment to act on the particle center whereas the normal force doesn’t

impart any moment on spherical shaped particles. The normal force, however will

impart a moment on a non-spherical particle. If rolling friction is considered, the total

moment acting on a particle will comprise of moment due to the tangential contact

force as well as the rolling friction force.

2.1.2 DEM Contact Models

In DEM, particles are continuously interacting with each other and the boundary.

The contact forces generated due to this interaction are calculated using suitable

contact models. The particles are assumed to be smooth surfaces with single point

contact. Particles are rigid and permitted to overlap, representing particle body

deformation. The contact forces calculated using the contact models are a function

of the normal and tangential overlap and represent the integral of the real stresses

generated during a physical contact. Orthogonal rheological models can be used

to depict this stress-deformation response at the point of contact. These rhelogical
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models consist of springs, dashpot, and sliders in both the normal and tangential

direction [27].

In the commercial DEM software EDEM®, the contact models are categorised as

(i) base models, (ii) Rolling friction model, (iii) Additional models, and (iv) Plug-in

models. A base model defines the physical collision between particle materials or par-

ticles and geometries. Typically, the base model consists of spring forces and damping

forces in the normal and tangential directions. Rotational resistance and energy loss

during rotation is accounted by adding Rolling Friction model. Additional models

such as bonding, heat conduction, wear, cohesion (if it is not included in the base

model) and electrostatics can be included in addition to the Base and Rolling Friction

models [29]. A plug-in model is a custom contact model which users can incorporate

to simulate any particular phenomena which is not covered in the integrated models.

In this work, a plug-in model consisting of Hertz-Mindlin along with Liquid Bridge

Model is used. This is a custom contact model that employs the Hertz-Mindlin (no

slip) model for calculation of the contact forces. Rolling friction is also taken into

consideration in this model. Thus, it acts as a base model.

2.1.2.1 Hertz-Mindlin (no slip)

The Hertz-Mindlin (no slip) contact model is a soft sphere model in which the

contact force normal component is determined according to the Hertzian contact

theory (Hertz 1882). The tangential component of the force is obtained using the

Mindlin’s no-slip and Mindlin and Deresiewicz’s models. Two spring-dashpot models

are used to model the normal and tangential contact between particles and a Coulomb

friction coefficient µ for shear interactions. The Hertz-Mindlin (no slip) is a basic

model in EDEM®.

The normal force, FN , is a function of normal overlap δn and is given by,

FN =
4

3
E∗
√
R∗ δ3/2n . (2.3)
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Here, the equivalent Young’s Modulus E? and the equivalent radius R? are defined as

1

E?
=

(1− ν2i )

Ei

+
(1− ν2j )

Ej

(2.4)

and
1

R?
=

1

Ri

+
1

Rj

. (2.5)

In these equations, Ei, νi, Ri are the Young’s modulus, Poisson’s ratio and radius of

sphere i respectively.

Additionally there is a damping force F d
N , given by,

F d
N = −2

√
5

6
βe
√
Snm?vreln (2.6)

where, vreln is the normal component of the relative velocity and the equivalent mass

m∗ is given by,

m? =

(
1

mi

+
1

mj

)−1
(2.7)

and

βe =
− ln e√

ln2 e+ π2
(2.8)

where, e is the coefficient of restitution.

Sn is the normal stiffness and is given by,

Sn = 2E?
√
R?δn (2.9)

The tangential force Ft depends on the tangential overlap δt and the tangential stiff-

ness St and is given by,

Ft = −St δt (2.10)
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with the tangential stiffness St given by,

St = 8G?
√
R?δn (2.11)

with G? being the equivalent shear modulus given by [32],

1

G?
=

2− νi
Gi

+
2− νj
Gj

(2.12)

Here, Gi and Gj are the shear moduli of the contacting bodies.

Additionally, tangential damping F d
t is given by,

F d
t = −2

√
5

6
β
√
Stm?vrelt (2.13)

where, vrelt is the relative tangential velocity. The tangential force is limited by

Coulomb friction µsFn where µs is the coefficient of static friction.

2.1.2.2 Standard Rolling Friction

The rolling friction can be addressed by adding a torque to the contacting surfaces

of two bodies. The rolling torque is given by [29],

τri = −µrFNRiωi (2.14)

where, µr is the coefficient of rolling friction, Ri is the distance of the contact point

from the center of mass, and ωi is the unit angular velocity vector of the object at

the contact point.

2.1.2.3 Liquid Bridge contact model

The liquid bridge contact model in EDEM® is a custom contact model, which

calculates the capillary force generated between particles due to the presence of mois-

ture. The code for this custom model was developed by Brenda Remy et al.[22] for
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use in EDEM® based on Mikami’s [17] liquid bridge model.

Theory of Liquid Bridge

When the moisture present in a particulate material wets the solid particle surfaces,

the solid, liquid and gas phases tends to minimize the free energy by forming liquid

bridges between particles. The cohesive force generated by the liquid bridges causes

particles to consolidate together and form agglomerates [33]. Based on the amount of

liquid present, various liquid states can exist in agglomerates as shown in figure 2.2

below:

Figure 2.2: States of liquid in particle agglomerate. (a) Pendular state; (b)Funicular
state; (c) Capillary state; and (d) Droplet state. [33]

The pendular state occurs at low liquid saturation where discrete lens shaped liquid

bridges are formed between particles. Pendular liquid bridges are formed upto 25-35%

liquid saturation, beyond which funicular liquid state gets formed [33]. In our case,

since we are concerned with very low moisture levels which gets incorporated due to

storage of particles in a humid atmosphere, we shall exclusively consider pendular

liquid state. In addition, the liquid viscosity is also assumed to be very low so that

dynamic liquid bridges can be neglected. This can be proved by computing the
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capillary number as done by Mikami et al.[17], which is the ratio of the dynamic

force to static force and given by Ca = µvc/γl, where µ is dynamic viscosity, vc

is the characteristic velocity and γl is the surface tension of the concerned liquid.

Ennis et al. [20] showed that if the value of Ca was less than 10−3, then the surface

tension dominates the viscous force. Accordingly, for water at 25°C, considering

µ = 0.0008891 Pa s, γl = 0.072 N/m, and v = 0.05 m/s, the capillary number is

Ca = 0.00062. This shows that the surface tension is dominant in this case and so

the viscous force can be neglected.

The capillary force in this paper is calculated by using the model proposed by

Mikami et al. [17] as discussed below.

The capillary force in a static liquid bridge can be obtained by the exact solution

of the following Laplace-Young solution

2Ĥ =
ŷ′′(x̂)

[1 + (ŷ′(x̂))2]3/2
− 1

ŷ [1 + (ŷ′(x̂))2]1/2
(2.15)

where, Ĥ is the dimensionless curvature (Ĥ = Hrp = ∆prp/2γ) and rp is particle

radius.

Figure 2.3: Static liquid bridge schematic diagram (a) between spherical particles;
(b)between particle and wall [17]
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.

The Laplace-Young equation is solved using the modified Euler method under con-

stant volume conditions where the constant volume V̂b is given by

V̂b = 2π

∫ x̂r

0

ŷ2dx̂− 2

3
π(1− cosφ)2(2 + cosφ)) (2.16)

Thus, the liquid bridge force (F ), acting between two spherical particles of specified

radius rp is obtained as the sum of the axial component of the surface tension acting

on the contact line and the liquid pressure acting on the contact area of both the

spheres as follows

F = 2πrpγ sinφ sin(φ+ θ) + πr2p∆p sin2 φ (2.17)

where φ is the filling angle, θ is the contact angle and ∆p is the pressure difference

at the gas-fluid interface.

Stable solutions of eqn.2.17 prescribed by Erle et al. [34], De Bisschop and Rigole

[35], and Lian et al.[36] were plotted and using regression analysis, the numerical data

were matched to the following equation

F̂c = exp(Aĥ+B) + C (2.18)

where the parameters A, B and C for the contact force between spheres are given by

A = −1.1V̂b
−0.53

,

B = (−0.34 ln V̂b − 0.96)θ2 − 0.019 ln V̂b + 0.48,
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and

C = 0.0042 ln V̂b + 0.078. (2.19)

For the contact force between a sphere and a wall, the constants A, B and C were

found to be

A = −1.9V̂b
−0.51

,

B = (−0.016 ln V̂b − 0.76)θ2 − 0.12 ln V̂b + 1.2,

and

C = 0.013 ln V̂b + 0.18. (2.20)

When the two bodies having a liquid bridge between them, separate themselves, the

liquid bridge gets ruptured. The critical rupture distance, ĥc used by Mikami et al.

based on the work of Lian et al.[36] is given as following:

Between spheres

ĥc = (0.62θ + 0.99)V̂b
0.34

(2.21)

Between sphere and wall

ĥc = (0.22θ + 0.95)V̂b
0.32

(2.22)

In the above equations, F̂c is the normalized capillary force (F̂c = Fc/πreff γ), V̂b is the

dimensionless liquid bridge volume (V̂b = Vb/r
3
eff ), ĥ is the dimensionless separation

distance between the bodies (ĥ = h/reff ), and A, B and C are constants. Reff is

the effective radius and is obtained using the Derjaguin approximation as defined in

Willett et al. [16] as
1

reff
=

1

2

(
1

ri
+

1

rj

)
(2.23)
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The liquid volume Vb defined per Shi and McCarthy [37] is given as: Vb = Vbi + Vbj

where,

Vbi =
Li

2
×

1−

√
1−

r2j
(ri + rj)2

 (2.24)

Vbj is also defined in the same way.

Figure 2.4: Dimensionless liquid bridge force versus dimensionless distance between
spheres obtained using Mikami’s liquid bridge model [17]

.

The liquid bridge model discussed above was incorporated as a custom contact

model and calibrated in EDEM® by Brenda Remy et al.[22]. The assumptions con-

sidered in the algorithm are as follows:

1. The entire particle bed is uniformly distributed with the total volume of liquid

introduced into the system. Consequently, each liquid bridge has the same

liquid volume.

2. The total volume of liquid remains constant throughout the process, i.e., there

is no loss due to evaporation.
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3. When two particles collide or a particle collides with a wall, a pendular liquid

bridge is formed at the point of contact. The liquid bridge stays intact until the

separation distance between the two bodies exceeds the critical rupture distance

(hc).

4. The capillary force acts in the normal direction only.

The rheological model of the Hertz-Mindlin model along with the liquid bridge can

be represented by an additional spring as shown in figure 2.5 below:

Figure 2.5: Hertz-Mindlin with liquid bridge model [38]

2.1.3 Numerical Time Integration

Euler time advancement is the default time integration scheme in EDEM® and

the same has been used in this work. The acceleration of particles obtained at time

t using the Newton’s second law are numerically integrated over a time step using

explicit Euler’s method to obtain the particle velocity and position at the new time

(t+ ∆t) and can be expressed as,

x(t+ ∆t)− x(t)

∆t
= v(t) (2.25)
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v(t+ ∆t)− v(t)

∆t
= a(t) (2.26)

where, v(t) is velocity, x(t) is the position, a(t) is the acceleration of the particle at

time t, and ∆t is the time step size.

Similarly, the rotational velocity and particle orientations are also updated.

Figure 2.6: Particle velocity and position calculation from acceleration by time
marching in DEM [29]

2.1.4 Time step size

Time step size (∆t) is critical in DEM simulations and should be small enough

to prevent excessive overlap between particles which may lead to unrealistically high

contact forces. Thornton [39] suggested that the Rayleigh wave speed determines the

time step in granular media. EDEM® uses the Rayleigh criterion to determine the

time step size.

2.1.4.1 Rayleigh surface waves

The Rayleigh criterion assumes that a particle’s energy can only be transferred

to its immediate surrounding particle in a single timestep, and not beyond that.

Furthermore, it is assumed that energy is delivered only through Rayleigh waves in a

particulate system. The critical time-step is then determined by using the theoretical

expression for the Rayleigh wave velocity for any particular system [40].
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The Rayleigh time step TR is given by [29],

TR =
πrp(ρ/G)1/2

0.1631ν + 0.8766
(2.27)

where, rp is the particle radius, ρ is the density, G is the shear modulus, and ν is the

Poisson’s ratio of the particle.

A time-step is typically chosen as a percentage of the Raleigh time step value to

ensure realistic force transfer rates and maintain numerical stability. The normal

range is 10% to 40% of the Raleigh Time-Step. If the particle energy in a simulation

is higher, it will give rise to higher contact forces and faster collisions, therefore, the

time step size needs to be lower [29]. The recommended default value in EDEM® is

20% of the Raleigh Time-Step.

2.2 Coupled CFD-DEM simulation

2.2.1 Motivation

In a metal additive manufacturing process like DMLS, SLS, SLM etc., all the opera-

tions take place inside a closed chamber filled with an inert gas. This inert gas shields

the process from reactive gases and prevents any unwanted chemical reactions like

oxidation or nitration. Thus, this inert gas is also known as shielding gas. The shield

gas flow within the chamber is circulated and filtered which removes the combustion

by-products and helps to maintain the part quality.

When shield gas flow comes into contact with the fine micron sized powder particles,

particle-fluid interaction forces develop due to the drag forces exerted by the shield

gas. These forces may affect the powder spreading process and therefore the bed

quality. Although, there are many research papers available about the impact of the

flow of shield gas on the part quality, however, the effect of the shield gas flow on the

powder bed quality has not yet been studied in detail. Nan et al.[41]studied the effect

of the gas-particle interaction forces on the powder spreading process using a circular
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roller spreader with the assumption that initially the shield gas is at rest and there

is no lateral shield gas flow inside the chamber. They observed that in the presence

of shield gas, the spreadability of the particles are reduced. However, particles with

greater adhesive forces between them, tend to form a more uniform spread layer.

In this thesis, the effect of gas-particle interaction forces due to the lateral shield

gas flow is studied for the powder bed spreading of moisturized particles. This is

achieved using a coupled CFD-DEM simulation. The moisture in the particle as-

sembly is accounted for by using the liquid bridge model in DEM. Thus, the powder

spreading process of moisturized powders at different relative humidity’s are studied

using bladed spreaders in the presence of a shield gas flow.

2.2.2 Theory of CFD-DEM

The governing equations for the incompressible fluid-phase flow in the presence of

another particulate solid-phase is given by the volume-averaged continuity equation

as [42],
∂εf
∂t

+∇ ·
(
εfu

f
)

= 0 (2.28)

and the Navier-Stokes equation is given as,

∂(εfu
f )

∂t
+∇ ·

(
εfu

fuf
)

= −∇P − Sp +∇ · (εfτf ) + εfg (2.29)

where, uf is the fluid(gas) velocity, εf is the gas volume fraction, P (= p/ρf )is the

kinematic pressure. τf is the fluid phase viscous stress tensor given by,

τf =
2

3
νf
(
∇ · uf

)
δ + νf

(
∇uf + (∇uf )T

)
(2.30)

where, νf (= µf/ρf ) is the fluid kinematic viscosity and δ is the Kronecker delta.

The gas-particle interaction force consist mainly of the drag force. The drag force
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Fd,i acting on particle i is given by,

Fd,i =
Viβ

εi
(uf − up

i ) (2.31)

where, Vi is the volume of particle i residing in the cell with volume Vcell and εi is the

particle porosity field given by,

εi =
1

Vcell

∑
Vi (2.32)

β is the inter-phase momentum exchange coefficient obtained using an empirical model

called the ‘ErgunWenYuDrag’ model and is given by,

β = 150
ε2i
εf

µf

d2i
+ 1.75εi

ρf
di

∣∣uf − up
i

∣∣ (2.33)

Thus, the volumetric fluid-particle interaction force is given by [42],

Sp =

∑Np

i=1 Fd,i

ρfVcell
(2.34)

Here, Np is the number of particles located in the cell having volume as Vcell.

2.2.3 CFD-DEM Coupling Methodology

In this thesis, the EDEM-OpenFOAM coupling is utilized to run coupled simula-

tions between EDEM® and the open-source CFD software OpenFOAM®.

The 4-way coupling is accomplished using a new OpenFOAM solver called ‘EDEM-

CouplingDPMFoam’, which is based on OpenFOAM’s DPMFoam solver. The algo-

rithm for EDEMCouplingDPMFoam works in the following way [29]:

1. At the start of the simulation, EDEM® performs the number of timesteps that

correspond to one OpenFOAM® timestep

2. OpenFOAM® receives particle data from EDEM® .
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3. The particle volume fraction field is calculated by OpenFOAM® .

4. OpenFOAM® computes the ‘coupling force,’ which is the drag force acting on

the particles.

5. OpenFOAM® computes the momentum source and runs for one timestep.

6. EDEM® receives updated coupling force values from OpenFOAM® and the

cycle is repeated.

Figure 2.7: The sequence of steps in the EDEM-OpenFOAM Coupling [29]

2.2.3.1 Particle Volume Fraction Calculation

There are two methods available in the EDEMCouplingDPMFoam solver to calcu-

late the particle volume fraction in each mesh cell namely the ‘sample point’ method

and the ‘porous cube’ method. In this work, the ‘sample point’ method is utilized

in which, a number of sample points are randomly generated inside a particle. The

particle volume which is represented by the sample points, is then added to the rele-

vant mesh cell to mimic the effects of the particle volume. In this way, the mesh cell

consists of both the fluid and the particle volume. The particle volume fraction for

a mesh cell which is the percentage of the number of sample points within that cell
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and is given as [29],

εs = 1− εf =

∑
p
ncVp

N

Vcell
(2.35)

where, εf is the fluid volume fraction of the cell, nc is the number of sample points

contained within the mesh cell of particle p, N is the total number of sample points

of the particle, Vp the volume of the particle, and Vcell is the volume of the mesh cell.

The number of sample points can be entered into the EDEMCouplingDPMFoam

solver. In this work, 27 sample points are considered for each particle.

2.3 Conversion of Relative Humidity to microscale moisture content

The powder used in a L-PBF process should ideally be dry for obtaining a higher

powder bed quality. However, during storage of the powder especially in a moist

atmosphere, moisture can be adsorbed on the surface of the powder particles. The

amount of moisture adsorption in a particle assembly can be calculated based on the

relative humidity of the atmosphere in which it is stored. Ma et.al. [25] derived

an expression for microscale moisture content as a function of macroscale relative

humidity as

wc =
νp

1− νp
RH. ew
Rv Tρw

(2.36)

where, νp is the porosity (or void fraction) of the particle assembly, RH is the relative

humidity, ew is saturated vapor pressure, Rv is the specific gas constant for water

vapor [Rv = 461.5J/(kgK)] , T is temperature in Kelvin (K);and ρw is the liquid

density. The porosity is determined as 0.48 using a simple simulation in DEM in

which the dry particles of desired size are allowed to settle down and then the porosity

in a sample bin is obtained as shown in figure 2.8 below
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Figure 2.8: DEM set up for calculating porosity of particle assembly

Thus, the percentage of water content in the particle assembly at different relative

humidity (RH) is obtained using Eq.(2.36) and used as an input in the liquid bridge

model in DEM as shown in Table 2.1.

Table 2.1: Conversion of macroscale RH to microscale moisture content.

Macroscale Relative Humidity Microscale moisture content(%)

5 % RH 1.069× 10−4

10 % RH 2.138× 10−4

50 % RH 1.069× 10−3

80 % RH 1.711× 10−3

100 % RH 2.138× 10−3



CHAPTER 3: SIMULATION SETUP

3.1 Description of DEM set-up and input parameters

The ‘Hertz-Mindlin with liquid bridge’ contact model, along with the ‘rolling fric-

tion’ are employed in this thesis, as described in the preceding sections. 316 L stain-

less steel spherical particles with the properties as listed in table 3.1 are used. These

properties are taken from the work of Nan et al. [43] who characterised the required

physical properties of gas-atomised 316 L stainless steel particles for DEM simula-

tions.

In the DEM simulations, the Rayleigh time step size is dependent on the Shear

modulus which in turn depends on the Young’s modulus. The value of Young’s

modulus is reduced by two orders of magnitude to achieve realistic DEM simulation

time without affecting the bulk flow behavior of the particle. This calibration for

reducing Young’s modulus has been performed experimentally by various researchers

like Behjani et al. [44], Hærvig et al. [45] and Washino et al. [46].

Table 3.1: Material properties-Stainless Steel.

Property Notation Value

Poisson’s Ratio ν 0.3

Young’s Modulus E 2.1× 109 Pa

Density ρ 7980 Kg/m3

Coefficient of static friction µs 0.5

Coefficient of rolling friction µr 0.01

In the present work, particles with radius of 60 µm are used and the number of
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particles considered in the simulations is roughly 31,600.

Figure 3.1: DEM computational domain (before and after powder spreading).
W = 20D and L = 350D, where D is the particle diameter. δ is blade gap above the
build surface.

The set up consists of a vertical spreader blade which moves in the positive x-

direction and spreads the powder heap over the build surface as it moves forward.

The thickness of the deposited powder bed is controlled by adjusting the blade gap

δ.
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3.2 Description of coupled CFD-DEM set-up

In a typical PBF process, the shield gas flow takes place normal to the powder

spreading direction and exits through the outlet carrying with it the by-products of

combustion. In addition, there is a shield gas inlet nozzle at the top which helps in

maintaining the stability of the gas flow over the powder bed region.

Figure 3.2: Schematic of a typical shield gas chamber of a PBF process. The CFD-
DEM domain is taken as a slice of the actual domain to save computational cost.

For simulating the shield gas flow along with the powder spreading process,4-way

coupled CFD-DEM simulations are carried out. The powder spreading simulation is

done using DEM in EDEM®. The DEM domain is described in the previous section.

The shield gas flow is modeled using CFD in OpenFOAM®. Accordingly, a CFD

domain is also considered which is slightly larger than the DEM domain as shown in

figure 3.2. EDEM® and OpenFOAM® co-simulate and share information with each

other using the EDEMCouplingDPMFoam solver resulting in the coupled CFD-DEM

simulation.

The geometry for the CFD simulation is created in Ansys Fluent and a structured
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quadrilateral mesh is generated with grading near the sides as shown in figure 3.3.

The mesh is then imported to OpenFOAM for coupled CFD-DEM simulation.

Figure 3.3: Structured mesh for the CFD simulation. See Appendix A for grid inde-
pendence check.

Velocity inlet and pressure outlet boundary conditions are considered for modeling

the shield gas flow in CFD. A ‘slip’ boundary condition is assumed at the side and

top walls. The OpenFOAM® specific B.C. are described in the below tables.

Table 3.2: Pressure Boundary Conditions (Laminar Flow)

Patch name OpenFOAM B.C. Type Description

Inlet and walls fixedFluxPressure This B.C. sets the pressure gradient to

the provided value such that the flux

on the boundary is that specified by

the velocity B.C.

Outlet fixedValue Returns a fixed value for the outlet
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Table 3.3: Velocity Boundary Conditions (Laminar Flow)

Patch name OpenFOAM B.C. Type OpenFOAM Description

Inlet interstitialInletVelocity

(inlet velocity=1.5m/s

along y direction)

Inlet velocity in which the actual

interstitial velocity is calculated by

dividing the specified inletVelocity field

with the local phase-fraction.

Outlet pressureinletoutletvelocity Velocity outlet B.C. for patches where

the pressure is specified. Zero-gradient

is applied for outflow (as defined by

the flux).

Bottom wall noSlip This B.C. fixes the velocity to zero at

walls.

Other walls slip This B.C. provides a slip constraint.

In this thesis, Argon gas is considered as the shield gas. The properties of Argon

gas are as shown in Table 3.4.

Table 3.4: Shield gas (Argon) properties

Property Notation Value

Density ρ 1.69 Kg/m3

Kinematic Viscosity ν 1.24× 10−5m2/s

Coupled CFD-DEM simulations were carried out for both laminar as well as tur-

bulent flow. The k− ε (RAS) turbulent model was used to model the turbulent flow.

The shield gas velocity profile for both the cases showed very little variation as can

be observed in figure 3.4.
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Figure 3.4: Shield gas velocity field obtained using laminar and k-ε Turbulence models
at time t=0.4s show minimal variation. (a) Velocity field along a plane at the center
of the domain normal to the ’y’ direction using Laminar model, (b) Velocity field
normal to ‘x’ direction using Laminar model, (c) Velocity field obtained at the mid
plane using the k-ε Turbulence model, (d) Velocity field normal to ‘x’ direction using
the k-ε Turbulence model.

The turbulence intensity can provide insight about the turbulent nature of the flow.

The turbulence intensity(I) is expressed in percentage and is given as,

I =

√
2
3
k

|uref |
(3.1)

where, k = Turbulent kinetic energy [m2/s2], and uref = reference flow velocity [m/s].

Figure 3.5: Turbulence intensity for the k-ε Turbulence model at time t=0.6s.
(a) Turbulence intensity field along a plane at the center of the domain normal to the
‘y’ direction. (b) Turbulence intensity field normal to ‘x’ direction.
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Figure 3.5 shows that the turbulence intensity is well below 1% and therefore

suggests that it is a case of low turbulence. The numerical study by Wang et al.[47]

of the flow field of shield gas in a typical L-PBF process showed that the gas flow over

the powder bed is mostly laminar in nature. Accordingly, laminar flow is assumed for

the shield gas flow in the CFD-DEM coupling.



CHAPTER 4: RESULTS AND DISCUSSION

4.1 Void Fraction

Void fraction(ε) is a fraction of the volume of voids over the total volume and is a

measure of the void spaces in a particle assembly. It is expressed as a percentage in the

representative volume ranging from 0% to 100%. The void fraction is an important

parameter for evaluating the quality of a powder bed. Higher void fraction of the

powder bed is undesirable because it is likely to create voids in the final part during

sintering or laser fusion of the particles. In EDEM® the void fraction is obtained by

creating a sample geometry bin of particles as shown in figure 4.1 and calculated as

[29],

ε =
Vb − Vp
Vb

× 100 (4.1)

where, Vb is the volume of the sample bin and Vp is the total volume of all the particles

in the bin.

Figure 4.1: Setup for measuring the void fraction in EDEM®
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Figure 4.2: Powder bed at different Relative humidity (120µm particle diameter).
The number of voids in the powder bed can be seen increasing with higher relative
humidity.

Figure 4.3: Void fraction vs Relative humidity

figure 4.3 shows that the void fraction of the particle assembly increases with an

increase in the relative humidity of the environment in which the particles are stored.
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Simulations were run for both in the presence of shield gas flow and in vacuum. It

is observed that the void fraction is reduced to a small extent when the shield gas

flow exists and the void fraction for dry particles get reduced more due to shield gas

flow in comparison to the moisturized particles. The reason for this behavior may

be due to the fact that moisturized particles are more likely to stick with each other

forming aggregates and as a result are not affected much by the shield gas flow. On

the contrary, dry particles generally do not form aggregates and can therefore move

around more freely due to the force exerted by the shield gas flow which helps in

reducing the void fraction.

4.2 Mass Flow rate

Mass flow rate is the mass of particles passing through a fixed volume over time in

the simulation domain. In EDEM®, this is measured by placing a mass flow sensor

in the model, which is essentially a cylindrical shaped volume. Mass flow rate is

expressed as kg/s. For the case of powder spreading, the mass flow sensor is attached

to the spreading blade and moves along with it. The mass flow rate of particles

passing through this sensor for a single timestep is then calculated as,

ṁ =

∑
(mi(vi.l̂))

l
(4.2)

where, ṁ is the magnitude of the mass flow rate, mi is the mass of particle i in the

selection bin, vi is the velocity of particle i in the selection bin as a vector, and l̂ is a

unit vector along the length l of the bin. The length of the bin is the distance from

the start point to the end point of the cylindrical sensor as shown in figure 4.4.
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Figure 4.4: Set-up to measure the mass flow rate. The mass flow rate sensor position
is linked to the blade and thus moves along with it to measure the mass flow rate at
different times and positions.

Figure 4.5: Average Mass flow rate of particles at different times

The mass flow rate is positive if the particles move in the same direction as the

blade and vice versa. If the cohesive force between particles is less, the relative
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motion of the particles is in the opposite direction of the blade motion. However,

as the cohesive force increases due to the presence of moisture, the particles tend

to stick to the blade surface and get agglomerated at the same time. This causes

jamming of particles as can be observed in figure 4.6. The particles sticking to the

blade surface then move along with the blade. As a result, the mass flow rate is

positive and becomes significantly greater with increase in moisture content as can

be observed in figure 4.5. In the presence of shield gas flow, the mass flow rate gets

lower in comparison to without shield gas.

Figure 4.6: Powder particles stick to spreader blade surface causing jamming of par-
ticles. The number of particles sticking to the blade front face keeps increasing with
time.
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4.3 Surface Profile

The surface quality of a powder bed is deteriorated with an increase in surface

roughness. Chen et al. [48] studied the effect of the spreading speed on the surface

quality of the powder bed. In the present work, the surface roughness of the powder

bed is investigated as the moisture content increases.

Figure 4.7: DEM simulations showing the surface profile of the powder layer varying
with the moisture content

It can be observed from figure 4.7, that the surface profile in the case of dry

powder is uniform and relatively flat. However, as the moisture content in the particle

assembly increases, the particles form aggregates which give rise to uneven surfaces.

In order to further distinguish the surface roughness, the average surface profile is

obtained for a specific slice in the x direction. The surface profile for the dry powder

bed is then compared with that of the moisturized beds.
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Figure 4.8: Surface profile of the powder layer varying with the moisture content in
vacuum. Simulation done using DEM in EDEM®.

Figure 4.9: Surface profile of the powder layer varying with the moisture content
in the presence of shield gas flow. Simulation performed using EDEM-OpenFOAM
coupling.
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Figure 4.10: Comparison of the surface profiles generated in the presence and absence
of shield gas flow.

Figure 4.8 thru 4.10 shows the difference in the surface profile for the dry versus

the moisturized powder bed in the presence and absence of shield gas flow. Here,

the average surface profile of the powder bed is calculated by considering 20 sets of

linear surface profile data covering the entire width of the powder bed, removing the

extreme outliers and then averaging the data. It can be observed that in all the cases,

the surface roughness for the moisturized powder bed is always greater than the dry

powder.

In order to compare the surface roughness of the powder bed with different moisture

percent, kurtosis (Rku) and the root mean square roughness (Rq) of the profile is used.

4.3.1 Kurtosis

Kurtosis (Rku) is a measure of the outliers of a distribution and denotes the sharp-

ness or peakedness of a profile. It is defined as the standardized fourth central moment
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of a distribution and is given as,

Rku =
1
n

∑n
i=1 (zi − µ)4(

1
n

∑n
i=1 (zi − µ)2

)2 (4.3)

Where, zi is the height of a point, µ is the mean of zi, and n is the total number

of points.

The kurtosis of the Gaussian distribution is 3. A kurtosis value greater than 3

shows that the distribution is more outlier prone than the Gaussian distribution and

vice versa.

Figure 4.11: Kurtosis of the surface profile of the powder varying with the moisture
content.

It can be observed from figure 4.11 that the Kurtosis increases after moisture

content reaches 50% relative humidity. The highest jump for Kurtosis is at relative

humidity of above 80% which shows that the surface profile becomes peaky only at

very high relative humidity. The addition of a gas shield is very effective in reducing

the peakedness of the surface at high relative humidity.
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4.3.2 Root mean squared roughness

The root mean square roughness Rq is given as

Rq =

√√√√ 1

n

n∑
i=1

z2i (4.4)

where, zi is the height of a point and n are the number of points considered along the

sample length.

Figure 4.12: Root mean squared(RMS) roughness of the powder layer varying with
the moisture content.

It is observed from the above figure 4.12 that the RMS roughness Rq increases

with an increase in moisture content. The highest jump for the Rq is at low relative

humidity of around 10% after which the increase of relative humidity has only a

slight effect on the increase of the Rq of the profile. The addition of a gas shield has

moderate effect in reducing the Rq of the surface.

4.4 Stress distribution in the particle assembly

In order to visualize the stress distribution in the particle assembly, two sample

bins are placed in the vicinity of the blade as shown below in figure 4.13 and the
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average stress state in each of the bin is obtained.

Figure 4.13: Sample bin arrangement for evaluation of stress state

The stress tensor components for a single particle are calculated in EDEM® as

(σij)p =
1

Vp

npc∑
c=1

f c
i s

c
j i, j = x, y, z (4.5)

where, Vp is the volume of the particle p, npc is the number of particles in contact

with the particle p, sc is the vector connecting the particle centre with the cth contact

point and f c is the cth contact force.

The averaged values of the stress tensor components in a representative bin volume

can be obtained by averaging the corresponding components of each particle (σij)p

over Np particles contained in the bin as [49]

(σ̄ij)V =
1

V

Np∑
c=1

(σij)pVp (4.6)

where V is the total volume of the representative bin.

The axial stresses for the representative volume are calculated as

∥∥∥~Ti∥∥∥ =
√
σ2
xi + σ2

yi + σ2
zi with i = x, y, and z. (4.7)
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Figure 4.14: Axial stresses generated on the sample bin V1 at different relative hu-
midity

In the case of the sample bin V1, the magnitude of the axial stress along the X

direction, i.e., Tx, increases with the increase in moisture content in the powder as-

sembly as shown in figure 4.14. Initially, the stress magnitude is comparable for the

dry as well as the moisturized powders but the gap in magnitude increases with time

as more particles get agglomerated and get attached to the spreader blade. However,

there is only a minor difference between the stress magnitude for the different mois-

turized powders since the actual percentage of moisture w.r.t the relative humidity’s

does not vary much. For the axial stress along the Y direction, i.e., Ty, there is a

greater difference in the stress magnitude between the dry and moisturized powders

right from the initial condition. However, there is no clear indication of the relation-

ship of the average stress magnitude to the moisture content. Similar results were also

obtained for the sample bin V2 as shown in figure 4.15, but the difference between

the stress magnitudes of the moisturized powders is lesser in comparison to bin V1.
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Figure 4.15: Axial stresses generated on the sample bin V2 at different relative hu-
midity

4.5 Particle agglomeration

When particles collide, they may rebound due to the contact force generated or

stick to each other if there exists a cohesive force greater than the contact force. In

the case of the presence of moisture in the particle assembly, the cohesive force is

generally higher which results in more particles getting agglomerated.

The agglomeration percent of the particles is obtained using the following algo-

rithm,

Step 1: Create a geometry bin in the EDEM® simulation representing the powder

bed area for which the particle agglomeration needs to be calculated.

Step 2: For each and every particle ID inside the geometry bin, find out the group

of particle ID’s with which the particle is in contact at a specific time step.

Step 3: For each contact in step 2, check if the liquid bridge force is greater than

the normal force. If not, the contact is assumed to break and thus an agglomerate
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will not be formed.

Step 4: Obtain a list of particle ID’s including only those particles for which the

contact is still intact.

Step 5: For each particle in the list, count the number of enduring contacts. If

a particle is having more than two such enduring contacts, it is assumed that the

particle is forming an agglomerate and accordingly, the percentage of particles forming

agglomerates can be calculated.

Figure 4.16: Percentage of particles agglomerated with change in relative humidity
(Particle radius=60µm)

It can be observed from figure 4.16 that at 0% moisture content, there is no agglom-

eration. This is because although the particles are in contact with other particles,

due to the absence of liquid bridge force, there are no enduring contacts and hence

no agglomeration. As moisture is introduced in the particle assembly due to storage

in humid atmosphere, around 50% of particles are forming agglomerations. However,

with increase in the relative humidity, there is very little change in the percentage of

agglomeration.



CHAPTER 5: CONCLUSIONS AND FUTURE WORK

5.1 Conclusions

This research work focuses on the effect of moisture in the powder bed quality.

The powder spreading process is simulated in EDEM®. The moisture content in

a particulate assembly corresponding to different percentage of relative humidity in

the atmosphere is taken into consideration using a liquid bridge contact model in

EDEM®. In addition, the combined effect of the shield gas flow on the powder bed

is simulated using EDEM-OpenFOAM 4-way coupling.

Based on the computational studies and simulation results presented in the pre-

ceding chapter, the following conclusions were drawn,

1. The powder bed void fraction increases with an increase of the moisture content

in the particulate assembly. Higher void fraction of the powder bed is not

desirable and degrades the quality of the bed. The shield gas flow, on the other

hand, has a beneficial influence on the void fraction, reducing it to some extent.

2. Presence of moisture in the particulate assembly increases the mass flow rate

of the particles. This is not as expected since an increase in void fraction

should reduce the mass flow rate. This increase in the mass flow rate is due to

the fact that with an increase in moisture content, the particles start forming

aggregates and stick to the spreader blade resulting in jamming of particles.

When the blade moves, the aggregate of particles also move and as a result the

mass flow rate measured by the sensor is higher compared to the dry particles.

3. Surface roughness of the powder bed, which is another important deciding fac-

tor for the powder bed quality, increases with moisture content. The averaged

surface profiles suggest that the roughness of the moisturized powder beds are
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clearly greater than the dry powder bed. Kurtosis of the surface profile starts

increasing at 50% RH and increases rapidly at relative humidity of above 80%

which shows that the surface profile becomes peaky only at high relative hu-

midity. Shield gas flow helps in reducing the peakedness of the surface at high

relative humidity. RMS roughness increases with increase in moisture. The

highest jump for the RMS roughness is at low relative humidity. The addition

of a gas shield has moderate effect in reducing the RMS roughness of the surface.

4. The axial stresses generated on the particle assembly along the direction and

normal to the direction of spreading becomes higher with time. This is because

more and more particle agglomerates start forming with time as the spreader

blade moves forward. In comparison, the axial stress for the dry powder is less

throughout and does not vary much with time.

5. The percentage of particle agglomeration was obtained using a suitable algo-

rithm from which it was observed that the introduction of moisture in the par-

ticle assembly caused around 50% particles to be agglomerated.This is true for

both with or without the presence of shield gas flow. However, the percentage

of agglomeration changes little with the change in relative humidity.

5.2 Recommendations for future work

Some of the recommendations for future work are as follows:

1. Experimental validation of the coupled CFD-DEM model.

2. Monospherical particles were used in the simulations since this liquid bridge

model is pre-validated for monospherical particles only in EDEM®. In future

studies, polyspherical particles can also be simulated after proper validation.

3. Effect of the shield gas under turbulent flow conditions on particle agglomeration

need to be conducted.

4. Presently, EDEM-OpenFOAM coupling doesnot support heat transfer between

EDEM® and OpenFOAM®. However, EDEM® has plans to include this in
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the future. Accordingly, laser sintering or fusion can also be modeled using

EDEM-OpenFOAM coupling.
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APPENDIX A: GRID INDEPENDENCE CHECK FOR CFD MESH

The grid independence check is performed by varying the mesh resolution for the

same geometry used in the CFD-DEM coupling code and comparing the velocity

profile along the centerline of the geometry. The icoFoam solver is used in OpenFOAM

which is a transient incompressible flow solver to generate the flow profiles.

Figure A.1: Grid Independence check performed on the CFD computational domain
geometry shows that there is very little difference between the velocity profile for the
medium sized mesh in comparison to the very fine mesh.


