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Executive summary

The focus on the ambient air quality have been increasing over the past years and
for the marine industry this has led regulations regarding the emissions d80Oy. As

of 2020 the emission ofSOy should not exceed 0.5% globally and 0.1% in certain
areas close to coastlines and harbours.[IMO, 2018]. One way of complying with these
regulations is to install a sea water scrubber on the individual vessels that removes
the sulphur content from the exhaust gas by scrubbing with water. In this study
Computational Fluid Dynamics (CFD) is used to to predict the ow behaviour and
performance of the packed bed absorption column in a scrubber in terms of spe-
ci c pressure loss and interfacial area. The computational domain is only a small
section of the entire column and periodic boundary conditions were utilized. Two
two-phase Volume of Fluid models,interCyclicFoam and interlsoCyclicFoam
were developed with the di erence between them being the scheme used to recreate
the interphase between the uids.

Two di erent validations were conducted to investigate the performance of using pe-
riodic boundary conditions. The rst was of the pressure loss in a duct of a single
phase, where the results form a transient simulations on a small domain using peri-
odic boundary conditions were compared to a steady state simulation of a full size
duct and an analytical solution. The second was of the terminal velocity of a water
droplet. Simulations were made using both solvers on a small domain with periodic
boundary conditions. The results were compared to an analytical solution that uses
the force balance of the water droplet to predict the terminal velocity.

Figure 1: Dynamic droplet behaviour on inclined solid surface.

The absorption column of a scrubber is lled with Iling elements and it is important
that the model can accurately predict the uid dynamics occurring when the water
interacts with the lling elements. First a series of simulations for di erent wetta-
bility characteristics of the solid surface were conducted. These showed that a high
wettability of the solid surface leads to the droplet occupying a large area on the sur-
face which leads to a thin Im layer. Further more it was shown that the shape of a



water droplet at rest on a solid surface can be considered as a spherical capBa < 1.
Next the dynamic behaviour of water droplets vertically hitting a solid surface were
investigated. Two simulations were conducted with a 2mm diameter droplet and im-
pact velocity 0.5m/s and 1m/s. The maximum spreading diameter were well in the
range of empirical correlations from other studies. Finally the dynamic behaviour of
water droplets moving alongside an inclined solid surface is investigated for varying
droplet size and inclination angle. In Figure 1 the steady droplet shape is shown for
a 25 L droplet on a 60 inclined surface.

The performance of the two solvers were tested on a simpli ed geometry of a small
section from an absorption column as shown in Figure 2a. The initial state has 24
water droplets positioned evenly within the domain which corresponds to 3% of the
entire volume. Simulations were conducted on three mesh re nements, 448 000 cells,
1 512 000 cells and 3 584 000 cells, to investigate how the models accuracy scaled
with mesh re nement. In Figure 2b the results after 0.5s is shown when using the
interCyclicFoam  solver and the ne mesh with 3 584 000 cells. Based on the
simulations it can be concluded that theinterlsoCyclicFoam  solver does obtain a
sharp interphase between the uid phases even for coarse meshes, however the model
does not conserved the water volume over time. ThénterCyclicFoam  solver on
the other hand did conserved the water volume, but a much ner grid in required to
obtain a sharp interphase between the uid phases.

(a) Initial state. (b) t=0:5s

Figure 2:  Fill simulations results using the interCyclicFoam  solver.
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Nomenclature

Symbols

a Acceleration

Co Drag coe cient

D Diameter

dp Pressure gradient
F Force

f Friction Factor

fi Surface tension

g Gravitational Acceleration
h Height

Ln Entry Length

P Pressure

R Contact area radius
r Radius

t Time

U Velocity

\% Volume

X Length

Greek Symbols
Inclination angle
water Liquid volumetric fraction
max Maximum spreading factor
Surface Roughness

Interfacial tension

Capillary length

mZS 1

Pam !

Nm 1

ms 2

Pa

Nm 1



Dynamic viscosity
Density
Surface Tension
Viscous stress

t Turbulent stress

Contact angle

Subscripts

0 Impact values

a Advancing

a Air

avg Average

b Buoyancy force

D Drag force

d Droplet

g Gas

g Gravitational force
I Liquid

Ig solid-gas

r Receding

rgh Hydrostatic pressure e ects
S Source term

sg solid-gas

sl solid-liquid

w Water

Dimensionless Groups
Bo Bond Number

MN Merve Number

kgm st
kgm 3
Nm 1!
Pa

Pa



Re Reynolds Number

We Weber Number

Abbreviations

CFD Computational Fluid Dynamics
IMO International Maritime Organization
VOF Volume of Fluid

WHO The World Health Organisation
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1 Introduction

Air pollution is one of the largest enviormental risk to human health according to The
World Health Organisation WHO who estimates that a total of 4.2 million deaths
every year is caused by ambient air pollution [WHO, 2016]. Over the years sev-
eral regulations regarding emissions have been made as an attempt to improve the
ambient air quality. In the marine industry, which is the focus of this study, the regu-
lations are made by the International Marine Organization (IMO). They formulated

a set of regulations stating that the emissions 050y should not exceed 0.5% globally
and 0.1% in certain areas close to coastlines and harbours [IMO, 2018]. One way of
complying with these regulations is to install a sea water scrubber on the individual
vessels. The scrubber removes the sulphur content from the exhaust gas by scrubbing
with water. This project is made in corporation with Alfa Laval Aalborg who is both

a developer and manufacture of sea water scrubbers..

In the marine industry, and industry in general, Computational Fluid Dynamics
(CFD) has gained increasingly popularity over the years as a tool to predict and im-
prove the performance of designs, where full scale testing or even model-scale testing
is both expensive and time consuming. The advantages of using CFD as a supple-
ment to tests is that the con guration easily can be changed and parametric studies
can be performed. This is often required in complex cases to obtain an optimum
in performance. The reason CFD is gaining more and more popularity is the still
increasing computational power that allows more and more accurate model results
within a reasonable time frame.

From a numerical perspective one of the greatest challenges with CFD is to accurately
describe the interphase between two phases in multiphase simulations [Roenby J,
2017]. This is a problem often encountered in the marine industry where the com-
bination of water and air or gas is common. A prominent example of this is the
absorption column of an o shore sea water scrubber where the two uids exhaust gas
and water are interacting and this, as mentioned above, is the underlying focus of
this project. A number of di erent scrubber designs exist, but the most common is
the U-shaped scrubber, a sketch of such a scrubber is shown in Figure 1.1.
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Figure 1.1: A sketch of the U-shaped scrubber. The left hand side of the sketch is the jet and the
right hand side in the absorber.[Simonsen, 2018]

The exhaust, which comes form the ships main engine, that has to be cleaned for
SOy and other particulate matter, enters the scrubber in the jet section, the left part

in Figure 1.1. In the jet section the exhaust gas is quenched by the cocurrent water
sprayers where a small part of the sulphur content is removed. The exhaust gas then
enters the bottom of the absorption column which is lled with lling elements in
order to increase the interfacial area between water and gas, an example of such an
element is shown in Figure 1.2. The ow distribution of the gas will be even over the
cross sectional area of the column due to the pressure loss provided by both the lling
elements and the water. The water is injected through a number of evenly distributed
sprayers at the top of the column. It then passes through the lling elements and the
gas before exiting at the bottom of the column.

In 2019 Alfa Laval has sold more that 500 scrubbers world wide with total of 1.9
million operating hours. 54% of them were installed in new vessels whereas 46%
were retro t projects. The operation of a scrubber unit on board a typical merchant
ship involves the movement of approximately 95f3=h and with a pumping height

of 20 meters this requires a pumping capacity of 58KW. Furthermore the scrubber
installation gives an increase in the exhaust gas back-pressure on the main engine
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which reduces the engine e ciency, though by a small amount. These considerations
are important design parameters for a scrubber unit and which can give basis for the
use of considerable resources in the development and design phases of such a scrubber
unit. Most scrubbers are designed for the individual vessels, but the scale of a typical
sea water scrubber is approximately 3m high and with a diameter of 4.5m.

[Laval, 2019]

1.1 Filling Elements

As the focus in this project is on the uid behaviour inside the absorption column the
lling elements is of great interest. The purpose of the lling elements is to increase
the interfacial area between water and the exhaust gas. This is primarily achieved by
a thin Im layer that surrounds all the lling elements when the scrubber is operating.

In Figure 1.2 an example of a single lling element used in a sea water scrubber is
shown.

Figure 1.2:  An example of a lling element used in the absorption column in a U-shaped sea water
scrubber.

The size of such a lling element is in the range 90x70x50 mm, however the important
parameter is the surface area which is 12.40@m?. With approximately 4400 lling
elements per cubic meter this gives a speci ¢ surface area of 540%=m3.

1.2 Objective

The focus of this study is the water-gas interaction in the absorption column. The
outer geometry of the scrubber is a simple cylinder, but the inside is very complex
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due to the presence of the lling elements. Numerically solving the entire volume of
the scrubber would require a lot more computational power than is available. The
problem requires a two-phase solver (water and gas), where the interphase between
the two phases is of interest and has to be resolved su ciently to obtain an accurate
solution. This is computationally very expensive and as a result this project only in-
vestigates a small section of the packed bed column containing a few lling elements.
The assumptions for the small section is that it is su ciently far away from both
the internal walls, inlet and outlet, for them to have an impact on the ow in the
computational domain. This allows the use of periodic boundary conditions where
the eld values for pressure, velocity and water volumetric fraction at the bottom of
the domain are copied to the top at every time step and similarly from the left to
the right side and front to back, this will be explained in more details in Chapter 2.
Other assumptions is that there is no heat transfer between the uids and both of
them be can be considered incompressible.

This study seeks to develop a model capable of solving two-phase ow with the phases
in counter ow and periodic boundary conditions on all sides. The validation of the
model includes speci c pressure loss, water volume conservation and terminal veloc-
ities of water droplets. The development of the model is described in Chapter 2 and
validation of the specic pressure loss and droplet terminal velocity are presented
in Chapter 3. Two important parameters that the model should be able to predict
are the speci ¢ pressure loss and the speci ¢ interfacial surface area between the two
phases. The pressure loss is an important parameter in the design of a scrubber and
will increase with increasing gas velocity, a higher amount of water in the system and
the compactness of the lling elements. The speci ¢ interfacial surface area is the
critical factor in the removal of sulphur from the exhaust gas. It is important that
the area is large enough to remove all the sulphur content in the gas.

This study also investigates the ow behaviour of water droplets interaction with
solid surfaces. In the scrubber all the lling elements are considered solid surfaces
and it is important that the model can accurately predict the ow dynamics when
water interacts with these surfaces. Under operation it is assumed that all the lling
elements is the absorption column are covered by a thin Im layer of water which gives
the high interfacial area between the gas and liquid. The development and properties
of this Im layer depends of the wettability characteristics of the solid surface and the
physical properties of the liquid. The study of waters interaction with solid surfaces
is separated into three parts. The rst, Section 4.1, investigates the geometry of a
water droplet at its equilibrium state on a solid surface and how it changes with dif-
ferent wettability of the solid and droplet properties. This is expanded in Section 4.2
where the transient behaviour of a water droplet hitting a solid surface with varying
impact velocity is investigated. Finally the dynamic behaviour of a water droplet on
an inclined surface is investigated in Section 4.3. Similarly to the model described
in Chapter 3 this utilizes a small domain with periodic boundary conditions. Com-
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mon for the entire Chapter 4 is that all the CFD simulation results are compared and
validated against analytical solution and/or experimental work found in other studies.

Finally the models described in Chapter 2 are used on a small simpli ed scrubber
section in Chapter 5 with a simpli ed geometry of the lling elements compared
to Figure 1.2 to improve the stability of the models. The chapter investigates the
speci ¢ interfacial area between the two phases and the conservation of the water
volume over time. The simulations are conducted of three di erent mesh re nements
to investigate how the performance for both solvers scale with mesh re nement.

1.3 State of the art

This section present studies made with the overall focus on the performance of a
scrubber and parameters e ecting it. Throughout the project validations will be
done where the simulation results are compared to state of the art from other studies
and these will be presented under the respective sections.

Some previous studies have also analyzed the performance of a scrubber using vari-
ous computational methods. Reference Ali Majid [2012] modelled a venturi scrubber
using the commercial software Ansys CFX. The focus in the study was on dust re-
moval and the simulations used a three phase Eulerian-Lagrangian model. The dust
removal e ciency was found to increase with increasing liquid and gas ow rates.

A similarly study by Manisha Bal [2017] used a Volume of Fluid model in Ansys to
study the performance of a venturi scrubber. The study had a higher focus on the
hydrodynamics and used the simulations to predict the pressure loss pro le inside
the venturi scrubber. Three parameters were found that increased the pressure loss
which was a higher gas velocity, higher liquid mass ow rate and higher liquid to gas
ratio.

Both of these studies is of a venturi scrubber where the liquid and gas are in cocurrent
ow. In the U-shaped scrubber, which is of interest in this study, this is not the case
as the liquid and gas are in countercurrent. However the pressure loss dependency
of gas velocity, liquid mass ow rate and liquid to gas ratio are expected to have a
similar trend to the cocurrent studies.

In reference lon lliuta [2019] simulations using the commercial software Aspen have
been performed to predict the performance of three di erent packings in a packed
bed absorption column. The model is an Eulerian 3-D model that uses the macro-
scopic volume-averaged continuity, momentum, species and energy balance equations
for the liquid and gas phase. Signi cant di erences in the pressure loss were found
for the di erent packings. When looking at the scrubbing process it was found that a
higher liquid ow rate and lower liquid temperature where the dominant parameters

to enhance the process.
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Reference Andra® Pavlig£ [2018] used a laminar steady-state incompressible solver
available within OpenFOAM to model the ow around four simple lling elements.

A series of empirical correlations were used to validate the pressure loss caused by
the lling elements. It was found that there was a good agreement between the
empirical correlations and the simulations results when inside the validity range for
the correlations. These simulations were only of a single uid phase and are thereby
not directly applicable to absorption column as it contains both liquid and gas.



2 Solver

For multiphase simulations two overall methods are available and the choice depends
on the application. The rst is the Euler-Lagrange approach where the uid phase
is treated as a continuum by solving the Navier Stokes equations and the dispersed
phase is solved by tracking a number of particles. However in this project the in-
terphase between the two uids is of interest and the Euler-Lagrange approach is
therefore not applicable.

Instead an Euler-Euler model is utilized which treats the interphase as interpenetrat-
ing continua. The widely used Euler-Euler surface tracking model is the Volume of
Fluid (VOF) model. In the following chapter the implementation of the VOF model

in OpenFOAM is described as well as a discussion of surface representation which is
of great importance if valid results are to be obtained.

2.1  Volume of Fluid

The VOF method was rst presented by Nichols [1979]. It uses an indicator function
of the water volumetric fraction aer t0 determine the position of the interphase
between the two uids. A value of zero corresponds to the rst uid, in this project
the gas, and a value of one corresponds to the second uid or the water is the project.
This indicator function is calculated for all cells in the domain and the interphase
between the two uids is located in the cells with 0 < \ater < 1. This is illustrated

in Figure 2.1. [OpenFOAMWiki, 2018].

Figure 2.1:  The principle of the VOF model shown on a 3x3 mesh. The numbers is the liquid
volumetric fraction.

The VOF method solves the continuity and momentum equations, shown in Equation 2.1
and 2.3, alongside the transport equation for the indicator function, shown in Equation 2.2.
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ru=o 2.1)
%ﬁ r (U )=0 2.2)
@@uti)+r (Ujui): r p+r (ij+ tij)+ gi+f i (23)

Here U is the velocity, is the volumetric fraction of the liquid, is the density,

p is the pressure, j and t; is the viscous and turbulent stresses and ; is the
surface tension. It should be noted that while the indicator function ensures mass
conservation in the system it does not reconstruct a smooth interphase which which
leads to di culties in the calculation of interphase properties such as surface tension.
In this project the surface tension is assumed to be constant and for pure uids,
however more detailed models to handle the surface tension exist as described in
M.W. Baltussen [2014], who investigated the performance of three di erent methods
for handling surface tension in VOF simulations.

The addition of the indicator function \ater in the VOF method reduces the num-
ber of equations required compared to other multiphase models as the velocity- and
pressure eld is shared by both phases. The physical properties, density and viscos-
ity, are approximated as weighted averages based onyaeer in the cell as shown in
Equation 2.4 and 2.5. The physical properties will only vary in the interphase where
cells contains a mixture of water and gas.

ot g(l ) (2.4)
o+t g ) (2.5)

2.1.1 InterFoam

The simulations are carried out using the software OpenFOAM which is an abbrevia-
tion for Open-source Field Operation And Manipulation It allows the implementation

of customized solvers, boundary conditions etc. and is written in C++. The model
chosen for this project is the interFoam solver which it available in OpenFOAM. It is

a solver for two incompressible, isothermal immiscible uids using the VOF method.
The assumption that the uids are incompressible and isothermal are deemed valid
as the changes in pressure and temperature are negligible in the small section of the
absorption column. For the purpose of this study some adjustment have been made to
the interFoam solver, this will be discussed further in Section 2.3. [OpenFOAMWiki,
2018]
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2.2 Surface Representation

In the ideal case the interphase between the two phases is a discontinuous jump from

water = 1 t0  water = 0. This is however not possible to obtain in CFD simulations
and the interphase will instead be smeared over a few cells where thgaer gradually
changes from 1 to 0. Since the introduction of the VOF method a number of schemes
have been developed to improve the surface resolution. When the cells that contain
the interphase are determined the challenge lies in determining where the cells are
cut by the water surface. The interFoam solver utilizes a scheme called MULES
to improve surface sharpness. A modied version of the interFoam solver called
interlsoFoam were recently developed by Roenby J [2016] to further improve the
sharpness. Instead of the MULES scheme it utilizes a method called isoAdvector.
The model were developed for wave simulations. In this project the performance
of both the original interFoam and the new interlsoFoam are investigated on water
droplets in gas.

2.3 Cyclic interFoam/interlsoFoam

In the formulation of both interFoam and interlsoFoam the hydrostatic pressure is
lumped into the pressure and this alternative pressure term is used in the momentum
equation. This is shown in Equation 2.6 and is callegpg, in OpenFOAM. The alter-
native momentum equation which is implemented in the interFoam and interlsoFoam
solvers is shown in Equation 2.7. This is often used in buoyant and multiphase cases
where it is numerically convenient to use this alternative pressure de nition.

Prgh = P+ (gh) (2.6)

Q uj)

@t

However when using periodic boundary conditions the pressure eld is not copied
correctly from one patch to the other due to the hydrostatic part being lumped into

the pressure term. This results in a nonphysical solution where the water volume
is not conserved over the periodic boundaries. To circumvent this problem both
interFoam and interlsoFoam have been rewritten to separate the hydrostatic part from
the pressure term. Equation 2.6 is rewritten to Equation 2.8 and substituted into
Equation 2.7 which results in the momentum egaution as presented in Section 2.1.

+r (uju)=r1 pgrn+r (j+ )+ (2.7)

Prgn =1 p+ g+pght, (2.8)
0

Here the last term is zero as the solver is for incompressible uids. The updated
models will be referred to asnterCyclicFcoam  and interlsoCyclicFoam  with the
only di erence between them being the scheme used to improve interphase sharpness.
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2.4 Velocity Control

As mentioned previously the water and exhaust gas are in counter ow to each other
in the absorption column. The water will naturally fall down due to gravitational
forces, but the gas requires some additional force to move in the upwards direction.
As the simulation are done on a small section of the column with periodic boundary
conditions in inlet and outlet the velocity eld can not be controlled in the boundary.
Instead the velocity of the gas is controlled by a source term added directly to the
momentum equation at every time step. It is done using the functionmeanVelocity-
Force within OpenFOAM. This function allows the user to specify an average velocity
eld as a vector for the entire computational domain, U = (Uyx Uy U;). At every time
step the model then calculates the source term required to ful Il the desired average
velocity eld. An example where the meanVelocityForceis settoU = (03 0), with the
y-direction being opposite to the gravitational force, then the model would calculate
a source term that ful Is this criteria at every time step. However it is important

to emphasise that anU = (030) is not equal to a gas velocity of 3 m/s. To obtain
the accurate gas velocity, all the cells containing water should be neglected in the
calculations and due to the phases being in counter ow this will result in a higher
gas velocity than what is speci ed in the meanVelocityForce function.

2.5 Turbulence Model

In some of the more turbulent simulations, Section 3.2 and chapter 5, a turbulence
model is utilized. In these simulations the turbulence is modelled using the-! -
SST, Shear Stress Transportmodel [F. Menter, 2003]. It is considered as a robust
models which blends thek-! model in the near wall region and thek- model in
the far eld. This is done by multiplying with a blending function and adding both
models together. Close to the walls thek-! model is activated and the blending
function have the value one. Far away from the surface the blending fuction takes
the value zero which activates thek- model. The speci ¢ boundary conditions used
for the turbulence elds k and! can be found in Appendix B under the respective
simulations.[Ansys, 2009]



3 Solver Validation

In the following chapter a series of transient simulations using periodic boundary
conditions are presented and the results are compared to analytical solutions and
steady state simulations. This is done to validate the model for a number of di erent
parameters and con gurations. The chapter includes validation of the measured spe-
ci c pressure loss, terminal velocities of water droplets and water volume conservation
within the system.

3.1 Specic Pressure Loss

An important parameter for the model to predict accurately is the speci ¢ pressure
loss. When using periodic boundary conditions the pressure is simply copied between
the inlet and outlet patch in every time step. This mean that the pressure di erence
between inlet and outlet will show in the solution as zero and therefore an alternative
method for measuring the pressure loss is required. This is obtained by using the
previously mentioned meanVelocityForce to control the velocity when using periodic
boundary conditions. In this section the speci ¢ pressure loss in a duct with a diame-
ter of 50 mm is measured using three di erent methods in order to validate the model.

The rst is the transient case on a small domain using periodic boundary conditions.
Three transient simulations have been performed for 1, 3 and 6m/s all with a total
simulation time of ve seconds. The domain is a small section of a duct with periodic
boundary conditions between inlet and outlet and wall with no slip conditions on
the sides, as shown in Figure 3.1a. A more detailed description of the computational
setup can be found in Appendix B.1. The simulations are conducted usingnter-
CyclicFoam . The domain is lled with air only and as a result of that there is no
di erence betweeninterCyclicFoam and interlsoCyclicFoam in this case as the
only di erence is in the calculation of the interphase.

11
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(a) Transient simulation domain. (b) Steady state simulation domain.

Figure 3.1: Sketches of the domains used to verify the speci c pressure loss. Figure (a) is a small
section using periodic boundary conditions between inlet and outlet. Figure (b) is a long duct with
a uniform velocity pro le at the inlet.

The meanVelocityForce is used to de ne the desired velocity within the domain as,
U=(010),U=(030) and U =(060) for the three di erent velocities. This func-
tion adds a source term to the momentum equation and that source term is equal to
the speci ¢ pressure loss within the system. As the units in the momentum equation
is already [Pa/m] the value of the source term can be used directly to describe the
pressure loss within the system. The case is a vertical duct and thereby the pres-
sure loss depends on the friction on the walls, which increases with increasing gas
velocity, and a constant hydrostatic pressure loss contribution as the air is moving
directly against the gravity. The speci ¢ pressure loss as a function of time is shown
in Figure 3.2. As shown in the graph the specic pressure loss, and thereby also
the momentum source term, is highest at the beginning and then slowly decreases
towards a constant value. This is because at = 0 the velocity of the air within the
system is zero and a higher force has to be added to accelerate the uid. During the
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simulation the speci c pressure loss goes towards a constant value. At this point the
desired velocity have been reaches and boundary layers have been build on the walls.

When validating the results it is important that the simulation time is su ciently
long to represent fully developed ow. To check when the ow can be considered
fully developed Equation 3.1 [Cengel Y, 2012] is used to predict the entry length in
a pipe for turbulent ows.
Lh _ 1.350Ré™ 3.1
5 -l :
Here Ly, is the entry length and D is the hydraulic diameter. In the simulation with
a gas velocity of 1m/s the entry length is 0.52 m according to Equation 3.1 and the
gas moves 5 meters during the simulation. This means that at = 5s the gas have
passed 10 times higher that the predicted entry length according to Equation 3.1.
For both 3 and 6m/s the di erence between the predicted entry length and the ow
travel distance is even larger and the ow is therefore considered to be fully developed.

14 I I
—U =1 [m/s]
135 —U=3[m/s] |

U=6[m/s
13l [m/s] | |

125 :

[EEY
N
I
l

115 :

Pressure Loss [Pa/m]
(=Y
'_\
T
|

105 7\¥

10+

l
0 0:5 1 1.5 2 2:5 3 35 4 4:5 5
Time [s]

Figure 3.2: Specic pressure loss for di erent gas velocities as a function of time. The simulations
are conducted on a small section of a duct using periodic boundary conditions.

To validate the results of the transient simulations usinginterCyclicFoam  shown
in Figure 3.2 it is compared to a steady state solution of a long duct. These simula-
tions are conducted using the solvesimpleFoam within the OpenFOAM enviorment
which is a steady state solver for incompressible ow. The domain is a long duct as
shown in Figure 3.1b. The inlet boundary is a uniformly distributed velocity pro le
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with Uy =1, 3 and 6m/s for the three simulations. The speci c pressure loss is mea-
sured at the end of the duct where a steady ow have been reached. The obtained
speci ¢ pressure loss from the steady state duct simulations are shown in Figure 3.3
as the dashed lines where the results from both transierinterCyclicFoam  simula-
tion and the steady state simulation usingsimpleFoam are compared.

Furthermore an analytical solution of the specic pressure loss in a duct have been
performed using Equation 3.2 and 3.3 [Cengel Y, 2012]. The pressure loss in a vertical
duct is a summation of the pressure loss due the wall shear stress and the hydrostatic
pressure loss. The friction loss caused by the wall shear stress scales with the gas
velocity squared wheres as the hydrostatic pressure loss is a constant value.

L U§
P = f . 9 + 32
D2,y 18 o9
hydrostatic
shear stress I
1 =D " &9
— = : —_— + — .
Py= 1l8log = Re (3.3)

Here f is the friction factor calculated using the Haaland approximation, L is the
length which is one meter to get the specic pressure loss. For the friction factor
the surface roughness is set to zero as no surface roughness is specied in the
simulations. The results is shown in Figure 3.3 and compared to the results from
both the transient- and steady state simulation.
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Figure 3.3:  Specic pressure loss for dierent gas velocities as a function of time. The Colored
lines are transient simulations on a small domain using periodic boundary conditions, the dashed
lines are from steady state simulations in a long duct and the dotted lines are analytical calculations
of speci c pressure loss for fully developed ows.

From the gure is it shown that the results from the transient simulations are very
close to both the steady state solution and the analytical solution for the velocities
1m/s and 3m/s. For the transient simulation at 6m/s the results vary 6.25% com-
pared to the analytical data however the di erence between the transient and the
steady state results are only 1.4%. The typical velocities encountered in a marine
scrubber is around 3m/s and the measurement of the pressure loss using the momen-
tum source term in the transient simulation using interCyclicFoam are deemed
su ciently accurate. In cases like this were only a single uid phase is present in the
simulation the two solversinterCyclicFoam and interlsoFoam are identical as the
only di erence is in the way the interphase is treated and therefore the validation
applies to both models.

3.2 Water Droplet Falling

This section presents a series of transient two-phase simulations using bothter-
CyclicFoam and interlsoCyclicFoam  with periodic boundary conditions in all
three dimension. The initial condition is a water droplet surrounded by air exposed
to gravitational forces at time zero, this is shown on the left hand side of Figure 3.4.
To validate the model the obtained terminal velocity of the droplet is compared to
analytical solutions. The de nition of terminal velocity is when the summation of
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the forces action of the droplet is zero, Equation 3.4. All the forces considered in this
setup are illustrated in Figure 3.4 and Equation 3.5 to 3.9.

Fsum=Fy, Fg+Fp+Fs=0 (3.4)

Figure 3.4: Sketch of the computational domain and the the forces acting on the water droplet.

Buoyancy force: Here V is the volume of the droplet. The buoyancy force is
constant throughout the simulation assuming the volume of the droplet is constant.

Fo= argV (3.5)

Gravitational force: Here m is the mass of the water droplet andg is the gravita-
tional acceleration. The gravitational force is also constant throughout the simula-
tion.

Fg=mg (3.6)

Drag force: Here A is the cross sectional area of the droplet sphererd ), u is
the velocity of the droplet and Cp is the drag coe cient. For a sphere the drag
coe cient is approximated using Equation 3.8 [C. Béguin, 2017]. This is valid for
low Reynolds numbers, high viscosity ratios and assumes the droplet to maintain the
spherical shape. L

Fo = 5Co ar u?A (3.7)

" #
0:0175

42500
+ 22200
1+ et

24 .
= = 1+0:15R&687 4
Co = 0:15R&

(3.8)
Source term: This force is introduced due to the periodic boundary conditions.
If no actions were taken the movement of the water droplet will accelerate the air
surrounding it and the droplet will keep accelerating inde nitely. To make sure that
the droplet does reach a constant velocity themeanVelocityForceis settoU = (000)
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to ensure that the average velocity in the domain remains zero. This adds a small
source term to the momentum equation for every cell in the domain and this can be
seen as a force acting on the water droplet in the opposite direction of its movement.
This is calculated as the pressure gradient (the momentum source term) times the
volume of the droplet. The magnitude of both the source term force and buoyancy
force are insigni cant compared to the dominant forces drag and gravity.

Fs=dpV (3.9)

Common for all the analytical expression for the forces acting on the droplet is that
they all assume mass continuity of the water droplet and in the case of drag force also
the sphere shape has to be maintained through time for the correlation of the drag
coe cient to be valid. This is only the case for small droplets where the capillary
forces are dominant compared to the gravitational forces, represented by a small Bond
number, Equation 3.10.

_4 gr?

Bo (3.10)

According to C. Béguin [2017] water droplets maintain their spherical shape at a

Reynolds Number below 300. This corresponds to a droplet with a diameter of 1mm
and Bo = 1.5. In the simulation setup a sphere with a radius of 1mm is initialized with

a water volumetric fraction of 1 in the center of the domain as shown in Figure 3.4.

However due to the selection of cells the resulting water droplet has has a diameter
of 1.2 mm, Bo = 2.16 and the Reynolds number at terminal velocity is 439. This is

slightly above the criteria specied by C. Béguin [2017] for when a droplet can be

considered completely spherical.

The force balance acting on the droplet is used to describe its expected movement
including acceleration, velocity and distance traveled, Equation 3.11 to 3.13. The
equations are solved numerically with t = 0:001s to obtain the movement as a
function of time. The acceleration of the water droplet is a function of the summation
of the forces acting on the droplet and its mass, Equation 3.11. This acceleration is
used to describe the velocity of the droplet for the next iteration, Equation 3.12 and
nally the distance traveled is calculated using both the acceleration and velocity of
the droplet in Equation 3.13.

Foumi
ay = o (3.11)
Ua =U+a t (3.12)
1
yier = ¥i+ U t+ >ai t? (3.13)

Here a is the acceleration of the droplet,m is the mass,U is the velocity, y is the
distance in the y-direction and t is the time step per iteration. The expected
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results using the analytical solution for distance, velocity and acceleration are shown
in Figure 3.5 as a function of time.
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Figure 3.5: Distance traveled, velocity and acceleration of the water droplet as a function of time
using the analytical solution.

For the transient CFD simulations they are all conducted on an initially coarse mesh
with outer domain as show in Figure 3.4. The cells are all 0.5x0.5x0.5 mm resulting
in a total of 125 000 cells. During the simulation the mesh is re ned in the interphase
between water and gas to improve the sharpness of the interphase. This re nement
are done for all the cells wherd:001< yaer < 0:999which is considered interphase
cells. A more detailed descriptions of the computational setup for these simulations
can be found in Appendix B.2. In Figure 3.6 the velocity of the water droplet is plot-
ted as function of time for three di erent computational setups and compared to the
analytical solution. The black line is the analytical solution and is the same velocity
plot as shown previously in Figure 3.5. The rst transient simulation is represented
by the blue curve and uses thenterCyclicFoam  solver. In this simulation the dy-
namic mesh re nement are used to re ne the cells in the interphase between water
and gas. The re nement level is set to 2 which means that the solver re nes the cells
in the interphase by halving them in all directions two times. With a re nement level

of 2, the original cells with the dimensions 0.5 x 0.5 x 0.5mm gets re ned to a larger
number of cells with the size 0.125 x 0.125 x 0.125mm. By doing this re nement the
number of cells in the interphase gets increased by a factor of 64 which drastically
improves the sharpness of the interphase. The second simulation represented by the
red curve in Figure 3.6 also uses thinterCyclicFoam  solver, but the interphase is
re ned even more. The re nement level is increased from 2 to 3 resulting in cells in
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the interphase with the size 0.0625 x 0.0625 x 0.0625mm. For this simulation the
number of cells to describe the interphase is increased by a factor of 512. The nal
simulation represented by the green curve uses thiaterlsoCyclicFoam  solver and
a re nement level of 2. The only di erence between the two solversanterCyclic-
Foam and interlsoCyclicFoam is in the calculation of the interphase between the
water and gas. According to Roenby J [2016] thanterlsoCyclicFoam  solver should
achieve as sharper interphase than thinterCyclicFcoam on the same mesh.
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Figure 3.6: A comparison of the droplet velocity as a function of time for the three simulations
and the analytical solution.

As shown in Figure 3.6 there is a signi cant di erence in the velocity of the water
droplet depending of how re ned the interphase is and between the two solvers. To
investigate what causes these di erences between the computational setups, slices
of the simulation results after one second are shown in Figure 3.7. It shows a clear
di erence in the sharpness of the interphase for di erent re nement levels, Figure 3.7a
and 3.7b. The resulting velocity of the droplet is 1.516 m/s and 3.79 m/s respectively
for the to simulations using interCyclicFoam  compared to the analytical solution
of 4.87 m/s. By comparing the pictures of the droplet after one second is it clear
that the droplet is more well de ned with a more clear interphase in the simulations
with the higher re nement level, but also the interior cells is signi cantly di erent.

In Figure 3.7a the interior cells does not reach a water volumetric fraction of 1. This
means that the water droplet in the simulation only consist of 80% water and the
rest being air. As the physical properties for each cells is calculated as a weighted
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average of the ywaer Value of the cell, the density will decrease for the cells that does
not reach waer = 1. The lower density will result in a lower gravitational force
acting on the individual cells and is a big factor why the velocity of the droplet is
signi cantly lower that the analytical solution, shown by comparing the blue curve in
Figure 3.6 to the analytical solution represented by the black curve. However when
the mesh in the interphase is further re ned, the red curve in Figure 3.6 and 3.7b, all
the interior cells have waer = 1 which they should as it means that the droplet is all
water. This also yields a signi cant increase in the obtained droplet velocity which
after 1 second is 22% lower than the analytical solution.

The results using theinterlsoCyclicFoam  solver shown in Figure 3.7c does not have
any issues with the interior cells having water < 1 and the droplet is well de ned
compared to Figure 3.7a. This results in a droplet velocity after one second for the
interlsoCyclicFoam  case at 5.7 m/s which is 17% higher than the expected value
of 4.87 m/s.

(@) InterCyclicFoam  Xmin =0:125mm (b) InterCyclicFoam Xmin = 0:0625mm

(c) InterlsoCyclicFoam Xmin = 0:125mm

Figure 3.7: The waer cell values for the three simulations after one second of simulation time.

An important performance criteria of the solver is to conserve the water volume within
the system during the simulation. According to the analytical solution the water
droplet should move 3.2 m over the one second of simulation time. This corresponds
to 128 times through the small domain and it is important that the water volume is
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conserved each time it passes through the periodic boundary. In Figure 3.8 the water
volume, represented by the diameter of the water droplet, is plotted as a function of
time for each simulation.
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Figure 3.8: Water volume as a function of time for the three simulations represented by the droplet
diameter assuming a perfect spherical shape.

As shown in the gure the water volume is accurately conserved in the interCyclic-
Foam simulation with  Xmin = 0:125mm  When the cells is rened to  Xmin =
0:0625mm however, the total water volume starts gradually increasing over time.
This may be caused by rounding error in the re nement process that is taking place
during the simulation. The higher volume of the droplet should result in a higher
terminal velocity, but not to the extent shown as the di erence between the twoin-
terCyclicFoam simulations in Figure 3.6.

For the interlsoCyclicFoam  solver the water volume is decreasing throughout the
entire simulation. The many spikes in the graphs corresponds to the 128 times the
droplet passes through the periodic boundary conditions. This indicates that the
problem occurs in the process of copying the interphase over the periodic boundaries
when using the isoAdvector scheme in thénterlsoCyclicFoam  solver.

Based on the simulations done in this section it can be concluded that when using
the interCyclicFoam  solver a very ne mesh is required to obtain an accurate rep-
resentation of the water droplet and its movement over time. It is also important to
note that if the mesh is re ned to much locally, which was the case in Figure 3.7b
and shown as the red curve in Figure 3.8, numerical errors can occur that breaks the
continity of the system in terms of water volume conservation. In order to avoid these
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issues the di erence in cells sizes in the domain can not become to large.

For the interlsoCyclicFoam  solver the representation of the droplet and its move-
ment is much closer to the expected values than thenterCyclicFoam  solver for the
same mesh re nement. However the water volume is not properly conserved when
the droplet passes through the periodic boundary conditions. This means that for
cases where the droplet only needs to go through the periodic boundary conditions
a couple of times theinterlsoCyclicFoam is superior as it does not require as ne
a mesh to obtain accurate results. On the other hand if the water have to pass
through the periodic boundary conditions many times to achieve a steady solution
the interlsoCyclicFoam  solver is not valid due to poor water conservation and the
interCyclicFoam  solver has to be used instead.



4 Droplet-solid interactions

In the following chapter the waters interaction with solid surfaces is investigated. In
the design of a scrubber the interfacial area between gas and water is of great interest
as it enhances theSO, removal. This is the reason the absorption column is lled
with a number of lling elements. Under operation they are covered by a thin water
Im layer which drastically increase the interfacial surface area between the water
and gas. The thickness of the water Im is controlled by the surface wettability.
This is not a property of the liquid only as it also depends on the roughness and
chemical composition of the solid. The chapter includes descriptions and simulations
of the e ect of di erent contact angles on the interphase area of a water droplet on a
solid surface, the behaviour of water droplets colliding with solid surfaces at varying
velocities and nally the dynamics of water droplets moving along an inclined solid
surface.

4.1 Water-Solid Contact Angle

The wettability can be described by the contact angle of a water droplet of a solid
surface. Figure 4.1 shows a sketch of a water droplet in 2D on a solid surface with
the contact angle .

Figure 4.1: A sketch of a droplet at rest on a solid surface.

For a droplet in equilibrium the contact angle is measured on the air-water-solid line,

also called the three-phase contact line. On this line the droplet is force balanced in
the tangential direction. The contact angle can be estimated using Young's Equation
shown in Equation 4.1. [Guoli Li, 2020]

cos = 9 (4.1)
lg
Here is the contact angle and sg, s, 19 represents the solid-gas, solid-liquid and
liquid-gas interfacial tensions respectively. The contact angle given by Young's equa-
tion is a thermodynamic property of a three-phase system which represents the lowest
state of energy for the system. A low contact angle corresponds to a high wettability
which results in a thin Im on a solid surface. On the other hand a high contact angle

23
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corresponds to a low wettability and a thicker Im. Normally < 90 is considered
hydrophilic and > 90 is hydrophobic.

Within OpenFOAM the contact angle on solid surfaces is speci ed by utilizing the
constantAlphaContactAngleboundary condition for the awer €ld. A series of sim-
ulations have been conducted to see the in uence the contact angle has on a water
droplet at equilibrium on a solid surface. A water droplet with a diameter of 2 mm

is exposed to gravity att = 0 and are hitting the solid surface at a low velocity. A
more detailed describetion of the computational setup for these simulations can be
found in Appendix B.3. The initial- and equilibrium state for three di erent contact
angles are shown in Figure 4.2 using isosurfaces and a z-normal slice in Figure 4.3.

(a) Initial condition at t=0 (b) =90

() =45 (d =135

Figure 4.2: Water droplets with D =2mm at t = 0 is exposed to gravity gure (a). Figure (b),
(c) and (d) are the equilibrium state for three di erent contact angles. The droplet is represented
by isosurfaces, the dark blue at waer = 0:5 and the light blue at  yaer = 0:001
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It is clear from Figure 4.2 that with a lower contact angle the water droplet will
occupy a larger area on the solid surface. This is in agreement with the statement
that a low contact angle represents a solid surface with a high wettability and vice
versa.

(a) Initial conditon at t=0 (b)y =90

(c) =45 (d =135

Figure 4.3: Water droplets with D =2mm at t = 0 is exposed to gravity gure (a). Figure (b),
(c) and (d) are the equilibrium state for three di erent contact angles. The droplet is represented
by the interpolated wawer €ld values on a z-normal slice through the middle of the domain.

Consider a water droplet at rest on a solid surface as shown in Figure 4.1. If the
gravitational force acting on the droplet is not signi cant compared to the surface
tension forces its shape can be considered as a spherical cap. Analytical solutions for
the volume and surface area of the droplet under these assumptions is presented by
Yukihiro Yonemoto [2020] as shown in Equation 4.2 to 4.4.

_2h?2
Asurface = m (4-2)
V= h r:+ R; (4.3)
_R(1 cos())
h= =0 (4.4)

Here Aguriace IS the surface area of the dropletV is its volume and is the contact
angle. The parametersh and R are the droplet height and contact area radius
respectively as shown in Figure 4.4.
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Figure 4.4: Sketch of a water droplet hitting a solid surface with contact angle 130 .

Under the assumptions that the droplet can be treated as a spherical cap the di-
mensions of the droplet at rest on a solid surface only depends on the initial volume
which is conserved and the contact angle. In Equation 4.5 to 4.7 the dimensionless
property ;1 is presented as the fraction between the surface area of the droplet on
the surface and contact area between the water and the surface. It is shown that;
only depends on the contact angle and the results is valid for all droplet sizes under
the assumption that the gravitational forces can be neglected.

Asurface
= 4.5
A contact ( )
2 h i)
1 cos
_2(1 cos())
= ()2 4.7)

The results of ; is shown in Figure 4.5 as a function of contact angle. Furthermore
the gure includes the ratio between droplet surface area at rest and the initial droplet
area » and the ratio between the contact area and initial cross sectional area of the
droplet 3. They all only depends on the contact angle assuming mass conservation
and neglecting the gravitational forces.
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Figure 4.5: Area fractions as a function of contact angle when neglecting gravitational forces and
assuming mass conservation.

As shown in the gure » is almost constant at one with a contact angle in the range
45 to 135 . This means that there is only a small di erence between the surface area
of a spherical water droplet and when its at rest on a solid surface. The lowest point
for , is 0.79 at 90which is the lowest surface area a droplet on a solid surface can
have. The variable ; on the other hand changes signi cantly with increasing contact
angle. This shows that with a higher contact angle the surface area of the droplets
gets higher compared to the area it occupies on the solid surface. The last variable

3, Which is the ratio between contact area and the initial cross sectional area of the
droplet, decreases with a higher contact angle. A5 the area the droplet occupies
on the solid surface is 3.3 times higher than the initial cross sectional area. This
reduces to 1.6 at90 and ends at 0.5 at 135. At this point the water-solid contact
area is only half of the the initial cross sectional area of the droplet.

As mentioned before Equation 4.2 to 4.4 and Figure 4.5 are only valid when the
gravitational forces acting on the droplet can be neglected. The Bond numbeBo =

4 gr2= is a dimensionless number of the fraction between gravitational forces
and surface tension forces. As presented previously in Section 3.2 for the shape of the
water droplet to be considered spherical the surface tension forces have to be dominant
over the gravitational forces represented by a small Bond number. In Figure 4.6 four
simulation results are presented where the Bond number is varied by changing the
initial droplet diameter in the range 1 mm to 4 mm. The droplets at force equilibrium
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is shown in z-normal slices through the middle of the domain and compared to the
analytical solution of the spherical shape when neglecting gravitational forces acting
on the droplets.

(@ Do=1mm, Bo=0.14 (b) Do =2mm, Bo = 0.56

(c) Do =3mm, Bo = 1.26 (d) Do=4mm, Bo =224

Figure 4.6: Water droplets at force equilibrium for di erent initial droplet diameters. The contact
angle is 130 . The dashed line is the expected spherical shaped neglecting gravitational forces.

As shown in Figure 4.6a and 4.6b the analytical solution of the droplet shape t
very well at the low droplet sizes and Bond numbers. However when the droplet
size is increased, Figure 4.6¢ and 4.6d, larger di erences between the analytical solu-
tion and the actual droplet shape can be observed. The gravitational forces becomes
more dominant and the droplet at force equilibrium becomes more and more at as
a result of that. From the simulations it is clear that the analytical solution of the
droplet shaped that neglects the gravitational forces is only valid for small droplets
with Bo< 1

Based on the simulations done in this chapter it can be concluded that a higher
wettablility of the solid surface, represented in the simulations by a low contact angle,
results in a higher contact area between water and surface. The ration between the
surface area of a water droplet at rest on a solid surface and the contact area increases
with a higher contact angle, however the ratio between the surface area before and
after impact are almost independent of the contact angle. It was also shown that for
small droplets where the surface tension forces are dominant over the gravitational
forces, represented byBo < 1, the shape of the water droplet at rest on a solid surface
can be considered a perfect spherical cap.
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