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Abstract

The process of manufacturing gypsum boards in a Gyptech gypsum plant
involves, among other things, drying of the boards to remove excess water.
It is here crucial that the drying occurs uniformly over the boards, as the
gypsum properties and consequently the quality of the end product relies on
it. Uniform drying can be ensured by having a uniform temperature of the
air ejected over the gypsum boards, which in turn is facilitated by having a
static mixer in the air heater channel.

In the present work, the air heater channel has been modeled using Com-
putational Fluid Dynamics (CFD) and the purpose has been to improve the
mixing capabilities of the static mixer while a low pressure drop is main-
tained. A large portion of the work was spent on reducing and developing
an appropriate domain that could be afforded given the large size of the
dryer, the steep temperature gradients therein, and the relatively limited
computer resources. The final model was compared to experiments, where
the pressure drop was in good agreement; 89 Pa compared to the measured
value of 100 Pa. The standard deviation in temperature was overpredicted
however, something that is considered to be due to the domain simplifica-
tions and due to the use of steady state Reynolds-Averaged Navier-Stokes
turbulence modeling.

Two unsuccessful attempts of improving the static mixer included varia-
tions of some parameters of the current mixer and utilizing a second mixer
downstream of the first. Other but entirely different concepts proved to
be more promising; one including a variant of the corrugated plate mixer,
one based on guide vanes, and one that was a modified version of the orig-
inal static mixer. These reduced the standard deviation in reference to the
original mixer in the CFD model by 68%, 13.8% and 22.9% respectively,
and produced only moderate pressure drops. The results have shown the
potential of some concepts, and have indicated that more large scale rear-
rangement and large scale vortices may achieve better mixing, in comparison
to the original mixer. However, it can not be claimed that the optimal di-
mensions have been established for any of the concepts, as the number of
cases that have been examined are limited.

i





Acknowledgements

First and foremost I would like to thank my supervisor Ivan Sigfrid at
Gyptech AB for letting me perform this master’s thesis, and for his valuable
input and encouragement throughout this period. I am also grateful for the
flexibility that he and the personnel at Gyptech AB has shown, regarding
the technical resources needed in this thesis. Fredrik Arfvidsson deserves an
acknowledgement for his input and help with software and CAD issues.

I would like to thank my supervisor Petter Ekman at LiU for enduring my
many questions, for his encouragement during difficult times, and for many
interesting discussions concerning CFD.

I would also like to take this opportunity to thank the personnel at the Di-
vision of Applied Thermodynamics and Fluid Mechanics at LiU for making
CFD such an interesting subject. Special thanks goes to Hossein Nadali Na-
jafabadi, whom I have bothered with questions, and to my examiner Matts
Karlsson.

Last but not least I would like to thank my opponent Simon Hjalmarsson
for his input, and for sharing my thoughts and challenges throughout this
period.

Henrik Samuelsson, August 2015

iii





Notational Conventions

Abbreviations and Acronyms

Abbreviation Meaning
AR Aspect Ratio
BC Boundary Condition
CAD Computer Aided Design
CFD Computational Fluid Dynamics
CPU Central Processing Unit
FEM Finite Element Method
GB Gigabyte
HVAC Heating, Ventilation and Air Conditioning
IWF Intelligent Wall Formulation
LES Large Eddy Simulation
NAR Nodal Aspect Ratio
RAM Random Access Memory
RANS Reynolds-Averaged Navier-Stokes
RMS Root Mean Square
RSM Reynolds Stress Model
RNG Renormalization Group
SAS Scale-Adaptive Simulation
SD Standard Deviation
SIMPLE Semi-Implicit Method for Pressure-Linked Equa-

tions
SIMPLER Semi-Implicit Method for Pressure-Linked Equa-

tions Revised
SRS Scale-Resolving Simulation
SST Shear Stress Transport
VG Vortex Generator
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vi NOTATIONAL CONVENTIONS

Symbols and Mathematical Notation

Notation Meaning
A Area
α Angle
β Angle
c Chord length
Cp Specific heat capacity
∂ Partial derivative
δij Kronecker delta
ε Rate of dissipation of turbulent kinetic energy
φ Dependent variable
gi Gravitational acceleration component i
H Height
h Height
I Turbulence intensity
k Turbulent kinetic energy
κ Thermal conductivity
κt Turbulent thermal conductivity
κeffective Effective thermal conductivity
L Length
L2
norm Global residual

` Turbulent length scale
Λ Leading edge sweep angle
ṁ Mass flow
µ Dynamic viscosity
N Shape function
ν Kinematic viscosity
νt Turbulent kinematic viscosity
ω Specific dissipation rate
ω̄ Vorticity vector
p Pressure
p̄ Mean pressure
p′ Fluctuating pressure
∆p Pressure drop
R Radius
Rs Specific gas constant
ρ Density



vii

Notation Meaning
Re Reynolds number
S Source term
σt Turbulent Prandtl number
T Temperature
T̄ Mean temperature
T ′ Fluctuating temperature
∆T Temperature range
t Time
θ Angle
θ̇ Angular velocity
u+ U plus
V̇ Volume flow
vi Velocity component i
v̄i Mean velocity component i
v′i Fluctuating velocity component i
ϑ Turbulent velocity scale
W Width
x Specific humidity
xi Coordinate i
∆y Distance to wall-adjacent element
y+ Y plus
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Chapter 1

Introduction

Static mixers, or motionless mixers, are often implemented in industries
where some process or product is dependent of a uniform fluid mixture.
These devices typically consist of elements mounted over the cross-section
of a channel, with the purpose of redistributing the fluid in the directions
perpendicular to the main flow and to introduce turbulence. There are a
variety of commercial static mixer concepts available, and many of them
are designed to operate in specific applications and to achieve mixing for
certain combinations of fluid phases. In this thesis, the focus will be on a
static mixer in a gypsum board dryer, where its purpose is to achieve an
even temperature of the air mixture in the air heater channel.

1.1 Background

The process of manufacturing gypsum boards in a Gyptech gypsum board
plant consists of several stages. In one of these stages, gypsum slurry so-
lidifies at room temperature as it is transported over rollers. Because the
solidified gypsum will contain excess water, they also need to pass a dryer
where the gypsum boards are heated such that the excess water evaporates.
It is here crucial to have a uniform and the right amount of drying, as the
properties of the gypsum depend on it, and this can be ensured by having
an even heat transfer over the boards. An uneven heat transfer may on the
other hand lead to uneven properties that do not meet the standards of the
product.

A gypsum board dryer consists of different zones along its length in which
the boards are stacked on rollers and where hot air is ejected along them.
To obtain an even heat transfer, it is important that the same temperature
is achieved in all outlets ejecting air on the gypsum boards. This can be
ensured if the recirculating air is properly mixed with the burner air in the
air heater channel, seen in figure 1.1. A long channel will help the mixing of
the fluids whereas if the length is insufficient, a static mixer may facilitate to
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2 CHAPTER 1. INTRODUCTION

even the temperature in the channel. In this thesis, the focus will be on the
air heater channel and the capabilities of its mixing section to give a uniform
temperature. The air heater channel will be evaluated by means of Com-
putational Fluid Dynamics (CFD) using the software Autodesk Simulation
CFD 2015.

1.1.1 The Air Heater Channel

A schematic drawing of the burner- and mixing-section of the air heater
channel is given in figure 1.1. In this figure, the flow goes from (a) to (b).
At the inlet of the channel, upstream of (a), recirculating air enters the chan-
nel through two plug fans. The recirculating air is re-used air and therefore
has a specific degree of humidity and a temperature between 100−300oC. To
reduce the specific humidity in the channel, air is extracted shortly down-
stream of the plug fans. This is followed by a fresh air inlet positioned
closely to the cross-section at (a), having the purpose to compensate for the
extracted humid air by providing dry air at room temperature. The fresh air
inlet is constructed as a wedge, spanning over the channel width, and blocks
approximately 20% of the channel area. A burner is placed downstream of
(a), according to figure 1.1, and ejects combustion air co-axially with the
flow in the channel. The combustion air has a temperature of around 1600oC
and has the purpose to increases the temperature in the system such that
the air ejected over the gypsum boards has the desired temperature. Be-
cause of the large temperature difference between the air before the burner
and the air ejected from the burner, the resulting temperature field is highly
non-uniform. Thus, to ensure that the air is properly mixed and uniform,
a static mixer is installed, as indicated in figure 1.1. At the cross-section
at (b), the channel splits and the flow is directed towards the outlets of the
channel that in turn eject the air over the gypsum boards.

1.1.2 Measurements

In on-site installations, with the current static mixer used in the dryer, the
level of mixing has been quantified using Standard Deviation (SD). Mea-
surements of the SD has been conducted under two operating conditions,
where the difference has been the mean mix temperature. I.e., for these
cases the aim has been to have a temperature of 187oC or 250oC of the air
ejected over the gypsum boards. For the two operating conditions, the SD
was measured as 3.7oC and 5oC respectively, and the values were based on
the temperature at 24 uniformly distributed points in a plane positioned
approximately at (b) in figure 1.1. Lowering these values would mean that
the gypsum board are exposed to a more even temperature. In addition
to this potential, there are uncertainties regarding the actual performance
of the current static mixer. Better insight can be obtained by evaluating
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Figure 1.1: Schematic drawing showing central parts of the air heater chan-
nel. The static mixer and the burner are shown separately as they are
internal parts. The burner ejects hot air co-axially with the main flow that
goes from (a) to (b). Parts of the channel upstream of (a) and downstream
of (b) are not shown. The channel height H is used as characteristic length.

the system using CFD; shortcomings of the current configurations can be
distinguished and the design can be improved to enhance the mixing. How-
ever, the pressure drop that comes as a consequence of different static mixer
designs must be taken into account, since it must be manageable by the
current plug fans. Thus, the improvement of the static mixer may come as
a trade off between a lower SD and an increased pressure drop, which for
the current static mixer configuration has been measured as 100 Pa.

1.2 Objectives

• To establish a domain which is sufficiently accurate for validation but
also affordable from a perspective of computational cost. This also
requires that the most important physics are included and that suitable
boundary conditions and material dependencies are established.

• To validate the model by comparing the results with measurements.

• To evaluate the mixing capabilities of the current mixing section and
to find possible areas for improvement.

• To use the gained knowledge of the current mixing section and to use
available literature to propose a redesign of the section. The fluid in
the new mixing section should have a SD in temperature below 5oC or
3.7oC, depending on operating condition, at the measurement plane
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located at (b) in figure 1.1. This ultimately means that the SD should
be lowered in reference to what is predicted with the current mixer in
the CFD model.

• The current plug fans can manage a pressure drop of 200 Pa. Thus,
the new mixing section should not exceed this value.

• To perform parametric studies on the new mixing section to find de-
pendencies and to establish the best configuration from a mixing and
pressure loss perspective.

• To examine the possibilities of utilizing a simplified domain during the
concept- and parametric-study of the new mixing section.

1.3 Limitations

A majority of the CFD simulations were carried out on a computer with
4 physical CPUs @3.1 GHz and a total of 24 GB RAM. A computer with
8 CPUs @2.4 GHz and 32 GB RAM was made available at a later stage
and simulations could be run on both simultaneously. The limited com-
putational power, seen from a perspective of the size of the problem, re-
sulted in that some simplifications had to be forced upon the geometry
and also on the modelling of the physics. One such simplification was
that only time-averaged quantities was considered and that thereby only
two-equations Reynolds-Averaged Navier-Stokes (RANS) turbulence mod-
els would be used. For the same reasons, symmetry planes were assumed
even though the channel is not symmetric, and the errors introduced by
these simplifications could not be examined.

Effects of radiation was not included in the model as the uncertainty
regarding emissivity constants was large and because modelling radiation
is resource intensive [1]. Further, the firing of the natural gas and air at
the burner was not modeled due to limitations of the software. Instead, the
burner air was set as humid air with a specified temperature. The fact that
the air coming from the different inlets has different specific humidity was
disregarded. It was considered too computationally expensive to include
an additional transport equation for x, the specific humidity, and a mean
constant humidity was used instead.

Because of the assumed symmetry planes, which will be covered in later
sections, the development of the mixer region was restricted to only exam-
ining variants of static mixers, or static mixers that were symmetric over
these planes.
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1.4 Static Mixers - Concept Review

The following section includes a review of a selection of static mixer concepts
and of its literature. The selection has mainly been based on the criteria
that the concepts can be applied in a rectangular duct and that they can
be modified such that it is sufficient to study a quarter of the channel using
two symmetry planes. Further, focus has been on concepts that, according
to manufacturers and literature, are found in applications of gas-gas mixing
or applications similar to the problem at hand, in the turbulent flow regime.
Some concepts were also disregarded because they were designed to operate
at low Reynolds numbers, in the laminar regime, and some because they
were believed to inflict too high pressure drop.

1.4.1 Wing Type Vortex Generator

Delta wing type vortex generators (VGs) is a widely studied concept in heat
exchanger applications ([2],[3]). The interest comes from the fact that the
VGs generate turbulence and produce vortices with axes parallel to the flow
direction. In heat exchanger applications, the delta wings are mounted to the
walls, and the longitudinal vortices enhance the heat transfer by disturbing
the laminar sublayer, but they also increase the mass/heat transfer between
the bulk of the flow and the near wall region. An illustration of a typical
delta wing, including characteristical dimensions, is given in figure 1.2.

Figure 1.2: Illustration of a delta wing showing the width W , chord length
c and angle of attack α. The flow direction is indicated by the arrow. The
aspect ratio is defined as AR = 2W/c.

The potential of the concept has also been recognized in appliations
other than heat exchangers. In one such case [4], VGs are used to enhance
mass transfer and turbulence within an algea biofuel raceway. In another
study [5], oval plates with an incidence to the flow direction are used to
generate vortices. However, the above two include no analysis regarding
the VGs actual performance in creating these vortices. [6] experimentally
investigated the effect of a row of wall-mounted delta wing VGs upstream of



6 CHAPTER 1. INTRODUCTION

a T-junction in a heating, ventilation and air conditioning (HVAC) system.
With a Reynolds number of 2.5×104 based on the hydraulic diameter, they
varied the angle of attack and height of the VGs and studied the impact
on the thermal mixing between the two streams. The vortices and turbu-
lence introduced by the VGs upstream of the T-junction had an increasing
favourable impact on the mixing for 10o < α < 60o.

Another experiment on VGs in heat exchanger applications [7] concludes
that the strength of the vortices created by a delta wing increase with the
Reynolds number, the aspect ratio (AR) and angle of attack (α). This can
also partly be verified from the theory for delta wing aircrafts [8], where it
is stated that the size and strength of the vortices increase with α.

In the currently used mixer configuration, multiple delta wings are mounted
over the cross-section of the air heater channel to enhance mass/heat trans-
fer and in such way achieve a homogeneous temperature. Based on the above
literature, parameters of the wings can be varied to optimize the turbulence
and vortices generated, such that a configuration that is the most favourable
for the mixing performance can be found.

1.4.2 Corrugated Plate Mixer

Several manufacturers of commercial mixers offer a mixer concept that is
based on stacked corrugated plates, as seen in figure 1.3. One such example is
the Sulzer SMV mixer ([9], [10]), which is suitable in applications involving,
e.g., gas-gas mixing and mass transfer enhancement in the turbulent flow
regime [11].

Figure 1.3: Illustration of the corrugated plate mixer containing one mixer
element in the flow direction. The left figure is a side view illustrating the
flow direction, the plate incidence α and the extent of the element L. The
right figure is a front view with a slight angle; each neighboring plate have
a different incidence ±α.
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In [9], the mixing mechanisms behind the Sulzer SMV mixer is investi-
gated numerically in an application of gas-gas mixing, with a channel height
based Reynolds number of 4.26 × 105. Each neighboring corrugated plate
divert the flow in different directions, due to their different angles to the
main flow. Further, the positions where the plates touch are starting points
for vortices. These vortices either disappear due to diffusion or are merged
with new vortices that are produced by downstream touching points. The
vortices which are produced at the trailing edge touching points of the mixer
are present far downstream in the wake and are the main driving force for
mixing.

Experiments on the Sulzer SMV mixer, under turbulent flow conditions
with a Reynolds number of 3.4 × 104, was conducted by [10]. It was here
conclude that, in the case of using one mixing element, the mixing is mostly
enhanced in the direction that the mixer element has the ±α incidence. I.e.,
side to side or top to bottom in the channel. It is therefore suggested that
an additional element oriented with ±α in the other direction (turned 90o)
should be placed downstream of the first element. The axial positioning of
the second element relative to the first is varied and it is conclude that there
is an optimal distance; having a space between the two elements enhances
the mixing because the high turbulence intensity in the wake of the first
element is utilized more effectively. It should be noted that the idea of
multiple elements oriented as above often is implemented in the commercial
corrugated plate mixers, in case the pressure drop is affordable.

Other variants of the corrugated plate mixers are offered by the man-
ufacturer Stamixco. Instead of having an incidence of ±α = 45o, which is
often used with the Sulzer SMV mixer, the Stamixco GV mixer also comes
in configurations with ±α = 30o, convenient in applications where there are
high requirements on the pressure drop. In addition, it has been noted that
the number of neighbouring plates most often is set to 5− 12 and that, ac-
cording to the manufacturers, more neighboring plates decreases the mixing
length.

1.4.3 Guide Vane Type Mixer

Another interesting concept is the guide vane type mixer, which is also
offered as a commercial mixer by Sulzer Chemtech. This mixer uses guide
vanes, as seen in figure 1.4, to create large-scale vortices in the wake.

The concept is used in applications similar to those of the corrugated
plate mixer; however, the guide vane mixer has a lower pressure drop [12].
Because of the opposite orientation of the blades, the flow is deflected in a
manner that creates vortices the size of the mixer in its wake. This is also
facilitated by having the streamlined curvature of the blades; the amount of
separation on the back of the vanes is minimized.
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Figure 1.4: Illustration of the guide vane type mixer. Figure from left to
right: front view, side view and isometric view. The flow direction is included
in the figure with isometric view.



Chapter 2

Theory

This chapter will introduce the theory that is relevant for this thesis. Section
2.1 will present the general equations for fluid flow, how these are simplified
and how the turbulence is modeled. Subsection 2.1.6 describes how the
equations are solved in Autodesk Simulation CFD and subsections 2.2.1
and 2.2.2 gives an overview of the performance of turbulence modeling in
the context of vortices and mixing.

2.1 Governing Equations
The fundamental laws of fluid flow is defined by the equation for conservation
of mass (2.1), momentum (2.2) and energy (2.3). The former two, under
incompressible conditions, can be expressed according to

∂ρvi
∂xi

= 0 (2.1)

∂vi
∂t

+ vj
∂vi
∂xj

= −1
ρ

∂p

∂xi
+ ∂

∂xj
(ν ∂vi
∂xj

) + gi (2.2)

Here, the indices i or j denotes the directions in a cartesian coordinate
system. Further, gi is the gravitational acceleration, ρ is the density, ν is
the kinematic viscosity and p is the pressure. The energy equation can be
written in terms of temperature according to

ρCp
∂T

∂t
+ ρCpvi

∂T

∂xi
= ∂

∂xi
(κ ∂T
∂xi

) (2.3)

Where Cp is the specific heat under constant pressure and κ is the ther-
mal conductivity. Solving these equations in their present state is often
problematic because many common flows contain turbulent structures with
time-, length-, and velocity-scales that vary over a broad range. Under such
circumstances, a fine temporal and spatial resolution of the domain can be
required and this in turn demand large computational power. Besides, it is

9



10 CHAPTER 2. THEORY

often the time-averaged results that are of interest, as these are more easily
comparable. For these reasons, Reynolds-Averaged Navier-Stokes (RANS)
turbulence models are often used instead, and these give time-averaged so-
lutions directly. With such models, the turbulence is modeled by solving
additional equations of quantities describing the turbulence. These quan-
tities are in turn used to include the effect of the turbulence on the mean
flow.

2.1.1 Reynolds-Averaged Navier-Stokes Equation

The Reynolds-Averaged Navier-Stokes equations and the averaged energy
equation is obtained by employing Reynolds decomposition. This means
that the different quantities is divided into a mean and fluctuating compo-
nent

vi = v̄i + v′i, p = p̄+ p′, T = T̄ + T ′

By inserting the decomposed quantities into equations (2.1), (2.2) and
(2.3) and taking the average, equations (2.4), (2.5) and (2.6) are obtained

∂ρv̄i
∂xi

= 0 (2.4)

∂v̄i
∂t

+ v̄j
∂v̄i
∂xj

= −1
ρ

∂p̄

∂xi
+ ∂

∂xj
(ν ∂v̄i
∂xj
− v′iv′j) + gi (2.5)

ρCp
∂T̄

∂t
+ ρCpv̄i

∂T̄

∂xi
= ∂

∂xi
(κ ∂T̄
∂xi
− ρCpv′iT ′) (2.6)

In the process of time-averaging equation (2.5), six additional terms re-
ferred to as the Reynolds stresses emerge from the advection term. Similarly,
for the energy equation, three new terms known as the turbulent heat fluxes
are produced that include the effect of turbulent heat transfer. Modeling
the Reynolds stresses is known as the closure problem and there are a va-
riety of approaches available in CFD solvers. One of them is to employ
Boussinesq hypothesis, where it is assumed that the Reynolds stresses are
proportional to the mean rate of deformation and an isotropic turbulent
viscosity according to equation (2.7)

−v′iv′j = νt(
∂v̄i
∂xj

+ ∂v̄j
∂xi

)− 2
3kδij (2.7)

Here, the six unknowns has been replaced with a new unknown, the
turbulent viscosity νt. Further, δij is the Kronecker delta and k is the
turbulent kinetic energy according to equation (2.8)

k = 1
2v
′
iv
′
i (2.8)
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In two-equation turbulent viscosity models, the turbulent viscosity (equa-
tion (2.9)) is described using a product of a turbulent velocity scale ϑ based
on k, and a turbulent length scale ` based on ε or ω. Here, ε is the rate of
dissipation of k and ω is the specific rate of dissipation of k. Which one is
used to describe ` depends on the specific turbulence model.

νt = Cϑ` (2.9)

Further, C is a constant of proportionality. Thus, two additional equa-
tions are used to determine νt in the domain, k and ε or ω. Similarly
to the concept of turbulent viscosity, the closure of the energy equation is
achieved by employing Boussinesq hypothesis and by introducing a new vari-
able called the turbulent thermal conductivity κt. The modeled turbulent
heat fluxes can then be expressed according to equation (2.10)

−ρCpv′iT ′ = κt
∂T̄

∂xi
(2.10)

Since the turbulent transport of momentum and heat is due to the same
mechanism - turbulent mixing - the value of the turbulent thermal conduc-
tivity is fairly close to that of the turbulent viscosity. The difference is a
factor of proportionality referred to as the turbulent Prandtl number σt,
and its value is often set to a constant around unity [13]. This assumption,
with the resulting relation seen in equation (2.11), is known as the Reynolds
analogy and it sometimes introduces errors. This is because the value of
σt has been reported to be flow dependent and can therefore vary between
flows containing, e.g., wakes and jets [14].

κt = νtρCp

σt
(2.11)

2.1.2 Standard k-ε

An exact governing equation for k can be derived but will contain terms that
are unknown. The k-equation with these terms modeled has the appearance

∂k

∂t
+ v̄j

∂k

∂xj
= νt(

∂v̄i
∂xj

+ ∂v̄j
∂xi

) ∂v̄i
∂xj
− ε+ ∂

∂xj
( νt
σk

∂k

∂xj
) (2.12)

Where σk is an empirical constant. The only unknown in (2.12) is ε,
the rate of dissipation of k. It is possible to develop an exact governing
equation for ε too; however, it contains several unknown and unmeasurable
terms. The Standard k − ε model instead uses an ε-equation that is based
on the modeled k-equation, something that can be realized by inspecting
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equation (2.13)

∂ε

∂t
+ v̄j

∂ε

∂xj
= ε

k
Cε1νt(

∂v̄i
∂xj

+ ∂v̄j
∂xi

) ∂v̄i
∂xj
− Cε2

ε2

k
+ ∂

∂xj
( νt
σε

∂ε

∂xj
) (2.13)

Here Cε1, Cε2 and σε are constants added to achieve the correct pro-
portions and have been obtained by comprehensive data fitting for common
turbulent flows. Based on dimensional analysis, the turbulent viscosity can
in turn be calculated from equation (2.14)

νt = Cµ
k2

ε
(2.14)

Where Cµ is another empirical constant. The Standard k − ε model is
robust, widely validated and generally performs well in confined flows. It
has however shown to have some shortcomings; it overpredict axisymmet-
ric jets [13], something which is referred to as the round-jet anomaly. It
also performs poorly in areas of large normal strains, such as in stagnation
points, which gives rise to excessive values of k that can propagate and de-
teriorate the results downstream. Further, it underpredicts flow separation
and performs poorly in swirl [14].

2.1.3 k-ε RNG

A modified version of the Standard k − ε model can be derived using a
mathematical technique known as Renormalization Group (RNG) theory.
The result is a k − ε model where the constants in the k- and ε-equations
are derived using a mathematical foundation rather than empiricism. In
this model, Cε1 (equation (2.15)) is strain rate dependent and in this way
makes the model more general and adjustable to the specific flow case

Cε1 = 1.42−
η(1− η

4.38)

1 + 0.015η3 (2.15)

where

η =
√

( ∂v̄i
∂xj

+ ∂v̄j
∂xi

) ∂v̄i
∂xj

k

ε
(2.16)

The other constants of equations (2.12), (2.13) and (2.14) are modified
in the RNG model [1]. The new variable in the dissipation rate transport
equation has shown to improve the prediction of flows with separation and
flows containing stagnation points. Other improvements with respect to the
Standard model include treatment of swirling flow and flows over curved
geometries. The computational effort is however increased by 15−20% [14].
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2.1.4 Near-Wall Modeling

Throughout the present work, the near wall modeling approach for the Stan-
dard and RNG k − ε models has been to place the wall-adjacent elements
in the log-law region, where equation (2.17) holds

u+ = 1
K

log y+ +B (2.17)

where

u+ = ut√
τw
ρ

, y+ =
∆y
√

τw
ρ

ν

Here, K and B are constants, ut is the velocity tangent to the wall and
∆y is the distance to the wall-adjacent element. Equation (2.17) is valid
for fully developed turbulent boundary layers when 35 < y+ < 350 [1]. In
conjunction with this, an Intelligent Wall Formulation (IWF) has been used
which forces the wall to behave as if y+ = 11.225 when y+ falls below this
value.

2.1.5 Turbulent Quantities - Inlet Values

When RANS-based turbulence models are used, it is necessary to specify
inlet boundary conditions for the turbulent quantities. The relation for k is
shown in equation (2.18), and its value can be set by specifying a turbulence
intensity I, defined as the fluctuation over the mean value (equation (2.19)).

k = 1
2[(v̄1I)2 + (v̄2I)2 + (v̄3I)2] (2.18)

where

I = v′1
v̄1

= v′2
v̄2

= v′3
v̄3

(2.19)

The inlet condition for ε is set automatically based on the value specified
for k and a length scale related to the inlet area according to equation (2.20)

ε = Cµ
k3/2

0.01
√
Areainlet

(2.20)

2.1.6 The Finite Element Method

The governing partial differential equations for fluid flow described in sec-
tion 2.1.1 is turned in to a set of algebraic equation using the Finite Element
Method (FEM) in Autodesk Simulation CFD. A brief description of the gen-
eral idea of the method will be presented here together with some specifics
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in the implementation to Autodesk Simulation CFD. For a more detailed
description, one is referred to the references mentioned.

By applying Galerkin’s method for weighted residuals [15], the transport
equation for the dependent variable φ will have an appearance according to
equation (2.21)∫

V
W [ρvj

∂φ

∂xj
]dV =

∫
V
W [ ∂

∂xj
(Γφ

∂φ

∂xj
) + Sφ]dV (2.21)

Where Γφ is the diffusion coefficient, Sφ is the source term and W is the
weight function. In turn, the variation of the dependent variable φ within
the element is approximated by shape functions Nk, as seen in equation
(2.22)

φ(x1, x2, x3) =
M∑
k=1

Nk(x1, x2, x3)φk (2.22)

Here, M is the number of nodes in the element whereby φk is the value
of φ at node k and Nk is the shape function corresponding to node k. The
shape functions (equation (2.23)) have the property that they are equal to
unity only at the node to which they are associated and equal to zero at the
other nodes

Nk(xl1, xl2, xl3) = δkl, k, l = 1, 2, ...,M (2.23)

Where (xl1, xl2, xl3) are the nodal coordinates for node l. Together with
the above property enforced, Autodesk Simulation CFD uses linear shape
functions for tetrahedral elements and a mix of linear and trilinear shape
functions for prismatic elements.

When (2.22) is inserted into (2.21), the weight function W is chosen
to be the same as the shape function N . Further, because e.g. a general
tetrahedral element can have a quite complicated shape, the shape function
and its variation within the element will be complex. For this reason, the
integrals of (2.21) is performed numerically by Gauss quadrature after the
true element has been mapped through coordinate transformation to a sim-
ple master element shape. When the integrations have been performed and
the discretized equations for φk is established on an element basis, a global
system of equations is assembled. In Autodesk Simulation CFD, the diffu-
sion and source term are discretized using the above approach of Galerkin’s
method for weighted residuals, which is equivalent to a central differences
scheme.

Applying this method to the advection terms make the solution unstable
for some flow cases, depending on the Reynolds number and mesh size [15].
To deal with this the software offers a variety of upwind formulations to
discretise the advection term. These upwind formulations are often more
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stable but come with the disadvantage that they suffer from numerical dif-
fusion. The advection scheme which was used in the present work is referred
to as a Modified Petrov-Galerkin formulation. In this scheme, the weight
functions used in Galerkin’s method are modified with an additional term
determined from the flow direction and the element Peclet number. The new
term adds artificial diffusion in the flow direction and in this way counteracts
the numerical diffusion which is otherwise seen in upwind formulations.

Reportedly, the Modified Petrov-Galerkin formulation is ideal for recir-
culating and secondary flows, gives accurate pressure drop prediction and is
good for energy balance. Further, the formulation is less numerically diffu-
sive than the other upwind schemes available in Autodesk Simulation CFD
and brings an estimated 2nd-3rd order accuracy to the advection terms [1].

2.1.7 Solver

Autodesk Simulation CFD uses a segregated solver based on a variant of the
SIMPLER (Semi-Implicit Method for Pressure-Linked Equations Revised)
algorithm. In comparison to its preceding version known as the SIMPLE
algorithm [16], the SIMPLER algorithm uses a discretized equation for the
pressure to obtain the pressure field instead of a pressure correction p′ equa-
tion. The new improved version is somewhat more resource intensive than
the SIMPLE algorithm but has a faster convergence rate.

When the governing equations have been discretized using FEM, there
will be a set of algebraic equations for each dependant variable φ. For each
of these variables there will be an equation which correspond to each Finite
Element node in the domain. The algebraic equation for the variable φ at
node i can be expressed according to equation (2.24)

Aiiφi +
N∑
j 6=i

Aijφj = Fi (2.24)

Where N is the total number of nodes, Aij are the algebraic coefficients
resulting from discretizing the advection and diffusion terms in the governing
equations and Fi is the discretized source term. Further, a residual for the
variable φ at node i is defined as

Rφi = Fi −Aiiφi −
N∑
j 6=i

Aijφj (2.25)

The nodal residual Rφi can in turn be used to define a global residual for
each variable. In Autodesk Simulation CFD, this is done using the L2

norm

seen in equation (2.26)

L2
norm =

√√√√ N∑
i=1

R2
φi (2.26)



16 CHAPTER 2. THEORY

This measure gives an indication for how well the discretized equation
for the variable φ is satisfied in the domain. Because the norm does not
take the total number of nodes into account, its value is generally large and
most easily comparable for the same mesh and geometry. Therefore, it can
be hard to establish a general target value to define convergence using the
L2
norm.

2.2 Turbulence modeling

RANS turbulence models are based on numerous assumptions and simpli-
fications. These may have more or less significant influence on the results,
and it can therefore be a good practice to get an understanding of how the
models perform under different circumstances. A literature study covering
foremost vortical flows and mixing have therefore been included here.

2.2.1 Vortices

Two-equation turbulent viscosity turbulence models such as those used herein,
may be sensitive to flows with large extra strains [13]. One such case is vorti-
cal flows over delta wings, where RANS based models produce high values of
turbulent viscosity in the vortices, and thereby cause diffusion of the vortices
that is larger than in experiments [17]. Alternatives such as Reynolds Stress
Models (RSM) can be more accurate, because they do not use Boussinesq
hypothesis and they account for the anisotropy of the turbulence. However,
as a consequence of using seven instead of two equations to express the tur-
bulence, such models are often too CPU-expensive to used in engineering
calculations [18]. Two-equation models can however reach the minimum
level of modeling of vortical flows [17], justifying their applicability in the
present work; here, it is the trends rather than the detailed features of the
vortical structures of e.g. delta wings that are of interest.

As the angle of attack of a delta wing is increased, the associated vor-
tices will burst at a critical angle. The phenomena is referred to as vortex
breakdown and the consequence is, among other things, deceleration and
expansion of the vortices. Vortex breakdown may lead to problems in the
context of delta wing aircrafts, where it e.g. can impose loss in lift; however,
it is uncertain what implications it may have on the mixing in the current
work. The breakdown of the vortices is generally a time-dependant phe-
nomena. Despite this, the flow field of the unsteady and bursting vortices
may be predicted by steady state simulation, something that is confirmed
in [19] and [20]. One may therefore see indications of vortices experiencing
bursting in the current work, as the angles of attack evaluated in this report
are high.
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2.2.2 Mixing

At high Reynolds numbers, when the effects of inertial forces are dominant
over those of viscous forces, the flow is random and chaotic. In such flows,
fluid particles that are separated by a long distance can be brought close
together by the eddying of the flow. Although turbulence is associated
with efficient mixing, it is also associated with higher values of skin friction,
form drag and heat dissipation. Thus, turbulent flow will also increase the
pressure drop imposed by e.g. a turbulence generator such as a static mixer.
Consequently, the effectiveness of a mixer includes the trade-off between
mixing and pressure drop.
In the time-averaging process of the energy equation (or a general scalar
equation), three new terms are produced which are closed using the Reynolds
analogy. In this method, the new terms are modeled as the turbulent thermal
conductivity κt. This term is in turn related to the turbulent viscosity
through the turbulent Prandtl number (equation (2.11)). Several studies
have been conducted where RANS models have been used and which report
on the trends of the predicted mixing using this assumption.

In [21], experiments are conducted on mixing of two streams, with differ-
ent concentration of dissolved ions, connected in a T-junction. The results
are also compared to those obtained with steady RANS models, where the
concentration of ions was expressed using a scalar transport equation. They
report large underprediction in mixing in case of using a turbulent Schmidt
number (equivalent to turbulent Prandtl number in heat transfer) of 0.9.
This under-prediction was particularly notable far downstream of the pipe
connection. To produce results in better agreement to the experiments, they
varied the turbulent Schmidt number in the interval 0.1-0.9 and achieved
better agreement at downstream location using a value of 0.1.

[5] performed experiments on mixing of gas jets injected coaxially with
an air stream in a square duct with a static mixer installed. The experiments
were replicated using CFD where a scalar transport equation represented the
injected gas. Both steady and unsteady RANS models underpredicted the
mixing, whereas the Scale-Adaptive Simulation (SAS) model showed good
agreement with the experimental data. However, all three models gave good
prediction of the pressure drop over the mixer geometry.

Several reports, including the ones presented above, suggest that ad-
justment of the turbulent Prandtl number/Schmidt number to the specific
flow case is necessary to reproduce accurate thermal and scalar gradients,
and thus in turn, to obtain accurate mixing predictions using RANS models.
However, Autodesk Simulation CFD 2015 uses a non-adjustable value of one
and therefore does not offer this option. In the present work, the computer
resources is the limiting factor preventing the use of unsteady turbulence
models. The presented literature indicate that even unsteady RANS under-
predicts mixing, and that Scale-Resolving Simulations (SRS) such as Large



18 CHAPTER 2. THEORY

Eddy Simulation (LES) or SAS is more appropriate. Using such methods
does not only often require a finer mesh, but also a sufficiently small time
step, and this will in turn increase the computational cost. Due to the above
limitations, it can be expected that the results in the present work, in terms
of mixing, will be underpredicted and the SD higher than what has been
measured.



Chapter 3

Method

The following chapter will cover the modeling of the air heater channel in
CFD. This includes topics such as fluid properties, geometry and boundary
conditions. The development of a domain that was computationally afford-
able will also be addressed. The mixer concepts and different configurations
that will be evaluated is finally presented at the end of the chapter.

3.1 Fluid Properties and Physics

An appropriate way of modeling the fluid coming from the plug fans, fresh
air inlet and burner inlet is by approximating it as air with different degree
of humidity. To keep track of three different fluids in the domain one can
utilize a scalar transport equation for x, the specific humidity. In turn, a
scalar value between 0− 1 can be specified at the corresponding inlets and
the solver will assign values of specific heat using steam tables. However,
using this method will increase the computational cost and an alternative
strategy, which was adopted in the present work, is to assume a constant
mean humidity in the domain. Because there are large variations of tem-
perature in the dryer, temperature dependencies of the fluid properties were
included. The approach used to find these dependencies was to assume that
the fluid behaved as an ideal gas. I.e. the ideal gas law was used to describe
density variations with temperature (equation (3.1)), but the fluid was still
treated as incompressible. Gyptech AB provided specific gas constants Rs
and polynomials for specific heat for constant humid air mixtures. Initially,
a mixture of x = 0.3 [kg H2O/kg dry air] was used but was later changed to
x = 0.25 [kg H2O/kg dry air]; the reason will be covered in later sections.

ρ = pref
RsT

(3.1)

Here, pref = 101.325 [kPa] and T is the temperature in Kelvin. The
specific gas constants and the polynomials for specific heat are included

19
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in table 3.1. Dependencies for the thermal conductivity κ and dynamic
viscosity µ have been established using Sutherland’s law (equation (3.2)).
The constants are given in table 3.2.

Table 3.1: Polynomials for specific heat and the specific gas constants for
the two humid air mixtures; x = 0.25 and x = 0.3 [kg H2O/kg dry air].

x Cp [J/kgK] Rs [J/kgK]

0.25 1.990× 10−10T 4− 8.275× 10−7T 3 +
1.175× 10−3T 2 − 0.377T + 1203.48

321.88

0.3 2.125× 10−10T 4− 8.731× 10−7T 3 +
1.232× 10−3T 2 − 0.393T + 1230.82

327.25

γ = γref ( T

Tref
)3/2Tref + Ts

T + Ts
(3.2)

Table 3.2: Constants used in the Sutherland’s variations. Here, γ is replaced
by κ or µ. The data represents variations for dry air, i.e. x = 0.

γ γref Tref [K] Ts [K]
κ 0.02414 [W/mK] 273.5 194.4
µ 1.716× 10−5 [kg/ms] 273.5 110.6

Data for the correct values of specific humidity, in the given range of
temperature, was not found in the literature. Instead, the constants in the
Sutherland’s variations describe the temperature dependencies of κ and µ
for dry air [22].

As a final note, the effect of buoyancy was included in the model by
specifying the gravitational constant g = 9.82 m/s2. This is in turn used in
conjunction with the above density variation.

3.2 Geometry
The air heater channel contains several small components and detailed fea-
tures that does not have an important impact on the flow field. Because of
this, and to ease the work in the meshing process, a cleanup of the geometry
was done. Initially, the strategy was to model as much as possible of the
air heater channel, including the parts upstream of (a) and downstream of
(b) in figure 1.1. This strategy was later rejected in the mesh study and the
domain size was reduced to include only the parts seen in figure 1.1. The
geometrical simplifications of the neglected parts will therefore not be cov-
ered here. Another simplification that was set at an early stage, in order to
further save computational resources, was to enforce a symmetry plane over
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half of the dryer. This assumption is valid with the exception of the fresh air
inlet (not included here) and the burner. This can be recognized in figure
3.1 where the true burner geometry is shown together with its symmetric
modeled counterpart. The fluid enters the burner from one side of the air
heater channel and one can therefore expect a non-uniform flow into the
domain. Another consequence of this is that there is unequal blockage of
the cross-section of the duct. However, these aspects were disregarded, and
under the symmetry condition, equal blockage is assumed. Furthermore, the
inlet to the domain is through a large amount of small holes that are some-
what distinguishable in the left picture. Including these holes was avoided as
modeling them would require a fine mesh resolution. The inlet was instead
modeled using the representative plain surface that are highlighted red in
the right picture.

Figure 3.1: The real burner (left) and the modeled version (right). The
inlet to the domain consists of several small holes; these were replaced with
a representative surface, highlighted red.

The current mixer geometry is displayed to the left in figure 3.2 together
with the modeled version under the symmetry condition (right). The level
of detail was maintained as far as possible because the mixing performance
is of interest. The delta wings are mounted on I-beams in the real geometry,
but this was simplified in the model by using rectangular beams.

Figure 3.2: The current mixing geometry (left) and the modeled version
(right).
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3.3 Input Data and Boundary Conditions
The mass flow rates and associated temperatures at the inlets and outlets
of the air heater channel is given in table 3.3. The mass flow rates shown
here refers to half of the channel, i.e. under the symmetry condition, and
has therefore been reduced to half their values. The plug fan inlet, exhaust
air outlet and fresh air inlet are all positioned prior to the plane at (a) in
figure 1.1.

Table 3.3: Mass flow rates and temperatures for the inlets and outlets of the
air heater channel under the symmetry condition. The values correspond to
a humid air mixture of x = 0.3.

Variable /
Location

Plug fan
inlet

Exhaust air
outlet

Fresh air
inlet

Burner
inlet

ṁ [kgs−1] 15.21 3.12 1.3 1.3
T [oC] 149.1 149.1 20 1272.6

To accurately include a tangential and normal component of the flow out
of the plug fan, an angle θ = 70o was provided by Gyptech AB. This is the
angle between the normal of the circular plug fan surface and the resultant
velocity vector. Furthermore, the anticipated varying velocity profiles due
to non-symmetries of the fresh air inlet and burner inlet was not considered.
Constant profiles were instead set based on the mass flow rates. The walls
of the air heater channel are reportedly well insulated and can therefore be
simplified as adiabatic. This assumption is also valid at the burner walls,
as the combustion and the associated high temperature is restricted to the
vicinity of the burner inlet. Heat transfer between the burner walls and
the co-flow due to a hot interior does therefore not have to be considered.
Moreover, all walls were set as smooth and with the no-slip condition.

It is often convenient to assign different values for the turbulent quanti-
ties to different inlets, depending on the characteristics of the flow upstream.
This is not a possibility given in Autodesk Simulation CFD; the same I is
set to all inlets whereas the value for ε is set automatically based on the inlet
area. The inlet condition for k was specified using a turbulence intensity of
I = 5%; this is a reasonable value for internal flows [1], in conjunction with
the automatically applied inlet area based length scale described in section
2.1.5. The effect of using a higher value for I was investigated when the
model was validated.

3.4 Reference Values and Important Parameters
To have an overview of the flow conditions in the dryer, quantities such as
mean temperatures, range in temperatures, Reynolds numbers and mean
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velocities, may serve as good indications. For the operating conditions with
x = 0.3, the mean temperature in the region of the mixer was Tmix = 250oC
and the range in temperature at the burner inlet ∆T = 1144oC. The mean
temperature can be used to establish the mean streamwise velocity in the
mixer region

Vmean = V̇mix
A

= ṁmix

ρmixA
, ρmix = pref

RsTmix
(3.3)

This gives Vmean = 15.56 m/s. The Reynolds number in the mixer region
can then be estimated to

ReH = ρmixVmeanH

µmix
= 5.33× 105 (3.4)

Where the channel height H has been used as characteristic length and
µmix is the dynamic viscosity from equation (3.2). Under the operating
condition with x = 0.25, the corresponding values were; ReH = 5.71× 105,
Tmix = 187oC, ∆T = 966oC and Vmean = 13.22 m/s.

The above mean temperatures are used to quantifying the level of mixing
using the Standard Deviation, which is defined according to equation (3.5)

SD =

√√√√ 1
N

N∑
i=1

(Tmix − Ti)2 (3.5)

Where N is the number of points over the cross-section of the channel.
In case the SD is compared to measurements, the same grids are used to
extract Ti. When cases are compared, such as mixer concepts or different
meshes, a 29 × 36 grid was used consistently. The latter grid was chosen
after an investigation had been conducted where the SD for different grid
densities were compared. The result showed that the SD was hardly affected
far downstream, where the temperature distribution is more even, whereas
the results close to the mixer was sensitive to the number of points. At
these positions, where the temperature field is still highly non-uniform, it is
important that the peaks in temperature are included on the grid.

In order to compare the presence of turbulence for different mixers con-
figurations, a suitable quantity had to be chosen. The effective thermal
conductivity κeffective (equation (3.6)) was appropriate for this matter be-
cause it includes both κ and the contribution of the turbulent heat transfer
κt.

κeffective = κ+ κt (3.6)

Another useful quantity is the vorticity. This can be used to illustrate
vortices and to compare vortex strength between cases. The vorticity vector
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is defined as

ω̄ =
(∂v3
∂x2
− ∂v2
∂x3

,
∂v1
∂x3
− ∂v3
∂x1

,
∂v2
∂x1
− ∂v1
∂x2

)
(3.7)

Finally, it was also necessary to define the pressure drop over different
mixer concepts. In the domain that was later used to examine different
configurations, ∆p was defined as the difference in static pressure between
the inlet and the outlet. The planes that these constitute are located at
positions closely to those where measurements were conducted on-site.

3.5 Convergence

To use the residuals of the different variable in the domain as a means to
define convergence was avoided because of difficulties in establishing a target
value for the L2

norm, as mentioned in section 2.1.7. Instead, the velocity
components and temperature was monitored at several points in regions of
interest. These monitors gave an indication when simulations had converged
locally. However, to ultimately define convergence, the SD was compared
using equation (3.5) at different iterations and in different planes. The SD of
the last iteration was usually compared to a solution 500 iterations earlier,
and it was made sure that the change was kept < 0.1%. The average number
of iterations required for this was approximately 2400 or 3500, depending on
whether the Standard k-εmodel or RNG model was used. ∆p was monitored
as well but had mostly converged to a value that changed with even lower
margins long before the SD. With the computers that were used, reaching
the above amount om iterations usually required between 48-72 hours.

3.6 Domain and Mesh Study

Throughout all simulations, the element quality was monitored using the
Nodal Aspect Ratio (NAR). This is essentially the max-to-min ratio of all
element edge lengths emanating from a mesh node and can be regarded as
a measure of the distortion of an element. A value of NAR < 100 is ideal
in regions of interest [23], but a value well below this could be maintained
overall. The boundary layer was consistently modeled using four prismatic
elements and the wall adjacent element was placed such that 35 < y+ < 100.
The Standard k − ε model was used during the mesh studies as it required
30% less time for convergence compared to the RNG model. The work
spent establishing a computational domain that could be afforded with the
available computer resources was extensive. Overall, four different domains
were considered where the difference between them was that the domain was
successively made smaller and some physics and flow simplifications were
enforced. The different domains will hereinafter be denoted D1, D2, D3



3.6. DOMAIN AND MESH STUDY 25

and D4, where the number indicate the order in which they were evaluated.
The first two domains were simulated under the conditions with x = 0.3 [kg
H2O/kg dry air], but this was changed to x = 0.25 [kg H2O/kg dry air] in
D3 and D4 in order to reduce the mesh requirements.

3.6.1 D1

D1 refers to the symmetric domain that was originally developed. This do-
main includes the plug fan, exhaust air outlet and fresh air inlet upstream
of (a) in figure 1.1, but also the split of the channel and the features down-
stream of (b). With these parts included, it has roughly twice the volume
of the domain in figure 1.1. A mesh sensitivity study was started on D1 but
was soon aborted. Two meshes were examined where the mesh count was
3.8 × 106 and 4.4 × 106 elements respectively. For the latter case, the bulk
element size was set to 80 mm and refinement regions with an element size
of 50 mm was set at the burner, mixer and in and around locations where
large gradients developed. These elements sizes were considered too coarse
and were believed to be insufficient to have accurate predictions of the steep
gradients that developed in the duct. Further, even a small decrease in these
element sizes resulted in large increase in total element count, due to the do-
main size. An alternative strategy was then adopted where the idea was to
perform separate mesh studies on different regions of the air heater channel,
starting with the burner region (D2). In this way it would be ensured that
differences in flow quantities would come as a result of the mesh refinement
locally and not from changes generated due to mesh refinement upstream.
The domain D1 could in this way also be proven to be too large for the
given computer resources, as suspected, if the mesh requirement in e.g. the
burner region alone would be large.

3.6.2 D2

The domain (D2) that was used to evaluate the mesh requirements in the
burner region can be seen in figure 3.3. The inlets were placed approximately
half way over the burner such that they constituted four rectangular surfaces.
To include the trends of the flow from upstream the burner, these surfaces
were assigned mass flow rates and temperatures based on the simulation of
D1. The domain was cut shortly after the mixer geometry, in a plane that
was far enough downstream such that the zero pressure outlet would not
influence the results in the region between the burner and the mixer. The
reader is referred to appendix section A.1 for the specifics of the boundary
conditions.

Four different meshes were evaluated where the mesh density were in-
creased in the bulk and in some refinement regions. The total mesh count of
the four different meshes was 4.2, 5.7, 6.8 and 8× 106 elements respectively.
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Figure 3.3: The computational domain denoted D2. The figure includes five
planes colored by temperature and the position of the line where temperature
profiles are compared in figure 3.5.

A side view of the domain showing these refinement regions can be seen in
figure 3.4 and the element sizes are given in table 3.4.

Figure 3.4: Side view of D2 illustrating the positioning of the refinement
regions between the burner inlet and the mixer. The figure shows the 8×106

element mesh.

The peaks in temperature became more notable as the mesh was made
finer, which can be seen in figure 3.5. These profiles indicate that a fine mesh
resolution is required to capture the steep gradients between the compara-
tively low temperature air coming over the burner and the high temperature
air coming from the burner inlet. However, the velocity profiles in the region
of the burner inlet did not change much between the meshes. Because there
were no trends (in the temperature profiles) that indicated that the differ-
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Table 3.4: The element sizes used in the bulk and in the refinement regions
seen in figure 3.4.

Region/Mesh 4.2× 106 5.7× 106 6.8× 106 8× 106

Region 1 [mm] 30 26 22 17
Region 2 [mm] 35 35 30 23
Bulk 3 [mm] 35 35 35 30

ence between the meshes was getting smaller, the domain size was reduced
additionally. The mixer region had been set with a coarse mesh in these
simulation and was suspected to require a fine mesh too; therefore, a mesh
larger than 8× 106 elements in the burner region alone was considered too
much for a combined domain given the available RAM memory.

Figure 3.5: Temperature profiles that are representative for the changes in
the burner region as the mesh was made finer in D2. The temperature
profiles were extracted from the line shown in figure 3.3.

3.6.3 D3

To reduce the mesh count, and hence the computational cost, another sym-
metry plane was assumed and was placed horizontally over the middle of the
channel according to figure 3.6. What remained from the real channel was
now 1/4 of the cross-section. Together with this assumption, the effects of
gravity (buoyancy) was neglected and the mass flow rates were distributed
evenly between the two inlets halfway over the burner. To ease the mesh
requirements due to the large temperature gradients, the operating condi-
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tion of the dryer was changed to a case where the temperature range was
lower and where the specific humidity was x = 0.25 [kg H2O/kg dry air].
More specifically, the temperature range at the burner inlet under the new
conditions was ∆Tx=0.25 = 966oC, which is a reduction of 15.5% compared
to ∆Tx=0.3 in D1 and D2. See appendix section A.2 for more details.

Figure 3.6: The computational domain denoted D3. The figure includes
four planes, colored by temperature, where SD values are compared. The
position of the line where temperature profiles are compared in figure 3.7a
is also included. x = 3.6 m indicate the position of the plane that was the
basis for the inlet boundary condition to D4.

A new mesh study was performed on the burner region, starting with a
mesh that was similar to the finest mesh (8×106 elements) evaluated on D2.
The element sizes, using the same refinement regions as in D2, are given in
table 3.5.

Table 3.5: The element sizes used in the bulk and in the refinement regions
seen in figure 3.4. Note that even small element size modifications had a
large impact on the total element count.

Region/Mesh 3.7× 106 6.9× 106 10.1× 106

Region 1 [mm] 17 13 10
Region 2 [mm] 23 21 21
Bulk 3 [mm] 30 30 30

By studying the temperature profiles (figure 3.7a) that have been ex-
tracted from the same line as in D2, one can see that similar problematics
was found here, however not as severe. The effect on the SD in the planes
from figure 3.6 is shown in figure 3.7b.

The difference in SD and temperature profiles, when comparing between
meshes, was most notable close to the burner inlet. However, the changes
were lower than in the mesh study on D2. At x = 1.6 m, the change in SD
was 13.2oC between the coarse and medium mesh and 6.7oC between the
medium and fine mesh, and this corresponds to 4.5% and 2.2%, respectively.
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(a) (b)

Figure 3.7: Temperature profiles extracted from the same line as in D2 and
SD values based on 29× 36 points over the cross-section. The deviation in
temperature from the mean value (Tmix = 187oC) increases as the mesh is
made finer, as indicated by the SD values.

By examining the SD closer to the mixer instead, at x = 3.6 m, the differ-
ences between the meshes was only 1.8% and 1.3%. Overall, the changes was
decreasing and to use the medium mesh in the burner region was therefore
considered as acceptable. However, the mesh count was high and the mixer
mesh had been set with a coarse element size throughout this study, just as
it had in the study on D2.

3.6.4 D4

The mesh requirements in the mixer region (D4) was evaluated without
modeling the burner region. Instead, to reduce the computational time,
the results in a plane at x = 3.6 from D3 was set as inlet conditions to
D4. However, the software did not include the possibility of applying results
directly from a plane of one simulation as boundary conditions to a new
domain. Instead, six zones were used to include the variation in T and
Vx. These zones are distinguishable at x = 0.5 m in figure 3.8. A more
elaborate explanation of the boundary conditions is found in appendix A.3.
In the original geometry, the split of the channel into the manifolds is located
at x = 3.92 m; this was disregarded and the channel was extended.

It can be noted that the range in temperature was more manageable
for the mesh in the mixer region; ∆T = 252oC compared to ∆T = 966oC
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Figure 3.8: D4 with planes colored by temperature. The figure illustrates the
x-positions where quantities in planes were compared between the meshes.
The red line at x = 1.2 m shows where data for profiles have been extracted.
x = 3.92 m indicate the position where on-site measurements of the SD have
been conducted.

at the burner inlet. The element size was made finer in some refinement
regions, illustrated in figure 3.9, and the total element count for the three
cases examined was 4.7 × 106, 7.2 × 106 and 10.3 × 106 elements. In the
manual mapping of the boundary conditions (covered in A.3) between D3
and D4, some of the range in temperature was lost, and this had an im-
pact on the SD. This can be seen by studying figure 3.10c where the SD is
compared for the three meshes and where the SD from D3 is included at
x = 0.5. The change due to mesh refinement is also illustrated using tem-
perature profiles and streamwise velocity profiles in figure 3.10a and 3.10b,
respectively. These profiles are a good representation for the changes and
have been extracted from a line at a position where the gradients are large.
One can see that the difference between the medium and fine meshes is lower
than between the coarse and medium mesh. This is also verified in table 3.6,
where the differences have been quantified using Root Mean Square (RMS)
and percentage.

Table 3.6: Quantification of the difference between temperature profiles,
streamwise velocity profiles and SD in figure 3.10. The difference in SD
refers to the difference at x = 3.92. The change in pressure drop is also
included. The RMS of T and Vx can be compared to the range at the line;
∆T = 97oC and ∆Vx = 23.8 m/s .

Mesh RMS T RMS Vx Diff. SD Diff. ∆p
4.7M-7.2M 3.9 oC 0.9 m/s 3.7% -3.4%
7.2M-10.3M 2.2 oC 0.6 m/s 1.1% -3.3%
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Figure 3.9: Side view of the volume surrounding the mixer in D4. For
the three cases evaluated, the mesh sizes in (Region 1, Region 2, Region 3,
Region 4) were set according to (25, -, 20, 20), (25, -, 15, 20) and (25, 10, 15,
20) [mm] for the coarse, medium and fine mesh, respectively. Region 2 was
only included in the fine mesh and it covers the separation region of each
wing. The mixer surface mesh size was set to 20, 15 and 10 [mm] for the
three cases. The bulk mesh downstream of region 4 was kept at 30 [mm].

(a) (b) (c)

Figure 3.10: Temperature profiles (a), velocity profiles (b) and SD (c). The
locations from where data for the SD and the profiles have been extracted
is shown in figure 3.8. The vertical line in (c) shows the position of the
trailing edge of the mixer. The SD from D3 is included here to show the
error introduced from manually mapping the results from D3 to D4.
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3.6.5 Choice of Domain and Mesh

The computer used during the mesh study could manage simulations with
up to approximately 12× 106 elements, with the 24 GB of RAM being the
limiting factor. Studying different mixer configurations using D1, or even a
smaller domain with only one symmetry condition, was rejected because of
this. Using D3 and D4 together as one domain would be the ideal choice, be-
cause it would reduce the uncertainties of the inlet boundary conditions used
on D4. However, the increase in computational cost followed from modeling
the burner region was avoided and D4 was regarded as appropriate to use as
basis for studying mixer concepts. Moreover, it was decided that the most
successful concept(s) should be examined with different inlet conditions to
see if the improvements remain, but also due to the uncertainties in the
manually mapped inlet conditions. It was concluded that the medium mesh
in D4 should be used to evaluate new concepts with, because the SD only
changed with 1.1% and the pressure drop with -3.3%, with respect to the
finest mesh. Due to the small change, this mesh was regarded as sufficient
for the gradients developing over other mixer concepts as well.

The effect of domain length was examined by extending the outlet on
D4 by 25%. This had a negligible impact on the SD but ∆p increased by
≈ 1%. The small increase in pressure should come naturally with a longer
duct, and the original length could therefore be kept. Finally, a case where
the majority of the wall adjacent elements were placed such that y+ ≈ 15
was compared to the case with the original setting of 35 < y+ < 100. This
did not result in any notable change, demonstrating that some occasional
surface region with a y+ below the recommended value of 35 does not have
a significant effect.

3.7 Validation

It is a common practice to validate CFD models, by comparing simulation
results with measurements, in order to have an understanding of the model
accuracy. In this report, the Standard and RNG k − ε turbulence models
were compared and the most appropriate model was chosen. The effect
of using different level of turbulence intensity I was also examined due to
uncertainties in the presence of turbulence prior to the mixer in D4. Lastly,
the assumption of using an incompressible fluid was be analyzed. The chosen
model setup was then be used when different mixer concepts were evaluated,
and the trends were quantified by comparing the results with the original
mixer concept. These trends foremost involved how the concepts managed
to rearrange the temperature field, how effective they were in introducing
turbulence, but also how high pressure drop they caused.
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3.8 Static Mixer Concepts

The following section will give a description of the mixer concepts and con-
figurations of mixer concepts that were evaluated. For more details and
references, one is referred to section 1.4. To get an initial picture of the use
of a static mixer in the air heater channel, it was considered interesting to
see how the temperature field would look without a mixer installed. Thus,
the first concept is one consisting of an empty channel.

The original mixer, seen in figure 3.11a, consists of several delta wings
mounted over the cross-section of the channel. These delta wings create
longitudinal vortices with strength and size depending on Reynolds number,
angle of attack and aspect ratio. Based on this, the angle of attack was
varied ±10o around the original angle of α = 30o. As a consequence of
limited space in the channel, c had to be varied slightly whereas w and Λ was
kept constant. A modified version was also evaluated, and is seen in figure
3.11b. This concept has the same α, AR and Λ as in the original VG, but c
has been increased by 50% and the wings have been positioned differently.
Because of the increase in Reynolds number (based on the chord length),
it was believed to bring more large scale vortices. The third VG concept
is displayed in figure 3.11c. Here, a variant of the original VG is placed at
different distances L, and staggered with respect to the original mixer. In
this way, portions of the temperature field that had not been affected by
the first mixer may be better reached by the second. When evaluating this
concept, the domain length was increased such that the channel length after
the mixers in the concepts displayed in figure 3.11a and 3.11c was the same.

The guide vane mixer was also implemented in the air heater channel,
since it was regarded as a simple concept with potential. Its basic idea is to
initiate large scale rotation, and thereby facilitate the mixing. Because the
available literature was limited, the implemented geometry seen in figure
3.12 is largely arbitrary.

A concept that was based on the corrugated plate mixer was examined
and is illustrated in figure 3.13. The original concept described in section
1.4.2 is in fact not symmetric. Despite this, it was believed to be efficient
in rearranging the temperature field and that this advantage would remain
even with the symmetry conditions. The concept was evaluated with α set
to 30o and 35o, but higher angles were avoided as that was believed to inflict
too high pressure drop. Two configurations are displayed in figure 3.13, one
with two plates and one with three. Figure 3.13a also show the element
extent L and the incidence α; the extent was decreased in the case the angle
was increased.
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(a) Original VG concept. (b) Modified VG concept.

(c) Original VG concept with a staggered VG at distance L.

Figure 3.11: Variants of the VG concept that was evaluated. (a) shows
the original VG concept, with angle of attack α, and an illustration of the
different parameters of a delta wing; chord length c, width W and leading
edge sweep angle Λ. (b) shows the modified VG concept and the chord length
c. (c) illustrates the original VG concept with a staggered VG positioned at
a distance L in its wake.

Figure 3.12: The guide vane mixer. From left to right: front view, top view
and isometric view. The dimensions included in the figure were set according
to R = 0.5 m, α = 30o and β = 83o.
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(a) Corrugated plate mixer, two plates.

(b) Corrugated plate mixer, three plates.

Figure 3.13: Two configurations of the corrugated plate mixer. (a) was
evaluated for α = 30o and α = 35o whereas (b) was examined with α = 30o.
Note that β and L had to be set differently in (a) and (b) so that the mixers
would fit in the rectangular channel.

3.9 Verifying Successful Concepts - New Bound-
ary Conditions

The most successful concept(s) will be evaluated with different inlet bound-
ary conditions. The different variations of Vx and T are denoted BC1, BC2
and BC3, and they are illustrated in figure 3.14. Note that the profiles
shown have propagated 0.5 m: in this way they are better illustrated.

All three variations of the boundary conditions have the same total mass
flow rate and mean temperature, and therefore also give the same average
velocity and Reynolds number. For more specifics on how these boundary
conditions were applied, one is referred to appendix section A.3.1. This
study was done to ensure the performance of the chosen concepts when
they are exposed to different flow conditions; some concepts may be more
sensitive to the temperature and flow distribution upstream of the mixer
than others. It is also done because there are uncertainties in the boundary
conditions denoted BC2. These uncertainties arise because there were errors
introduced in the manual mapping of the boundary conditions between D3
and D4, but also because the conditions in D3 itself are uncertain; this
domain did not include the flow history from upstream the burner. The
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boundary conditions will also be evaluated on the original VG concept.

Figure 3.14: BC2 is the baseline boundary condition used to evaluate con-
cepts. The other two are variations that simulate either less spreading (BC1)
or more spreading (BC3) of the baseline boundary condition. More details
are given in appendix section A.3.1.



Chapter 4

Results and Discussion

In this chapter the results of the different concepts will be presented and
discussed. This will be preceded by a discussion of the mesh and domain
study, and a discussion and comparison of the results from the on-site mea-
surements and the model.

4.1 Mesh and Domain

The mesh study, and consequently the study for an affordable domain, re-
quired a large portion of the spent work. The temperature gradients in the
region of the burner inlet had to be covered with a fine element size in order
to have a mesh independent SD at downstream positions. This result was
believed to be partly due to skewness of the elements and partly due to
the accuracy of the discretization scheme. Along with mesh refinement, the
elements resemble ideal tetrahedral elements more and the error due to the
skewnesss, or NAR, is decreased. Further, the mesh refinement also lowered
the gradients over each element and thereby reduced the error due to the
accuracy of the discretization scheme. However, the velocity components
were hardly affected by these errors, suggesting that the element size was
already small enough to cope with the velocity gradients.

In the study on D4, it was assumed that the mesh set at the original
mixer would be sufficient for other mixer concepts as well. Some changes
however, such as an increased α, may lead to conditions with larger gradi-
ents. In D4, the mesh size at the delta wings was decreased by 33% between
the medium and fine mesh and this in turn lowered the SD by 1.1%. Thus,
a relatively large decrease in element size lead to a small change and this
in turn suggests that the gradients have been modeled with good accuracy.
It can however be argued that, to judge whether a concept is successful or
not, the change that comes as a consequence of e.g. an increased α should
be larger than the above change due to mesh refinement.

The number of prismatic layers at the walls was kept low in order to

37
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reduce the element count and the approach with y+ = 1 was therefore
avoided. None of the evaluated concepts, except for the guide vane mixer,
were believed to have performances that are dependent of a certain point of
flow separation, and does from this point of view not require high accuracy
in the wall modeling. Further, the generation of turbulence at the walls and
the contribution of shear drag also depend on the wall modeling, but it can
be argued that both of these should have a small impact in comparison to
the turbulence and form drag generated by the static mixer. The above was
further strengthened in a study where it was concluded that the effect of
using y+ ≈ 15 rather than y+ > 35 was negligible.

4.2 Validation

To have an overview of how the temperature field in the modeled domain
is predicted in comparison to the real dryer, results from simulations and
measurements are given in figure 4.1. Here, figure 4.1a shows the temper-
ature field over the full cross-section of the channel, measured in a plane
at the split of the channel into the manifolds. The corresponding results of
simulations using Standard k− ε and k− ε RNG are included in figure 4.1b
and 4.1c, respectively. According to the on-site measurements, the SD is
3.73oC or 4.25oC, depending on if the full or a quarter of the cross-section
is considered. In the simulations, using the same 2× 3 grid over the quarter
of the channel, the Standard model predicts a SD of 40.22oC, whereas the
simulation with the RNG model resulted in 38.63oC. I.e., even though the
SD was lowered with approximately 18oC in the manual mapping of the
boundary condition from D3 to D4, the level of mixing compared to the
on-site measurements are still under predicted. This will be discussed more
in-depth in the next subsection.

In figure 4.1a it can be seen that the temperature field is not symmet-
ric. However, even though this has been assumed in the model, and that
uncertainties have been introduced due to neglected buoyancy and errors
in mapping of the inlet boundary conditions, some similarities are visible
between the simulations and measurement. These similarities include the
formation of high temperature regions positioned in front of the vertical
sections of the burner inlet, but also the cold regions close to the channel
walls.

A comparison of the SD predicted by the Standard and RNG model is
given in figure 4.2 (the RNG model includes two different cases of I set to
inlet). With the grid used here, the SD at x = 3.92 m was 34.41oC for the
Standard model whereas it was 35.64oC and 35.24oC for the setups with the
RNG model. Both RNG setups gave a pressure drop of ∆p = 89 Pa and
the Standard model gave ∆p = 90 Pa; all in acceptable agreement to the
measured value of 100 Pa. It can be argued that the predicted ∆p could
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(a) Measurement, 4 × 6 grid

(b) Standard k − ε, 2 × 3 grid (c) k − ε RNG, 2 × 3 grid

Figure 4.1: Measured temperature [oC] profile over full cross-section (a),
temperature profiles over quarter of channel cross-section from simulations:
(b) and (c). Note that the measured temperature profile at the highlighted
quarter of the channel in (a) appears larger; the values have interpolated
between points. Note also that the color scale is different in (a) compared
to in (b) and (c).

have been somewhat higher if e.g. the real I-beams would have been modeled
instead of the rectangular beams. By comparing the two different models
(with I = 5%) it could be concluded that the Standard model predicted
somewhat different propagation of the turbulent quantities set to the inlet,
which is why the SD differs already at x = 0.5 m. Further, the Standard
model predicted more presence of turbulence at the mixer geometry, whereas
the RNG model gave higher values farther downstream. It is hard to say
which model is more accurate, as both under predict the mixing to the
same magnitude. However, the RNG model predicted vortices with higher
strength and their presence was more notable at positions far downstream.
This was believed to be a consequence of the model being less sensitive to
large extra strains, such as those in the vortices and at the stagnation points
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of the mixer. This lead to the conclusion that it may be better suited when
comparing mixer concepts and different configurations of concepts, and will
therefore be used hereinafter.

Figure 4.2: Comparison of SD for Standard k−ε and k−ε RNG. Results of
different turbulent intensity set to the inlet is included for the RNG model.
The SD is based on 29× 36 points over the cross-section at the x-positions
corresponding to those displayed in figure 3.8. The vertical dotted line shows
the position of the trailing edge of the mixer.

To examine the effect of more turbulence present already before the
mixer region, a simulation with I = 10% set to the inlet is included in figure
4.2. A value of I = 10% was chosen because it can be considered high for
most internal flows [1]. The resulting decrease in SD at x = 3.92 m was only
≈ 1.1%, suggesting that the turbulent inlet conditions are not as important
far downstream, where the turbulence generated by the mixer is dominant.
For the rest of the work, it was assumed that concepts could be studied
independently of turbulent intensity set to the inlet, as long as all cases had
the same setup, and the more moderate value of I = 5% was kept. Finally,
a case where the fluid was set as compressible was evaluated; this was done
to see if it may alter the way the solver treats the equations and if it thereby
had an effect on the SD. It did not result in any change and the fluid was
continued to be treated as incompressible.

4.2.1 Modeling Assumptions and Simplifications

The SD in the model was compared to what had been measured on-site,
but showed a large underprediction in the mixing. There are several things
that have contributed to this. One important factor is that the full domain
could not be used; the flow field in the burner region (D3) was the basis
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for the boundary conditions to the mixer region (D4). D3 did however not
include the flow field from upstream the burner; the boundary conditions
to D3 was set using T and Vx as constant values halfway over the burner
and the turbulence intensity was specified as I = 5%. I.e., the stagnation
points on the upstream facing surfaces of the burner were not included, and
the burner does therefore not obstruct the flow in this domain. In the brief
mesh study on D1, it was also noted that the flow field prior to the burner
was highly turbulent, as the fresh air inlet obstructs the flow and blocks 20%
of the channel cross-section. If the full geometry would have been used, or
D1, the turbulence would have propagated over the burner, to some extent,
and would have contributed to more mixing. It is hard to say how big effect
this would have had, but both the fresh air inlet and the burner serve as
obstructions that introduce turbulence, just like the static mixer.

The work conducted in this study was restricted to using steady state
RANS turbulence models. The use of such models is believed to be a second
important contributor to why the SD was underpredicted, and section 2.2.2
was included to verify this. The setup in one of the studies presented there
([5]) has a setup similar to the air heater channel. The author conclude
that the high frequency velocity fluctuations included in a SRS model is
more comparable to real flows, where they have a significant impact on the
mixing. Modeling the effect of these fluctuations with time-averaged models,
in conjunction with κt, often leads to overprediction of the gradients of the
temperature, and in turn underpredicts the mixing. Because the gradients
in temperature are already high in the air heater channel, this effect becomes
even more evident. However, RANS turbulence models are typically used
to study trends and it is not uncommon that they either overpredict or
underpredict some feature of the flow.

Using results of some experiment or benchmarking case from the lit-
erature was considered as a means to validate foremost RANS modeling
in context of mixing. This data should address thermal mixing, and should
most favourably have come with two configurations or flow conditions. Such
a problem could have been replicated and used as validation to strengthen
the results obtained in the present work. Data for an experiment with two
flow cases or configurations were not found, and benchmarking was therefore
not performed. Using data from e.g. one flow case from experiments of a
T-junction was considered meaningless as it most likely would only verify
what has already been concluded in the referenced literature in section 2.2.2.

There are also some errors in the model that are believed to have a
less significant effect on the errors in the SD. The values used for κ and
µ do not correspond to values for x = 0.25 [kg H2O/kg dry air]. As an
example, the difference between κx=0.25 and κx=0 is 3.7% at 80oC [24]. Such
a small difference is negligible in comparison to the difference between κ and
turbulent counterpart κt, which is in the order of 1000 times larger in the
mixer region.



42 CHAPTER 4. RESULTS AND DISCUSSION

Furthermore, buoyancy was neglected due to the horizontal symmetry
plane, in the domain used for validation. The consequence of this was how-
ever small as the streamwise velocity is high compared to the vertical velocity
component resulting from gravity. This was confirmed by comparing simu-
lations of D2 and D3, where one domain excludes and one domain includes
gravity.

There are also some errors which are hard to estimate the effect of. One
such is that it was assumed that the specific humidity was constant and that
it therefore did not differ between e.g. the burner inlet and the flow from
upstream. This variation was neglected because it avoids the use of a scalar
equation for x, and Cp does in turn not have to vary with both x and T .
By assuming that the specific humidity varies in the range 0 < x < 0.25 in
the real dryer, then the difference in Cp can be up to, as an example, 18%
at 180oC. Another simplification is that the small holes that constituted
the inlet of the burner was neglected and instead set as plain surfaces. This
together with the fact that combustion takes places close to the holes brings
an uncertainty to the mixing in this region.

The above mentioned modeling assumptions and uncertainties are present
in all simulations conducted in this work. It can therefore be argued that
they contribute with approximately the same errors in all cases, and that
they therefore may not effect the trends that can be seen for different mixer
concepts.

4.3 Empty Channel

The use of a mixer in the air heater channel can be recognized by comparing
the temperature fields in the channel for a case without a mixer and a case
with the original VG mixer installed; this is illustrated in figure 4.3.

In the case with an empty channel, the homogenization of the tempera-
ture field is slow because there is hardly any turbulence present. In addition,
the in-plane velocity components Vy and Vz are close to zero, and therefore
give no contribution to the in-plane rearrangement of the temperature field.
In the case with the original mixer however, the streamwise vortices and
the turbulence associated with the mixer has evened the temperature field
effectively. The two cases are compared using SD in figure 4.4.

By studying figure 4.4, one can note that the decrease in SD with x is
close to linear for the case with an empty channel. On the other hand, in the
case with the original mixer installed, the slope is high as the fluid passes
the mixer, and also in its wake, but then lowers to be approximately the
same as in the case with an empty channel for x > 2.7 m. With the empty
channel as reference, the original mixer has decreased the SD by 41.1% at
the measurement plane, however the pressure drop over the channel has
increased from ∆p = 1 Pa to ∆p = 89 Pa.
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(a) Empty channel

(b) Original mixer

Figure 4.3: Temperature field at different x-positions in the air heater chan-
nel for the cases with (a) an empty channel and (b) the original VG mixer.
The x-positions and temperature scales are identical in both figures.

Figure 4.4: Comparison of SD for the original VG concept and the case with
an empty channel. The SD is based on 29× 36 points over the cross-section
at the x-positions corresponding to those displayed in figure 4.3. The vertical
line shows the position of the trailing edge of the mixer.
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4.4 Wing Type Vortex Generator Concepts

4.4.1 Original VG Concept - Varying α

The angle of attack α of the delta wings was varied ±10o around the original
angle of 30o, to alter the associated vortices and to study the effect on the
mixing performance. Figure 4.5 shows the case α = 30o with planes colored
by streamwise vorticity. This figure should only serve as an illustration of
the counter-rotating vortices. The change of the vortices with α was hardly
notable when only the x-component of the vorticity was examined. Instead,
the change was more easily seen by comparing the different cases using the
vorticity magnitude (figure 4.6).

Figure 4.5: Illustration of the vortices developing over the delta wings using
the x-component of the vorticity. A negative or a positive value indicate the
direction of rotation about the x-axis.

It should be noted that, when studying the vorticity magnitude in figure
4.6, the counter rotating longitudinal vortices are not visible separately as in
figure 4.5; instead one sees an outline that enclose two vortices from neigh-
boring delta wings. Note that both the vorticity magnitude and size of the
region which it affects has increased when the angle of attack is increased.
The generation of turbulence, illustrated using effective conductivity in fig-
ure 4.7, has increased with increasing angle of attack as well. One can also
note that the regions of high turbulence is closely related to the regions with
high vorticity magnitude, in the plane at x = 1.2 m.

In regions where the values of the turbulence has not yet become high
(for approximately 0 < x < 1.7 m), the main mechanism for mixing is the
ability of the different configurations to rearrange the temperature field. By
studying the temperature field closer to the mixer for the three configura-
tions in figure 4.8a, one can see that the difference due to a higher vorticity
magnitude does not have a very big impact. Somewhat more efficient smear-
ing is achieved for the cases with large angle, otherwise it is actually the 20o
case that best manages to deflect hot air into the top cold region. Towards
the measurement plane, where the effect of the vortices is no longer present,
the turbulent diffusion is dominant. Even though the effective conductivity
is almost doubled here in the 40o case compared to the 20o case, its effect on
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Figure 4.6: Planes colored by vorticity magnitude for the three angles of
attack evaluated. The figures shows that the vorticity magnitude and the
size of the regions that it affects has increased with α.

Figure 4.7: Planes colored by effective conductivity for the three angles of
attack evaluated. The amount of turbulence generated increases with α.
The regions of high turbulence close to the mixer correlates to the regions
of high vorticity magnitude in figure 4.6.



46 CHAPTER 4. RESULTS AND DISCUSSION

lowering the SD is not very strong. With the 30o case as reference, the 40o
case manages to lower the SD with 2.1% while the pressure drop is increased
from 89 Pa to 120 Pa. In the 20o case, the SD is increased by 3.2% and the
pressure drop is lowered to 55 Pa.

(a) The three configurations with planes colored by temperature

(b) SD for the three configurations

Figure 4.8: Temperature field at different x-positions in the air heater chan-
nel (a) and the SD at the corresponding planes (b).

Because the change in SD was so small for both cases, and came at a
relatively high cost in pressure drop to give an improvement, it was consid-
ered meaningless to evaluate more angles with this concept. The vortices
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generated in this concept also seemed to be too small scale to be able to mix
the relatively large hot and cold regions. As a final note, it could not be
concluded whether or not the vortices had experienced vortex breakdown or
not.

4.4.2 Original VG Concept - With Staggered VG

Two cases were examined and will here be compared to the original VG
concept. In one of them, a second mixer element was placed approximately
where the vorticity magnitude had diminished somewhat, at 1.7 < x < 2.2
m, but where the turbulence had not yet been fully developed (see results in
section 4.4.1). As a second case, the staggered element was placed farther
downstream, at 2.2 < x < 2.7 m, such that the turbulence generated by the
first element was utilized over a somewhat longer distance. However, the
impact of having a second mixer element was small, something that can be
realized by studying temperature fields in figure 4.9. For both configurations,
the second element produced new vortices when those of the first element
had diminished. However, these vortices did not mix the bottom hot region
with the top cold region very efficiently, which is also evident from figure
4.9.

Figure 4.9: Planes colored by temperature for original mixer and two cases
where a second element has been placed at distance L = 1.05 m and L = 1.55
m. Note that the full domains are not shown in the two bottom cases, where
the channels have been extended.

The second element did not increase the generation of turbulence much.
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When the turbulence was fully developed, for x > 3.2 m, the values of the
effective conductivity was only slightly higher than in the case with the
original VG, but lower compared to the original VG with α = 40o. By
studying the SD in 4.10 it can be seen that the two cases with an extra
mixer do not differ much at x = 3.92 m. Both cases lowers the SD with
approximately 5.1% compared to the original mixer. At the same time, the
L = 1.05 m case increases the pressure drop from ∆p = 89 Pa to 182 Pa and
the L = 1.55 m case increases it to 174 Pa. The difference in pressure drop
between the two cases comes from that the fluid accelerates as it passes the
first mixer element, and then decelerates not far downstream. The second
element is therefore partly subjected to higher velocities, depending on how
close it is positioned to the first element.

Figure 4.10: SD in the planes shown in figure 4.9. The green and red vertical
line shows the position of the trailing edge of the second mixer element for
the cases with L = 1.05 m and L = 1.55 m. L is the distance between the
first and second mixer element.

No more studies were conducted with the staggered VG as the decrease
in SD was low in comparison to the increase in pressure drop. There were
no indication that this trend would change either, based on the results that
have been presented here.

4.4.3 Modified VG Concept

While the original mixer had areas that were not affected much by the vor-
tices (figure 4.6, x = 1.2 m), the modified design produced vortices that
were more closely packed such that they covered the whole cross-section.
The more large scale vortices also enabled for a more large scale rearrange-
ment of the temperature field; fluid was exchanged more effectively between
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the hot and cold regions. In comparison to the original mixer, it was also
noticed that the strength of the vortices had increased and it was apparent
that their strength was present farther downstream. In figure 4.11 one can
see that the modified concept manages to deflect hot fluid to the top cold
region more effectively in comparison to the original mixer concept. The
modified design achieves better mixing already at x = 1.7 m.

Figure 4.11: The original VG concept and the modified VG concept with
planes colored by temperature.

The presence of turbulence, illustrated by effective conductivity, is shown
in figure 4.12a and the SD is shown in figure 4.12b. By studying the SD for
the two concepts, it can be seen that the difference in slope of the SD curve
is foremost for x < 2.2 m. After this point and onward, it was noted that the
in-plane velocities Vy and Vz were larger in the modified concept, but also
the effective conductivity, which is evident from figure 4.12a. Despite this,
the slope of the SD curve is nearly the same for both concepts for x > 2.2
m. One reason for this is that the original VG concept still have higher
gradients in temperature.

At x = 3.92 m, the modified concepts has a 22.9% lower SD. However,
since the modified concept has a higher blockage area and because it creates
stronger vortices and more turbulence, the pressure drop has increased from
∆p = 89 Pa to 144 Pa.

4.4.4 Further Discussion - VG Concepts

The original VG concept was evaluated with different angles of attack and
it was concluded that both the vorticity magnitude and the size of the
region it affected increased with α (figure 4.6). The vorticity also correlates
well with the the amount of turbulence generated, something that is visible
when figure 4.6 and figure 4.7 are studied together. These changes are in
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(a) Planes colored by effective conductivity

(b) SD for the two concepts

Figure 4.12: Effective conductivity at different x-positions in the air heater
channel (a) and the SD at the corresponding planes (b).

agreement to the theory and results of the studies presented in section 1.4.1.
In these studies however, the effect of increased α was never quantified using
the SD, but instead quantified by e.g. examining the wall heat transfer.
The changes of the vortices may have a larger impact on such quantities,
compared to the effect on the SD. In the present work, the sought trends
with different angle of attack were however captured, but the effect on the
SD was not satisfactory.

It was hard to determine whether or not vortex breakdown occured for
any of the α evaluated on the delta wing concept. There was nothing that
distinguished the vortices of one case from another, that could be used as a
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a sign of this. Vortex breakdown may in fact not be something negative for
the mixing performance either, as such flows are characterized as turbulent
and with expanding vortices [20] that may have a larger radial reach.

A concept with av variant of the original VG placed at different positions
downstream of the first element was also evaluated. Even though the sec-
ond element was staggered, the vortices of the second element did not have
a large impact, as seen in figure 4.9. This is believed to be because these
vortices were positioned too closely to those generated by the first element
in the yz-plane. One can realize this by examining the front view of the con-
cept in figure 3.11c. Should the second element have been placed staggered
somewhat differently, it may have given a larger contribution to lowering
the SD rather than just increasing the pressure drop. Two distances were
evaluated where one utilizes the turbulence of the first element more than
the other. However, the difference between the two cases was too small to
be useful for a conclusion. This is believed to be because the difference in
distance L was insufficient; the amount of mesh elements increased alot with
increased domain length and this limited how big of a distance that could
be set.

The modified VG concept was one of the most successful concepts in
lowering the SD. The Reynolds number based on the chord length was in-
creased and this affected the size and strength of the vortices, as reported
in [7]. This concept should have been evaluated with the different inlet
boundary conditions, in order to see whether the improvement remained.
However, this was not done due to lack of time.

4.5 Guide Vane Mixer

In comparison to the different VG concepts examined so far, the guide vane
mixer does not use delta wings as a means to create streamwise vortices.
Instead it uses guide vanes that steer the flow in opposite direction such
that a vortex the size of the mixer itself is created. The two top pictures
of figure 4.13 illustrates this using the in-plane velocity components. The
picture with the Vz component shows how the fluid follows the curvature
of both guide vanes whereas the picture with the Vy component shows that
the fluid separates over the edges of the guide vanes towards the center of
the mixer. This in turn initiates a large center vortex. In addition to this
large vortex, it was also found that two smaller ones were generated; one
due to separation over the edge towards the top of the channel and one
due to separation over the edge towards the bottom symmetry plane. The
resultant velocity field contains a large center vortex and two smaller ones in
its vicinity. The effective conductivity, shown in the bottom of figure 4.13,
shows the cores of the three vortices.

The effective conductivity is clearly higher in the stronger center vortex.
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Figure 4.13: The two top figures shows the Vy and Vz components of the
velocity in planes downstream of the mixer. The scale of the colorbar is the
same for both pictures with velocity. The bottom figure shows the same
planes colored by effective conductivity. Note that the scale of the colorbar
for the effective conductivity is different compared to the previous concepts.

It should here be noted that the scale of the colorbar is different compared
to the scales in the previous concepts because the values of κeffective is
somewhat higher. The resulting temperature field in the channel is shown
in figure 4.14a, where it is also compared to the original VG concept. It is
clear that the temperature field is rearranged at a larger scale with the guide
vane mixer. The large center vortex manages to mix the fluid effectively
whereas one of the two smaller ones seem to stop the fluid from mixing; this
can be recognized by studying the temperature field at the side symmetry
plane for x > 3.2 m. Here, one of the smaller vortices consisting of some of
the cold air has prevented the mixing with the rest of the fluid. From the
result of the SD in 4.14b it can be seen that the guide vane mixer has better
performance for x > 2.2 m. The pressure drop has also decreased compared
to the original VG concept. The resulting pressure drop is ∆p = 48 Pa,
compared to ∆p = 89, and this is partly because the guide vane mixer has a
lower channel blockage. In addition, it lowers the SD by 13.8% and therefore
has a better performance in both regards.
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(a) Planes colored by temperature

(b) SD for the two concepts

Figure 4.14: SD for the guide vane mixer concept and for the original VG
concept (b) and planes colored by temperature (a).

4.5.1 Further Discussion - Guide Vane Mixer

Although the dimensions in the geometry of the guide vane mixer was set
arbitrarily, its mixing mechanisms was still in good agreement to what was
reported in the literature [12]. The concept does not have an evident point
of separation along the curvature on the back of the guide vanes, like e.g.
the delta wing vortex generators. However, it can be argued that the point
of separation should not affect the vortex in its wake much and therefore not
the performance of the concept either. It is also believed to have a potential
of even lower SD, because some of its performance was lost largely because
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some of the cold fluid was contained within one of its smaller vortices, as
concluded from figure 4.14a. This could have been proven by examining
more configurations by varying e.g. R, α and β. A more successful config-
uration would in turn also have been a candidate to examine with different
inlet conditions. Due to shortage of time however, the above was not done.

4.6 Corrugated Plate Mixer
As the fluid passes the corrugated plate mixer, vortices are generated at the
positions where the neighboring plate touch. This is according to what was
reported by [9] and an illustration is given in figure 4.15. The figure shows
the case with three plates and the arrows highlight the vortices as they are
forming; they have different direction of rotation about the x-axis.

Figure 4.15: Velocity vectors projected in the yz-plane colored by streamwise
vorticity. The red and blue regions (highlighted by red and blue arrows)
shows clockwise and counterclockwise rotating vortices, respectively, and
how they are generated at the touching points of the plates.

Each of the vortices are stretched vertically as they pass along the extent
of the mixer. At the trailing edge of the mixer, the vortices that have the
same direction of rotation become tangent to one another and start to merge.
For approximately x > 1.7 m, they have merged fully and from here and
on form two large counter rotating vortices side by side. The outline of the
large vortices can be seen in figure 4.16, where the effective conductivity is
plotted in planes for three different configurations of the mixer. The two
large vortices in the above case is most easily recognized for x > 2.7 m in
the bottom of the figure. In the cases with two neighboring plates, only one
vortex is formed, and its strength has increased with increased α. This is
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also seen in the values for κeffective, where the case with higher angle has
generated more turbulence. It can also be noted that in all three cases, the
fluid separates at the leading edges of the mixer on the surfaces that face
downstream. This contributes to the generation of turbulence and and the
presence of the separation regions can be recognized by studying the planes
with κeffective at x = 1.2 m.

Figure 4.16: Three different configurations of the corrugated plate mixer
with planes colored by effective conductivity. Note that the colorbar has an
higher upper limit compared to other concepts, due to higher values.

The corrugated plate mixer efficiently exposes hot regions to cold regions
and thereby creates steep gradients that are favorable for fast homogeniza-
tion. Every plate splits the temperature field at the leading edge and then
deflects pieces of it in the directions of α. It then forms vortices in the wake
that, together with the associated turbulence, effectively mixes the fluid.
The effect of these mechanisms can be seen in figure 4.17a, where the tem-
perature field is illustrated for the three configurations. By closely studying
the bottom figure, one can distinguish two vortices, whereas the top two
cases contain one. The SD in figure 4.17b shows that the difference between
the two cases with two plates is small. The plates in these configurations
are identical, when inspecting them from an upstream position. They do
however have different α and streamwise extent L, and this results in dif-
ferent amount of turbulence generated, as seen above, but also a somewhat
stronger vortex. The impact of this is however hardly notable on the SD at
the measurement plane. By comparing the case with three plates to those
with two, the slope of the SD curve is higher between 1.2 < x < 2.2 m,
but lower for x > 2.7 m. This is partly due to higher values of turbulence
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in cases with two plates for x > 2.7 m. With the original VG mixer as
reference, all three cases lowers the SD by approximately 68%, which is the
largest reduction among the concepts evaluated. The pressure drop in the
original VG concept was 89 Pa whereas it was 81 Pa in the case with three
plates. In the cases with two plates, the pressure drop was 94 Pa in the
α = 30o configuration and 120 Pa in the α = 35o configuration.

(a) Planes colored by temperature

(b) SD in planes

Figure 4.17: SD for different configurations of the corrugated plate mixer
concept and for the original VG concept (b) and planes colored by temper-
ature (a).
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4.6.1 Inlet Boundary Conditions - Sensitivity Study

The corrugated plate mixer concept did not only show the best performance
in lowering the SD among the concepts that have been examined, but it also
had a lower pressure drop than the original mixer concept. Most successful
was the case with three plates, with α = 30o, and this case was therefore
chosen to be included in this study. Here, the original VG concept and
the corrugated plate concept was evaluated with three different boundary
conditions. The results for SD and pressure drop are shown in figure 4.18.
It should here be noted that BC2 refers to the baseline boundary condition
which have been used up to this point.

Figure 4.18: SD at x = 3.92 predicted by the corrugated plate mixer concept
and the original VG concept for three different inlet boundary conditions
(section 3.9). The horizontal lines for each boundary condition shows the
SD at x = 0.5, this corresponds to the plane located just uptream of the
mixer. The figure also include the pressure drop that was recorded for each
case.

First of all, it can be seen that the pressure drop has varied, even though
the mass flow rates are the same for all three inlet conditions. The mass flow
rate distribution has been set different and this has resulted in some change
in ∆p; the largest deviation from the baseline BC (BC2) is 3.5% and this
was recorded for the case with corrugated plate mixer with BC1. Overall,
the original VG concept does never achieve a lower SD than what has been
recorded for the corrugated plate mixer. It does however have an improved
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performance in the case with BC3. This was largely depending on that the
top horizontal hot region had been positioned favorably so that the top delta
wings were utilized more efficiently. The corrugated plate mixer has lost
some of its performance in the case with BC1. With this BC, most of the hot
air has been concentrated near the side symmetry plane, and has therefore
been contained mainly within only one of the two vortices. However, by
considering the homogenization within each vortex separately, the mixing
was still efficient. According to these results, in an overall perspective, the
performance of the corrugated plate mixer is somewhat less sensitive to the
upstream temperature distribution. It can loose some of its performance,
but it is still better than any of the cases with the original VG concept.

4.6.2 Further Discussion - Corrugated Plate Mixer

The corrugated plate mixer was implemented as a variant of the concept
examined in [9] and [10]. Because of the symmetry planes, the concept
here can have performances that differ from the above references. Despite
this, the mechanisms of the concept was according to what was reported
in [9]; the touching points of the plates were starting points for vortices,
as seen in figure 4.15. It can also be argued that the concept with three
plates resembles the true concept best, as two of the plates are unaffected
by the side symmetry plane. According to [10], the mixing is best achieved
in the direction of the ±α incidence, i.e. the vertical direction. This was
also noted in the study where the boundary conditions were varied; for all
BCs evaluated, the vertical mixing was always effective, whereas the not so
effective side-to-side mixing was the reason for loss in performance in BC1,
seen in figure 4.18. A second element was implemented in the staggered VG
concept. This idea, but with the second element rotated 90o to enhance
side-to-side mixing, could have been utilized here.

The configuration with three plates was only evaluated with α = 30o.
Higher angles were not examined because it did not seem to affect the mixing
much in comparison to how much it increased the pressure drop. This is
recognized by comparing the SD for the two cases with two plates in figure
4.17. A variant with four plates could have been examined however, but
was avoided as it was believed to require a finer mesh in order to give fair
predictions of the more small scale features of the geometry.
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Conclusions

The purpose of this study has been to model and improve the mixing capa-
bilities of the air heater channel in a Gyptech gypsum board dryer. The aim
with the model was to replicate the flow field around its static mixer such
that its mixing performance could be examined and later improved. The
aim was also for the model to be accurate enough to be validated against
measurements of the resulting temperature field and pressure drop.

The methodology of using a simplified and reduced domain was initially
an aim in order to lower the computational time requirements in the para-
metric studies. This methodology later turned out to be a necessity instead,
as the large temperature gradients developing in the channel downstream
of the burner required a fine mesh, and consequently a large portion of the
available computational resources. Modeling the entire air heater channel is
regarded as essential to accurately validate the model, since the flow prior
to the burner is highly turbulent and as such will affect the mixing at down-
stream positions. The underprediction in SD, with the measurements as
reference, is regarded as partly a consequence of the model reduction. An-
other important contributor to the underprediction is, reportedly, the use of
steady state turbulence models. The pressure drop over the mixer geometry
was however in good agreement considering the domain was reduced and
geometry was simplified; ∆p = 89 Pa compared to the measured value of
100 Pa.

Several mixer concepts were implemented and their performances were
set in relation to performance of the original VG concept in the CFD model.
Some of these concept show that there is potential for improvement, but it
cannot be claimed that the best configuration has been established for any
of the successful concepts, as the number of configurations examined are
limited. Varying the angle of attack of the original VG concept showed that
the mixing capabilities improved with higher angles, but not to a satisfac-
tory degree, and came at a high cost in increased pressure drop. Such a
modification to the current mixer is therefore not recommended. The use
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of a second but staggered mixer element in the wake of the original VG
concept can not be recommended for the same reason. However, it is likely
that a better performance can be achieved if better attention is paid to how
the second element is positioned with respect to the first element. The vor-
tices of the above two concepts are both local and also relatively small scale
compared to the large hot and cold regions of the temperature field prior to
the mixer. The modified VG, which generated fewer but more large scale
vortices, proved to be better suited in this regard, and did only cause a mod-
erate increase in pressure drop. More specifically, it achieved a reduction in
SD by 22.9% and gave a pressure drop of 144 Pa.

The results of guide vane mixer concept also indicate that large scale
vortices is a more effective approach, and that the pressure drop necessar-
ily does not have to increase in order to lower the SD. The configuration
examined lowered the SD by 13.8% and the pressure drop to 48 Pa.

A variant of the corrugated plate mixer was also examined with varying
plate incidence to the main flow, but an increase of the angle mostly in-
creased the pressure drop rather than facilitate the mixing. The success of
the concept is owed to its ability in redistributing the temperature field com-
bined with the vortices in its wake. There is however no clear indication to
how many plates that should be recommended. The case with three plates
was examined with different inlet conditions and resulted in a pressure drop
in the range 81−84 Pa and a reduction in SD between 40.8−68%, with the
corresponding results from the original VG concept as reference.
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Outlook

One central issue in the thesis has been the lack of proper validation of tur-
bulence models in the context of mixing. This issue is foremost concerning
whether or not RANS is appropriate to use to study trends of mixing. Even
previous studies in the literature lack such information; therefore, suitable
benchmarking would be a useful further study to strengthen the present
results. Another way of strengthening the results would be to examine the
concepts with simulations using e.g. SAS, which is a model currently avail-
able in Autodesk Simulation CFD.

The corrugated plate mixer showed promising results, but was imple-
mented as a variant due to the symmetry planes. Because of this it is
uncertain whether it performs similarly to the original concept from the lit-
erature, and this could be an interesting subject in a further studies where
the full cross-section is simulated. Other means of strengthening the results
found here would be to examine the concepts when they are implemented in
the full dryer, as the inlet boundary condition study showed that the per-
formance of the mixer can be dependent of the upstream conditions. This
would also reduce the uncertainties introduced from neglecting the split of
the channel at the measurement plane.

The examined concepts were simulated with often one or only a few
configurations. Varying more parameters is necessary to establish the best
configurations from a pressure loss and mixing perspective.
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Appendix A

Appendix Chapter

A.1 D2 - Boundary Conditions

With the exception that D2 has been cut at the burner and shortly after
the mixer geometry, the same geometrical simplifications are present in D1
and D2. The geometry used in D2 is displayed in figure A.1 and the corre-
sponding boundary conditions are found in table A.1.

Figure A.1: The computational domain denoted D2. The global coordinate
system and the locations of the boundary conditions are included.

Table A.1: Boundary conditions used in D2. All walls were set as adiabatic,
smooth and with the no slip condition.

Variable / Location (1) (2) (3) (4) (5) (6) (7)
Mass flow [kgs−1] 2.74 2.86 3.56 4.13 1.3 - -
Temperature [oC] 128.8 131 137.7 144.6 1272.6 - -
Pressure [Pa] - - - - - - 0
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A.2 D3 - Boundary Conditions
New operating conditions were used in D3, compared to D1 and D2. This
resulted in new boundary conditions and that the specific humidity was
set to x = 0.25. Further, a new symmetry plane was introduced. The
domain used in D3 is displayed in figure A.2 and the corresponding boundary
conditions are found in table A.2.

Figure A.2: The computational domain denoted D3. The global coordinate
system and the locations of the boundary conditions are included. The
mass flow rates on surface (1) and (2) have been distributed such that equal
velocities are obtained.

Table A.2: Boundary conditions used in D3. All walls were set as adiabatic,
smooth and with the no slip condition.

Variable / Location (1) (2) (3) (4) (5)
Mass flow [kgs−1] 3.15 3.61 0.445 - -
Temperature [oC] 120.9 120.9 1086.7 - -
Pressure [Pa] - - - - 0

A.3 D4 - Boundary Conditions
The inlet boundary conditions to D4 were based on T and Vx at x = 3.6m
from D3. Because quantities could not be mapped from one geometry to
another, six zones were used to replicate the flow field. This is illustrated in
figure A.3. These six zones were chosen such that both Vx and T were dis-
tinguishable within them. The values for T and Vx were in turn established
as average values over each zone.

The six zones and the values for T and Vx are displayed in figure A.4 and
table A.3 respectively. Figure A.5 gives a comparison of how the profiles for
T and Vx from D3 and D4 look after they have propagated 0.5m downstream
to x = 4.1m.
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Figure A.3: Six zones were identified and used to replicate the flow field in
D3. The left smooth surfaces are extracted from x = 3.6m in D3 whereas the
two right surfaces represent what was implemented as boundary conditions
on D4.

Figure A.4: The six zones that were used to apply the inlet boundary con-
dition to D4. The values and dimensions are specified in A.3.

Table A.3: Mass flow rates and temperatures applied to the surfaces seen in
A.4. The dimensions of each zone is also included.

Variable/Location (1) (2) (3) (4) (5) (6)
Mass flow [kgs−1] 3.229 0.509 1.555 0.261 0.612 1.044
Temperature [oC] 128.26 301.83 171.22 312.96 380.43 182.18
∆z [mm] 1000 500 500 500 250 250
∆y [mm] 297 150 275 75 500 500
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Figure A.5: Comparison of Vx and T after the profiles have propagated
0.5m downstream to x = 4.1. The general characteristics of the profiles are
maintained, however the magnitude of T and Vx (peaks) are lost at some
locations. This is also indicated when comparing the SD in temperature at
x = 4.1m for D3 and D4; SDD3 = 96.98, SDD4 = 78.88.

A.3.1 D4 - BC1 and BC3

The details for the boundary conditions denoted BC1 and BC3 are given in
table A.4 and table A.5, respectively, and a schematic picture of how they
were applied is given in figure A.6.

Figure A.6: The six zones that were used to apply the variants of the inlet
boundary conditions to D4. The values for BC1 and BC3, together with the
dimensions of the zones, are given in table A.4 and table A.5.
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Table A.4: Mass flow rates and temperatures used in BC1. The dimensions
of each zone, shown in figure A.6, is also included.

Variable/Location (1) (2) (3) (4) (5) (6)
Mass flow [kgs−1] 3.957 0.3735 0.853 0.146 0.424 1.462
Temperature [oC] 148.63 384.38 172.20 384.38 435.63 153.75
∆z [mm] 1000 400 400 400 200 400
∆y [mm] 397 150 190 60 400 400

Table A.5: Mass flow rates and temperatures used in BC3. The dimensions
of each zone, shown in figure A.6, is also included.

Variable/Location (1) (2) (3) (4) (5) (6)
Mass flow [kgs−1] 2.107 0.527 2.613 0.263 0.543 1.183
Temperature [oC] 140.13 337.35 145.32 337.35 435.96 140.13
∆z [mm] 1000 590 590 590 200 210
∆y [mm] 207 140 380 70 590 590
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