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1. Introduction

1.1 Scope of thesis

The present thesis is a summary of four peer-reviewed journal publications
and an in-depth description of the discussed results, methods and previous
work can be found from these publications. Four different flow scenarios
are considered in publications I-IV with individual objectives. A common
motivation between the studies is that they were all initiated by the
Finnish industry. Therefore, the term ’industrial flow’ in the present
context is used to describe a flow scenario with an industrial relevance.

Most of the results presented herein are from numerical simulations.
However, comparison of the results against experiments is carried out in
each of the four publications. In publications I and II the corresponding
experiments were carried out by the co-authors whereas in publications III
and IV the reference data was taken from the literature. Along with uti-
lization of scale resolving numerical methods in industrial flow context, the
present thesis also contributes to the development of numerical methods
used for two-phase flow simulation, particularly in marine context.

1.2 Historical note on CFD

Numerical methods for solving partial differential equations have been
developed and used to solve engineering problems since 1930’s but the
advent of the digital computer in 1960’s can be considered as the beginning
of the modern CFD [1]. The origins of CFD can be attributed to the group
lead by Harlow at the Los Alamos National Laboratory [2] and to the group
lead by Spalding at Imperial College [3]. The two groups (independently)
laid ground to the numerical methods and algorithms used today in CFD.
Industrial utilization of CFD begun in the 1970’s with early studies [4–6]
mostly motivated by the aerospace industry. Wider adaptation of CFD
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in other fields coincides with the rapid increase in computational power
as well as developments in turbulence modelling [1]. The development of
the widely used k-epsilon turbulence model [7] in 1972 and the seminal
1982 Stanford conference on complex turbulent flows [8] introduced CFD
to a wider audience. Since then the usage of CFD has grown rapidly as
indicated by the number of occurrences of keyword ’CFD’ in published
journal articles in Figure 1.1. The figure also shows the performance
of the Cray-1 super computer as well as the Pentium II and i7-4770K
microprocessors in giga floating point operations per second (GFLOP).
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Figure 1.1. Number of occurrences keyword ’CFD’ in either abstract, title or article key-
words in the Scopus [9] database and the number of floating point operations
per second (FLOP) on the Cray-1 super computer, Pentium II microprocessor
and the modern i7-4770K microprocessor used to write the present thesis.

Today, CFD is not only a research tool but a crucial part of the design
process in many fields. However, already in the early days, the potential of
CFD was acknowledged. In the 1979 overview, Chapman [10] listed three
compelling motivations for adaptation of CFD in aerodynamical design:

1. To provide new technological capabilities which can not be provided by
experimental facilities

2. To reduce the energy consumption of large wind tunnels by replacing
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experiments with simulations

3. To increase cost efficiency in the design cycle

Although Chapman specifically considered the motivations for the aerospace
industry, the list has a close relevance to the present day motivation of
using CFD. Regarding the first motivation, Chapman mentions the limita-
tion of wind tunnel experiments to model scale and the potential capability
of using numerical models to study complex flows in disturbance-free envi-
ronment. Nowadays, CFD is often applied for applications where it is not
feasible to conduct detailed experiments of the flow field. Considering the
present thesis, such scenarios would be the atomic layer deposition (ALD)
reactor studied in Publication I or the full scale ship studied in Publication
III.

The second motivation listed by Chapman considers the amount of energy
consumed by large wind tunnels and the author states that a comparable
numerical model could be constructed with a negligible amount of energy.
It is noted that Chapman separated the energy efficiency from cost sav-
ings (motivation 3) and stated that energy considerations are anticipated
to impose significant restrictions on wind tunnel testing in the coming
years. It is difficult to assess whether such separation was because of the
ongoing 1979 oil crisis [11] or due to foresight of the increased environ-
mental awareness. Regardless, energy efficiency is indeed one of the key
drivers for commercial CFD usage today [12–15] but the focus is often in
designing more energy efficient products rather than in minimizing the
carbon footprint of the design process itself. In fact, large CFD runs on
super computers can consume significant amounts of energy. For instance,
the nine simulations carried out in Publication IV of the present thesis
required a total of 500000 processor hours (CPUh). Assuming a processor
power of 2 W (per core) on the Finnish compute service Mahti cluster
the total energy consumption is 1 MWh. As a reference the annual aver-
age household electricity usage in apartment buildings is approximately
2.5 MWh in Finland [16].

As mentioned before, Chapman listed the potential cost savings in the
design cycle as the third motivation, which remains equally important
today. Already in 1979, the rapid development of the compute resources
was well under way and Chapman recognized the potential. However, what
Chapman did not foresee was the increase in complexity of the CFD models
at the corresponding pace. To illustrate this point, Figure 1.2 shows three
levels of complexity for a simulation of a stream of air through a circular
nozzle. In Figure 1.2a, the axial symmetry assumption is used and the sim-
ulation is carried out in two spatial dimensions resulting in significantly
smaller computational cost than in the other subfigures. Before 1990 it
was quite common to make simplifying assumptions on the geometry to
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reduce a three-dimensional simulation to two spatial dimensions [1]. In
Figure 1.2b the simulation is carried out in three spatial dimensions but
the time dependency and all turbulent fluctuations are completely mod-
elled and the resulting field is the time (or Reynolds) average. In the most
computationally expensive approach shown in Figure 1.2c, the transient
and spatial scales of the flow are captured and a time average is obtained
from averaging snapshots of the transient solution. It is important to note
that while such a scale-resolving simulation approach is often used today
even for more complex industrial flow simulations, it is still not a practical
design tool for large parametric investigations. In fact, in the present
thesis a scale-resolving approach is used in Publications I,II and IV while
a steady state approach is used in Publication III for a ship simulation
where it is not feasible to use such a transient approach.

Axial symmetry

0.1 CPUh

(a) Two-dimensional axisymmetric
steady state simulation.

12 CPUh

(b) Three-dimensional steady state sim-
ulation.

10240 CPUhInstantaneous field

Time average computed from instantaneous fields

(c) Three-dimensional transient simu-
lation.

Figure 1.2. Simulation of a stream of air through a nozzle computed with three levels of
complexity. The fields shown in the subfigures indicate the spreading of a dye
(passive scalar) mixed to the air stream at the nozzle. The simulation times
are in processor hours (CPUh).

For the past 5-10 years the rapid increase in computational power has
been slowing down [17]. Such a trend will affect the usage CFD in in-
dustrial simulations, in particular scale-resolving simulations. Indeed
for the past years, more focus has been on utilizing massively parallel
systems [18, 19] as well as data driven models [20, 21] to reduce the com-
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putational time. A discussion on the future of industrial CFD is provided
by Witherden and Jameson [22].

1.3 Turbulence

In the previous section, a simulation of an air jet was shown. In the scale-
resolving simulation approach, the instantaneous snapshot seems chaotic
and somewhat unpredictable while the time average computed from the
snapshots is predictable and regular. The aforementioned is a property of a
turbulent flow. While there is no clear definition of turbulence, some of the
properties of turbulent flows are generally agreed on. Turbulent flows pose
random velocity fluctuations (vortices or eddies) and exhibit a wide range
of spatial and temporal scales in an unpredictable manner [23, 24]. Here,
the unpredictability means that a small change in the initial condition
will produce a large change in the flow later on in time [23]. Laminar

flows, on the other hand, are predictable and pose no random fluctuations.
Figure 1.3 shows a smoke stream rising from and extinguished candle.
Close to the candle the smoke stream is laminar and fluctuations are not
observed. Further away, the perturbations caused by the background air
motion and the shearing between the hot stream and the cool ambient
air cause the transition to turbulence. In the turbulent regime vortices of
many different sizes can be observed.

The ratio of inertial forces to viscous forces in a flow is described by the
dimensionless Reynolds number

Re =
UL

ν
, (1.1)

where U and L are characteristic velocity and length scales, respectively
and ν is the kinematic viscosity. The Reynolds number of the flow can
be used to estimate whether the flow is laminar or turbulent. Commonly,
for small Reynolds numbers, the flow is laminar while for high Reynolds
numbers the flow is turbulent [25]. However, the Reynolds number is not
universal and different types of flows transition to turbulence at different
Reynolds numbers. For instance, the flow inside a pipe with smooth walls
and diameter D can be laminar up to Re = UD/ν = 2500 [26]. When the
same fluid flows over a cylindrical rod with the same diameter and same
flow velocity, the forming wake is turbulent at Re = UD/ν = 200 [27].
The transition to turbulence in both flow scenarios is highly affected by
the background disturbances and even a person coughing can trigger the
transition [24].
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Figure 1.3. Smoke rising from a extinguished candle. Close to the candle the flow is
laminar and further away the flow is turbulent.

Due to the unpredictable random fluctuations in turbulent flows, it is
convenient to study flows in a statistical sense. This is done by decomposing
the velocity field into mean and fluctuation component [25]

�u(�x, t) = �u(�x) + �u′(�x, t), (1.2)

where �u′ is the random fluctuation component describing the collection of
vortices in the flow. Most of the kinetic energy in the flow is concentrated
on the large scale vortices (of size L) and dissipation of energy occurs
in very small scale eddies (see Figure 1.4). The size and velocity of the
smallest eddies in a flow are described by the Kolmogorov length (η) and
velocity (υ) scales [25]

η ∼ LRe−3/4 → η = (ν3/ε)1/4

υ ∼ URe−1/4 → υ = (νε)1/4,
(1.3)

where ε = 2νSijSij is the dissipation and Sij the stress tensor. It is impor-
tant to note the Reynolds number dependency of the Kolmogorov scales.
When Re increases the smallest scales of the flow become smaller posing
difficulty and limitations for numerical modelling of turbulent flows. In
direct numerical simulation (DNS) the whole spectrum of eddies is resolved
on a grid fine enough to capture the Kolmogorov scales [28]. For practi-
cal engineering flows such as the ones considered herein, having such a
resolution is not feasible and additional turbulence models are used. In
Reynolds-averaged Navier-Stokes (RANS) approach the whole spectrum of
turbulence is modelled and the grid resolution requirement is significantly
less limiting [29]. Because of the large model contribution in RANS the
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choice of the applied turbulence model can have a large impact on the re-
sult [30]. The simulations shown in Figures 1.2a and 1.2b were computed
with the RANS approach. In large-eddy simulation (LES) the grid resolu-
tion is fine enough to capture the large energy-containing eddies while the
effect of the small unresolved scales on the large scales is modelled [31]. It
should be noted that LES is significantly more computationally expensive
than RANS. The LES approach was used in Figure 1.2c and compared
to the corresponding RANS simulation (Figure 1.2b) the compute cost
increases by a factor of 800. Recent developments in turbulence modelling
can be found in the review paper by Durbin [32].

1/η1/L
log(k)

lo
g
(E

)

E ∼ k−5/3

Resolved in DNS

Modelled in RANS

Resolved in LES Modelled in LES

Figure 1.4. The energy spectrum of isotropic turbulent flow adapted from the book by
Pope [25]. The highlighted region illustrates the inertial subrange with the
Kolmogorov [33] −5/3 power-law.

1.4 The viscous boundary layer

In the continuum regime fluid flow adjacent to a solid surface will retain
the velocity of the surface and satisfy the no-slip condition [24]. Consider a
fluid flowing over a stationary wall at velocity U as depicted in Figure 1.5.
Due to the no-slip condition, the flow velocity at the wall is zero and shear
τw = ∂ux

∂y |y=0 is generated between the fluid and the wall. Further from
the wall the flow reaches the free stream value U . The region bounded by
the wall and the distance where the mean flow velocity is less than the
mean free stream value is known as the boundary layer. In Figure 1.5,
the boundary layer thickness increases as a function of the streamwise
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coordinate x due to momentum diffusion. The growth of the boundary
layer can be seen from the velocity profiles in Figure 1.5b. Because of the
growing boundary layer, it is common to use the streamwise location as a
length scale in the Reynolds number for a flat plate flow Rex = Ux/ν.

Looking at the shape of the velocity profiles in Figure 1.5b, it can be
observed that very close to the wall the average velocity decreases linearly
whereas further from the wall velocity decreases logarithmically. Based
on the aforementioned observation, Prandtl and von Karman deduced [34]
that the boundary layer profile can be split into a viscous sublayer close to
the wall and a logarithmic layer further from the wall. Using the concept
of friction velocity uτ = (τw/ρ)

1/2 the wall distance can be presented in
wall units y+ = yuτ/ν and velocity can be nondimensionalized u+ = u/uτ .
With this wall scaling, the viscous sublayer y+ < 5 velocity profile follows
the relation

u+ = y+ (1.4)

and the logarithmic layer 30 < y+ < 300 velocity profile follows the relation

u+ =
1

κ
ln(y+) +B, (1.5)

where κ ≈= 0.41 and B ≈ 5 [24]. The velocity profiles in 1.5c are presented
in wall scales and it can be observed that the profiles now collapse to a
single line for y+ < 300. In fact, the boundary layer profiles suggested by
Prandtl and von Karman are applicable to variety of different flows such
as channels [35] pipes [26] and airfoils [36] with mild separation.
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numerical trip wire
transition

fully turbulent boundary layer

x

y

|�u|/U

0 0.3 0.7 1

(a) Velocity field taken from the preliminary simulation used in Publication IV.
The flow direction is from left to right and the leading edge of the wall is at
x = 0.
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(b) Streamwise velocity profiles taken
from the locations indicated by
dashed lines.
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u
+

u+ = y+

u+ = 1

κ ln(y+) +B

(c) The velocity profiles from sections
1-3 in wall units.

Figure 1.5. Simulation of a flow over a stationary wall.

Similar to the smoke stream shown in Figure 1.3 the flow in Figure 1.5 is
initially laminar and transition to turbulence occurs at a certain distance
downstream the leading edge of the wall. The boundary layer turbulence
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causes the formation of the thin viscous sublayer and a steep velocity
gradient thus increasing the wall shear. The increase in wall shear is
shown in Figure 1.6 where the skin friction coefficient Cf = 2τw/ρU

2

along the wall is presented in the laminar and turbulent regimes. In an
engineering sense the transition to turbulence appears as an increased
drag exerted by the fluid to the wall. When designing a ship hull or
an airplane wing minimizing the drag is beneficial to reduce the fuel
consumption. However, in heat transfer applications such as the ones
in Publication II the increase in wall shear has a two-fold effect. The
large velocity gradient at the wall increases the drag (pressure loss) but
simultaneously increases the rate at which heat is transferred from the
(hot) wall to the (cool) fluid [37].

0.00 0.05 0.10 0.15 0.20
x/L

0.001

0.002

0.003

0.004

C
f

Laminar

Turbulent

Figure 1.6. The skin friction coefficient Cf in the laminar and turbulent boundary layers.
The uncolored region corresponds to the transitional regime. The x-axis is
scaled with the total length of the wall L.

1.5 Motivation for the studied industrial flows

As mentioned before, in the present thesis, four flow scenarios are studied.
Each of the studied cases was motivated by an industrial collaborator
for different reasons. Here, the motivation and the previous literature is
briefly discussed. A more thorough literature review can be found from the
publications.

18



Introduction

1.5.1 Carrier gas and precursor flow inside an ALD reactor

The atomic layer deposition (ALD) process [38, 39] is a method to fabricate
various thin-film materials in a controllable manner. The process is often
used by the semiconductor industry [40]. The advantages of the ALD pro-
cess are the relatively low temperature required and the ability to control
the film thickness to the nanometer scale [40]. The ALD process is based
on sequential gas-surface reactions on the substrate surface. The reactants
(precursors) are delivered to the substrate surface by mixing the precursors
with a carrier gas flowing inside an ALD reactor (see Figure 1.7a). As an
example, the growth of an aluminium oxide thin film on a silicon substrate
constitutes of four steps. First, a precursor-pulse of trimethylaluminium
(TMA) is introduced to the nitrogen carrier gas and delivered to the surface
of the substrate. The TMA molecules absorb on the silicon substrate and
react with the OH groups on the surface. Second, when all possible surface
sites have reacted, the TMA molecules are purged out of the reactor with
the carrier gas. Third, another precursor pulse of water vapor is introduced
into the reactor and the water molecules react with the substrate. Fourth,
the remaining water molecules are purged out of the reactor. These four
steps constitute a single ALD cycle (see Figure 1.7b) and a repetition of
multiple cycles produces an Al2O3 thin film on the silicon substrate. Typi-
cally, the number of ALD cycles for a film is in the order of hundreds and
the pulse and purge times in the order of seconds. [41]

The efficiency of the ALD process thus depends on the delivery of the
precusors to the substrate surface as well as on the speed at which the
reactor is purged between the precursor pulses [42, 43]. Often the flow
rates as well as pulse and purge times in an ALD process are determined
based on empirical assessment on the quality of the deposited surface.
Such an assessment can easily lead to precursor waste and long cycle
times. Because of the low pressure and reactive nature of the precursors,
detailed experiments on the flow behaviour in the reactor are challenging
to conduct. Many of the previous numerical studies have been carried out
in two spatial dimensions [44–48] mostly focusing on model development.
The three-dimensional numerical studies, on the other hand, have been
focusing on the thermal effects [49], chemical details on the substrate
surface [50] and emissions [51]. In Publication I the carrier gas flow and
the precursor mixing inside an ALD reactor was studied. The commercial
ALD reactor used in the study was manufactured by Picosun. Due to
the relatively small spatial scales accompanied with long time scales,
numerical modelling of the ALD reactor flow is rather expensive. Therefore,
the objectives of Publication I were to:

1. Investigate the feasibility of numerical modelling of the ALD process.
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2. Study how well can the film quality be estimated based on the precursor
concentrations on the substrate surface using the model.

outflow

carrier gas lines

precursor
substrate

134mm

concentration

0 0.3 0.7 1

(a) The commercial ALD reactor studied in Publication I. The image is taken
from midway through a precursor pulse.

(b) The pulse-purge-pulse-purge sequence of a single ALD cycle.
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1.5.2 Wall effects for heat exchangers placed inside a pipe

The motivation for Publication II originates from the LuxTurrim5G [52]
project where Nokia is the largest industrial partner. In the project, the
aim is to design a network of smart light poles with 5G radio capabil-
ity. The antennas and various other electronic devices placed inside the
light poles require careful consideration of the thermal management and
cooling. One of the design considerations for the cooling system was to
place a single fan inside the pole and attach heat exchangers to each of the
electronic devices requiring cooling. Such a simple approach was motivated
by ease of maintenance as well as cheap manufacturing cost. However,
the placement, design and interaction of the heat exchangers inside the
pole in the single-fan configuration is not trivial. Due to round pole walls
and the need to leave space for cabling, the heat exchangers could not be
designed to conform the pole walls and clearances were left between the
pole walls and the heat exchanger. In Publication II two heat exchanger
designs were studied in pipe flow configuration (see Figure 1.8). Although
experimental correlations exist for the heat transfer coefficients of both
the studied planar [37, 53–55] and pin fins [37, 56–58] the clearance and
bypass flow effects made it difficult to apply them. For a channel flow
configuration the bypass flow effects on the heat exchanger performance
has been studied quite extensively [59–66] and the overall consensus is
that a large clearance size leads to a poor heat exchanger performance
due to significant flow diversion. However, a small tip clearance between
the heat exchanger and the bounding wall has been observed [53, 66] to
increase the performance compared to fully blocked tip clearance.

One of the key motivations for the study in Publication II was to un-
derstand how well the experimental correlations deduced for a single fin
correspond to the numerical results in the non-conformal pipe geometry
for a real heat exchanger. Furthermore, the study was also motivated by
the need to understand the wake effects downstream the heat exchangers
to allow for optimal placement of the electronic devices in the pole. The
objectives of Publication II were to:

1. Identify the three-dimensional flow features and clearance effects for
the two studied heat exchangers in a pipe flow configuration.

2. Quantify the effect of the clearances on the local heat transfer coefficient
and performance of the heat exchangers.
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(a) The 3D printed planar and pin fin heat exchangers.

pin fins
pipe wall

air flow

turbulent wake

heat source

T [K]

300 320310305 315

(b) The simulated temperature field for the pin fin heat exchanger inside a pipe.

Figure 1.8. The two heat exchanger designs studied in a forced convection pipe flow
in Publication II.
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1.5.3 Improved numerical treatment of free surface flows

The study in Publication III was carried out in collaboration with the Meyer-
Turku shipyard in a project where the overall aim was to improve the
two-phase flow capabilities in the OpenFOAM [67] CFD-package. Shortly
after the project launched it was observed that the standard OpenFOAM
volume of fluid [68] (VOF) solver interFoam generates numerical artifacts
(spurious velocity) at the air-water interface (see Figure 1.9). The formation
of numerical artifacts with the interFoam solver had also been observed
by Vukčević et al. [69] and the authors had suggested an alternative VOF
formulation to remedy the issue. The suggested alternative was the ghost-
fluid method (GFM) first introduced by Fedkiw et al. [70]. The ability of
the GFM to retain a continuous velocity field at the interface has been
observed by others [71–74] as well. However, as the interFoam solver had
been successfully utilized in various two-phase flow simulations [75–78],
it was not clear how severe the effect of the spurious velocity is on the
overall result accuracy. Moreover, it was also not clear if the GFM would
have some other drawbacks compared to the VOF formulation used in the
interFoam solver. In Publication III, following the paper by Vukčević, GFM
was implemented to OpenFOAM and a thorough comparison between GFM
and interFoam formulations was presented. The objectives of Publication
III were to:

1. Assess the key aspects and potential caveats of implementing GFM in
OpenFOAM.

2. Compare GFMFoam with interFoam for benchmark cases with mild
surface deformation and quantify the benefits and drawbacks.
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|�u|/U

0.6 0.8 1 1.2

interFoam GFMFoam

Spurious velocities

Figure 1.9. The velocity field for a convection of a bubble in zero gravity. The spurious
velocity generated by the interFoam solver (left) and the continuous velocity
field obtained with the GFM solver (right).

1.5.4 Scaling effects for a simplified transom stern

The motivation for Publication IV came from the need to better under-
stand the Reynolds number scaling effect between model scale and full
scale marine simulations. Previous studies [79, 80] as well as practical
experience at Meyer-Turku had shown that the wave pattern of a ship in
model scale and full scale can be vastly different at a fixed Froude number.
In particular, for flat shaped (transom) stern vessels (see Figure 1.10a)
moving at slow speed, the transom may be wet in towing tank experiments
and dry in the real vessel or vice versa [81]. Such an effect may lead
to a misprediction of the ship total resistance in both model scale CFD
simulations and towing tank experiments.

In Publication IV, a simple free surface backward facing step (FSBFS)
geometry shown in Figure 1.10b was chosen to study the Reynolds number
scaling effect. Although the geometry is far from a real ship stern, it
was an attractive choice due to simplicity and availability of experimental
data at various Froude numbers. The wave formation in the FSBFS
had been previously studied analytically [82–84], experimentally [81] and
numerically [79, 85, 86] but the focus of most of the studies had been on
the Froude number effect. The only study where the Reynolds number
effect was considered is the paper by Starke et al [79] where a steady state
RANS solver was applied for the FSBFS in model (Re = UL/ν = 5.1× 106)
and full scale (Re = 4.5 × 108). Real vessels with a transom stern have
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been studied quite extensively [87–91].
In Publication IV the focus was to carry out a set of large eddy sim-

ulations and to study the wave formation at different Froude/Reynolds
number combinations and discuss the observations in context of marine
applications. The objectives in Publication IV were to:

• Study the effect of the inflow Reynolds number on the wave formation
for the FSBFS in different Froude number regimes.

• Explain the causes for the observed Reynolds number effects.
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(a) The wake of the M/S Baltic Princess. Image courtesy of Pekka Kanninen.

L

wave breakingU

draught

(b) The free surface backward facing step studied in Publication IV.

Figure 1.10. The wake forming downstream a real ship and the simplified box geometry
studied in Publication IV.
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2. Governing equations

The laws of nature describing fluid flows are non-linear and only in the
rarest of occasions can the partial differential equations describing the
fluid motion be solved analytically. Therefore, a computational approach
is used herein. The governing equations are solved in a discrete form
using the second order accurate finite-volume method (FVM) from the
open source OpenFOAM [67] CFD package. In this section, the governing
equations of Publications I-IV are presented.

2.0.1 Mass and momentum conservation

The present thesis considers both single-phase (Publications I and II)
and two-phase (Publications III and IV) flows. In both cases, the flow
is assumed to be incompressible. In Publications III and IV where both
air and water exist in the domain simultaneously, density is allowed to
be discontinuous between the two fluids but the flow is assumed to be
immiscible with negligible surface tension. Therefore, the same form of
the mass

∇ · �u = 0 (2.1)

and momentum conservation
∂�u

∂t
+∇ · (�u�u)−

1

ρ
∇ · τ = −

1

ρ
∇p, (2.2)

applies [92] in all of the publications considered herein. Equation 2.2 is
the incompressible Navier-Stokes (N-S) equation where �u is the velocity, ρ
density, p pressure and τ = μ(∇�u+∇�uT ) is the viscous stress tensor with
dynamic viscosity μ. In case of transient simulations (Publications I, II
and IV), the time derivative is discretized with an implicit second order
accurate backward discretization scheme and in case of steady-state sim-
ulations (Publication III) the time derivative is discretized with a first
order accurate pseudo-transient localEuler scheme. The convective term in
Eq. 2.2 is discretized with a second order accurate flux limited gamma [93]
scheme. The viscous term and the pressure gradient is discretized with a
centered scheme.
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2.0.2 Scalar transport

In all of the publications of the present thesis, additional scalar transport
equations are solved. A scalar transport equation for a generic scalar γ

reads
∂γ

∂t
+∇ · (γ�u) = D∇2γ. (2.3)

In Publication I, multiple scalar transport equations are solved to mark the
distributions of the precursors injected from different inlets. In Publication
II the energy equation is replaced with a passive scalar equation to enable
the use of the incompressible form of the N-S equation while still allowing
the performance of the heat exchangers to be studied. In Publication
III and Publication IV the scalar transport equation is used to mark the
volume fraction of water in the domain.

2.1 Conservation of energy

To account for heat transfer effects, a transport equation for the conserva-
tion of energy (or enthalpy) has to be solved in addition to the conservation
of mass and momentum. In primitive form, the energy equation for en-
thalpy (h) reads [24]

ρ
Dh

Dt
=

Dp

Dt
−∇ · �q +Φ, (2.4)

where q is the heat flux given by Fourier’s law �q = −k∇T for heat conduc-
tivity k and Φ dissipation

Φ = τ : ∇�u− (2/3)μ(∇ · �u)2. (2.5)

Assuming small temperature changes (constant μ and ρ), the pressure
derivative in Eq. 2.4 can be neglected, enthalpy can be written in terms of
temperature and the second term of the dissipation vanishes [24]

ρcp
DT

Dt
= ∇ · (k∇T ) + τ : ∇�u. (2.6)

Further, if the contribution of the viscous stresses to the energy equation
are neglected as small and the heat conductivity is constant Eq. 2.4 can be
written as

∂T

∂t
+∇ · (T�u) =

k

ρcp
∇2T. (2.7)

Note that by setting γ := T and D := k/ρcp, equation 2.7 is the same as
equation 2.3. Equation 2.7 is used to account for the forced convection heat
transfer in Publication II.
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2.2 Volume fraction transport equation

In Publication III and Publication IV both air and water exist in the
computational domain. To separate the two phases a scalar transport
equation

∂α

∂t
+∇ · (α�u) = 0. (2.8)

describing the volume fraction of water (α) is solved in the volume of fluid
(VOF) context. On the continuum scale, the interface between air and water
is a discontinuity and the solution of equation 2.8 should retain a sharp
interface between the two fluids. In the present thesis, the MULES [94]
algorithm for the solution of equation 2.8 is used.

Because of the large difference in the fluid properties of air and water, a
passive approach for the solution of the volume fraction is not sufficient.
Thus, the solution of 2.8 has to be coupled to the solution of the continuity
(Eq. 2.1) and momentum (Eq. 2.2) equations. The coupling of the volume
fraction to the mass and momentum equations is done with the ghost-fluid
method [70].

2.2.1 The ghost-fluid method

The idea in the GFM is to build the discrete operators in the mass and mo-
mentum equations using one-sided differences on each side of the interface
taking into account the jump in fluid properties. Here a short description
on the interface corrected interpolation is presented. For more details, the
reader is referred to Publication III and the paper by Vukčević et al. [69].

Figure 2.1 shows a schematic of a linear interpolation (Figure 2.1a) and a
jump-corrected interpolation (Figure 2.1b) for obtaining the cell face value
pf from the cell center values pP and pN . To evaluate the face value in
the GFM, one-sided extrapolants to an imaginary "ghost" neighbour are
constructed. For cell P the value p−N is extrapolated and for cell N the
value p+P is extrapolated. The idea in the extrapolation is to first generate
p± values infinitesimally close to the interface on each side and to linearly
extrapolate through the cell value (pP or pN ) and the interface value (either
p+ or p−).

To determine when to use the interface corrected discretization a condi-
tion for marking the interface cell pairs is required. A cell pair contains an
interface if

(αP − 0.5)(αN − 0.5) < 0, (2.9)

where αP and αN are volume fractions in cells P and N respectively. Same
as in [69] it is assumed that the discrete interface location is located on a
line between adjacent cell centers xΓ = �xP + λ�d, where �d is a vector from
cell center P to N and λ = (αP − 0.5)/(αP − αN ).
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P f N x

p

pf

pN

pP

Γf

(a) Linear interpolation.

P f N x

p pN

pP

p+f
p+

p+P

p−f p− p−N

Γf

(b) Interpolation with jump correction.

Figure 2.1. Interpolation examples. Subscripts P and N denote cell center values and f
denotes the cell face. The interface is at location Γf .
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3. Summary of results

3.1 Publication I

The carrier gas flow physics and mixing of precursors was numerically
studied in a commercial ALD reactor. The main focus of the study was to
investigate the fluid dynamics of the precursor transport process onto the
substrate. Two different precursor injection configurations and various
Reynolds numbers were investigated. Surface reactions were neglected
herein. Additionally, one of the key questions was to investigate whether
the surface growth can be described with concentrations of the precursor
on the substrate surface.

Based on the numerical results, strong changes in the flow characteristics
between the smallest (Re = 40) and the largest (Re = 2400) Reynolds
number were observed. Further, based on the time trace of the precursor
concentrations on the substrate surface, an increase in the Re reduced
the required pulse time of the precursor. However, due to the increased
turbulence, a higher Re did not significantly affect the purging of the
reactor from the precursor. Small traces of the precursor were observed on
the substrate surface at the very late stages of the purge. Since a typical
purge time in an ALD process can be 5-20 times longer than the respective
pulse, the total duration of the ALD cycle turned out to be less sensitive to
Re.

An analytically derived metric λ = c1c2/(c1 + c2) was utilized to compare
cycle-averaged precursor concentrations c1 and c2 to the measured film
thickness. Figure 3.1 shows numerical λ (at Re = 40) and the experimental
film thickness after 50 and 600 ALD cycles for the perpendicular precursor
injection configuration. Qualitatively, the numerical λ and the measured
film thickness indicate a certain similarity: both have higher values on the
quadrant closest to the precursor inlets. However, the observed coating
patterns change when the water injection configuration is changed. Fig-
ure 3.2 shows the numerically obtained λ and the measured film thickness
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for the opposing injection configuration. The numerical results indicate
highest concentrations at the center of the substrate, while the experi-
ments indicate high growth rate on the TMA side after 50 cycles and three
separate islands after 600 cycles.

λ

thickness [nm] thickness [nm]

Figure 3.1. Results from injection configuration 1. The small triangles indicate the
precusor injection directions (TMA black, water blue). Top: λ taken from
simulations at Re = 40. Bottom left: measured surface thickness after 50
cycles. Bottom right: measured surface thickness after 600 cycles.
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λ

thickness [nm] thickness [nm]

Figure 3.2. Results from injection configuration 2. The small triangles indicate the
precusor injection directions (TMA black, water blue). Top: λ taken from
simulations at Re = 40. Bottom left: measured surface thickness after 50
cycles. Bottom right: measured surface thickness after 600 cycles.

3.2 Publication II

The focus in Publication II was on the forced convection of pin and plate
fin heat exchangers mounted inside a pipe. For both heat exchanger types,
it was observed that most of the cooling air diverged outside the heat
exchanger to the clearances. Furthermore, for the pin fins 50% of the air
that went inside the heat exchanger leaked outside before the trailing edge.
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For the planar fins, the respective leakage was observed to be 30%.
For the innermost planar fins, it was observed that the theoretical Nus-

selt number Nu = qdh/κ(Tw − Tm) = 7.54 [37] correlation for channel flow
applies after the thermal entry length. Here q is the heat flux, dh the
hydraulic diameter, Tw fin wall temperature and Tm is the cup-mixing tem-
perature [24]. For the outer plate fins, the local Nu was better predicted
with the laminar and turbulent correlations for a flat plate. Figure 3.3
illustrates the local Nu for the plate fin heat exchanger.

For the pin fins, a high variation of the fin averaged Nu was observed
within the heat exchanger (see Figure 3.4). High Nu values were observed
for the first 5-10 fin rows corresponding to a vortex shedding region. For
the last 5 fin rows the local Nu was slightly closer to the experimental
correlation by Igarashi [56]. Similar to the planar fins, also the pin fins
exhibited higher Nu on the outermost columns of the heat exchanger due
to the cooler bypass flow.

The main conclusion is that for the plate fin heat exchanger the bypass
and clearance effects are bounded to the outermost fins while for the pin
fins no single value for the fin Nu can be used due to the strong spatial
variation.
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Figure 3.3. Spatial variation of the local Nusselt number for the plate fins. Lower left:
averaging carried out from both sides of the fin in x-direction. Upper left:
averaging carried out in x- and y-directions. Lower right: averaging carried
out in the x- and z-directions.
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Figure 3.4. Spatial variation of the fin averaged Nusselt number. Lower left: averaging
carried out in x-direction. Upper left: averaging carried out in x- and y-
directions. Lower right: averaging carried out in the x- and z-directions.

3.3 Publication III

In Publication III the ghost fluid method (GFM) by Fedkiw [70] was imple-
mented to the open source CFD package OpenFOAM and validated in four
test cases. The focus in Publication III was to compare the benefits and
drawbacks of the GFM in marine flows. In particular, it was of interest
to study the potential of removing the numerical artifacts observed with
the standard VOF solver (interFoam) in OpenFOAM. Furthermore, an
alternative formulation for the viscous term in the momentum equation in
context of GFM was proposed in Publication III.

In the inviscid two-dimensional ramp test case, close to equal results
were obtained with GFMFoam and interFoam. Both solvers indicated
a grid convergence rate between O(n) and O(n2) following the order of
accuracy of the spatial discretization. In the two-dimensional ramp test
case the effect of the spurious velocity with interFoam was observed to be
minor.

The second test case in Publication III was an interface shear layer where
different formulations of the viscous term in the momentum equation were
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compared. The test case consisted of a layer of air flowing on top of a still
water generating shearing at the interface. It was shown that the viscous
term formulation used by Vukcevic et al. [69] in their GFM implementation
resulted in misprediction of the water side velocity profile. An alternative
formulation for the viscous term discretization was proposed to remedy
the issue.

The third test case in Publication III was the theoretical Wigley hull.
A total of 150 simulations with varying Froude number were carried out
comparing GFMFoam results to interFoam. Based on the total resistance,
it was observed that GFMFoam is more sensitive to the grid resolution than
interFoam. On the other hand, it was shown that the numerical artifacts
generated by interFoam (see Figure 3.5a) resulted in overprediction of
turbulence viscosity at the air-water interface. The overprediction of
the turbulent viscosity increased the viscous resistance and numerical
ventilation with interFoam.

The fourth and final test case in Publication III was the Hamburg test
case. With regards to total resistance both GFMFoam and interFoam
results were within 1% and 10% of the reference data in model scale and
full scale, respectively. The viscous term treatment proposed by Vukcevic
et al [69] resulted in misprediction of the stern wave and the treatment
proposed by the authors in Publication III remedied the issue. Higher
turbulent viscosity at the free surface was observed with interFoam than
GFMFoam (see Figure 3.5b). However, the effect of the increased turbulent
viscosity on the total resistance was minor. Based on the studied test cases
it was concluded that while GFMFoam showed moderate benefits, it did
not clearly outperform interFoam.

interFoam GFMFoam

(a) The velocity field |�u|/U taken from a
cutplane at the middle of the Wigley
hull.

GFMFoam

GFMFoam-V1

GFMFoam-V2

interFoam

BowSternνt
ν

(b) Turbulent viscosity at the free sur-
face in the Hamburg test case. The
different GFMFoam versions indi-
cate different viscous term treat-
ments.

Figure 3.5. The results of the Wigley hull and Hamburg test case in Publication III.
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3.4 Publication IV

In Publication IV the GFM method introduced in Publication III was
applied to study the wave formation for free surface backward facing step.
The main focus in Publication IV was to utilize large-eddy simulations to
study the Reynolds number scaling effect in the different Froude number
regimes classified [81] in previous literature.

At Fr = 1.75, the rear face of the step (transom) was observed to become
wet (see Figure 3.6a) and a coherent vortex street was noted to issue from
the shear layer of the step. The vortex shedding caused the free surface to
fluctuate at the same frequency. The Re effect on the mean wave shape at
Fr = 1.75 was observed to be rather modest.

At Fr = 2.66, an increase in the Reynolds number was shown to decrease
the wave length and amplitude. The forming wave was noted to break
at all studied Re at Fr = 2.66. The resulting shorter wave length at an
increased Re was observed to increase ventilation of the transom. However,
on average the transom remained dry for all studied Re at Fr = 2.66.

At Fr = 3.17 a drastic change in the wave characteristics caused by the
increased Re was observed. At Re = 1×106, the forming wave was observed
to remain smooth and no breaking occured. When the Re was increased
the wave length decreased and wave breaking started to occur. The wave
breaking can also be seen from the mean wave shapes at Fr = 3.17 and
Re = 2, 3× 106 in Figure 3.6a.

In Publication IV the shortening wave length at an increased Reynolds
number was attributed to the thickening boundary layer causing a loss of
momentum in the first wave crest. The thicker the boundary layer beneath
the box, the further away the free stream value of velocity is from the
still water line. In Publication IV the Reynolds number was changed by
changing the inflow velocity profile while keeping the draught of the box
constant at a given Fr. In towing tank experiments, however, the size of
the model is reduced, Fr is kept constant and Re is allowed to change. This
results in the draught (Td) to boundary layer thickness (δ) ratio r = Td/δ

being smaller in towing tank experiments than in the full scale vessel. The
effect of changing r is illustrated in Figure 3.6b where a sketch of the wave
shape at scale s = 1 and s > 1 is shown. In the figure, the Prandtl power
law [24] for the boundary layer thickness δ/L ∼ 1/Re1/5 is assumed. The
main conclusion of Publication IV is that the wave shape for the FSBFS
can not be characterized by the Froude number alone.
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(a) The mean wave shape obtained from the simulations of Publication IV and
compared to the experiments by Maki [81].
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(b) Illustration of the scaling effect for FSBFS with constant Fr in model scale
(top) and in an increased model scaled with a factor s > 1. The black lines
indicate the forming wave shape if the ratio r = Td/δ would remain constant
and the blue line indicates the effect of changing r.

Figure 3.6. Illustration of the Re dependency on the wave shape observed in Publication
IV.
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Numerical investigations of four industrial flow scenarios were carried
out. Each of the studied flow scenarios were motivated by the needs of the
Finnish industry.

In Publication I the flow in a commerical ALD reactor was studied and
the main motivation was to find out if the surface growth could be pre-
dicted based on the precursor concentrations on the sample surface. From
the two studied configurations, the perpendicular configuration showed
similarities between the numerically predicted precursor concentrations
and measured film growth. For the opposing injection configuration, the
correlation between the numerical precursor concentrations and measure
film thickness was minute. The mixed results observed in Publication
I indicate that while the fluid dynamical aspects are important in the
ALD process, full numerical description of the process requires taking into
account the chemical reactions at the sample surface.

In Publication II the performance of two heat exchangers was studied in
pipe configuration to better understand the pipe wall effects on the local
heat transfer. For planar fins, the pipe wall and by-pass flow effects were
constrained to the outermost fins but for the pin fins the by-pass effects
resulted in large spatial variations in the local heat transfer coefficient.
Especially, for the pin fins the usage of the experimental Nusselt number
correlations proved to be difficult.

Publications III and IV were related to the same project collaborated with
the Meyer-Turku shipyard. In Publication III the GFM-VOF formulation
was implemented and thoroughly tested. The main conclusion in Publica-
tion III was that the GFM-VOF formulation has moderate benefits over
the standard interFoam solver in OpenFOAM but the GFM-VOF did not
clearly outperform interFoam. The benefits were mostly related to the
absence of spurious velocity at the air-water interface which proved to
be highly useful property in the scale-resolving simulations carried out
in Publication IV.

In Publication IV a set of large eddy simulations was carried out to study
the wave formation for a free surface backward step geometry. In particular,
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the Reynolds number scaling effect was studied in the publication. The
main conclusion in Publication IV was that the thickening boundary layer
resulted in shortening of the wave length and that the effect may lead to
wetting of the transom close to the critical Froude number. Moreover, the
results were discussed in context of marine applications and it was shown
that the shorter wave lengths in model scale compared to full scale can
lead to misprediction of the total resistance.

4.0.1 Prospective future studies

While the present, mostly numerical, results provide detailed insight
on utilizing scale-resolving simulations on single-phase and two-phase
industrial flows, further investigations are still possible. For instance,
throughout the thesis the incompressible Navier-Stokes formulations was
assumed. In Publication I, where the ALD reactor flow was studied, this
resulted in complete neglect of the surface reactions and it was found
out that the precursor concentrations on the sample surface were not
sufficient to fully describe the film growth. A natural extension to the
ALD reactor study would be to include a model for the surface reactions,
however, validation of such a model can be difficult due to the difficulty in
carrying out experiments inside the reactor.

In the heat exchanger study presented in Publication II, the incompress-
ibility assumption can also be questioned. However, since the maximum
measured temperature difference was in the order of 25 ◦C and the numer-
ical velocity profiles compared to experiments reasonably, the solution of
the energy equation would likely not change the conclusions in the paper.
Perhaps a more relevant future study would be to slightly simplify the
outer wall geometry from pipe to a channel and study the wall effect with
different clearance size.

With regard to the ghost fluid method implementation presented in Pub-
lication III, it was observed that in regions where the cell aspect ratio is
large and wave amplitude small the interface cells are not marked correctly
in the implemented GFM. To overcome this issue, a better alternative for
the sub-cell interface location estimate has already been implemented.
However, an interesting future study would be to use the GFM to couple
the GFM solver with the isoAdvector [95] transport method for the VOF
scalar equation. Since the isoAdvector already computes the subcell inter-
face location using iso-surfaces, utlizing the computed location in the GFM
discretization could provide added benefit.

In Publication IV the free surface backward facing step was studied
with three different Reynolds numbers. The maximum Reynolds number
studied in the paper was Re = 3 × 106 which is quite far from full scale
ship Reynolds number. However, due to the observed wave breaking,
extending the range of Reynolds numbers could not be extended using

40



Conclusions and future work

RANS and scale-resolving simulations turned out to be necessary. An
interesting future study could be to apply wall modelled LES [96] to reduce
the required cell count in the boundary layer while allowing for the scale-
resolved result in the wake.
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