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Executive summary

Electronics cooling is one of the most widely spread engineering applications used in
fields such as telecommunication and consumer electronics. In general low wattage
electronics equipment is cooled by natural convective vertical channel heat sinks in
air, where the e ectiveness of the heat sink is limited by the thermal resistance due
to the natural convective flow. Consequently, a lot of work has been devoted to the
identification of geometries capable of increasing the convective heat transfer. One
way of increasing the heat transfer is by introducing geometries that alter the flow
increasing mixing, or by increasing the surface area based on the projected length
of the channel. The present work seeks to investigate the heat transfer performance
of the wavy channel geometry compared to the conventional vertical channel heat
sink. An example of the velocity alterations between a vertical channel and a wavy
channel is shown in Figure 1.
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Figure 1: Example of the flow alterations Figure 2: Wavy parametric domain seeking
created due to the implementation of a wavy to enhance natural convective flow.

channel geometry. The acceleration and de-

celeration of the flow together with the area

increase of the wavy channel is the main con-

tributor to the heat transfer enhancement.

The wavy shape of the channel is easily altered, changing the flow conditions within



the channel significantly, which means that the heat transfer performance of the chan-
nels depends greatly on the geometrical setup of the domain. Consequently, a numer-
ical parametric study is performed using Direct Numerical Simulations (DNS), by
changing the dimensionless amplitude (h=W) and dimensionless wavelength (L=W).
The domain of the study is reduced to include one heat sink channel as shown in
Figure 2. The DNS setup is validated by comparison with vertical channel studies in
the literature before performing the parametric study of the wavy geometry. Here,
the local Nusselt number Nuy, of the channels obtained with the present DNS setup
and the simulations of Desrayaud and Fichera [2002] is presented in Figure 3.
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Figure 3: Comparison of the local Nusselt number, Nuw, as a function of the dimensionless
y-coordinate Y = y=W. All studies are conducted using the same aspect ratio of a = 5, and
Raly =2 10*. The present study is compared to the numerical FVM study presented by Desrayaud
and Fichera [2002]. As the data is quite comparable, an additional curve is included in the figure
showcasing the error between the two studies.

The obtained data show excellent agreement, and the numerical setup is therefore
used in the parametric study of the wavy geometry. The study of the wavy geometries
show that a general decrease in the surface averaged Nusselt number is obtained at
all combinations of h=W and L=W, except when h=W = 0:02 where a slight increase
is observed. As mentioned earlier, the overall heat transfer of the channel can be
increased by a combination of increasing the heat transfer coe cient and area. To
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evaluate the heat transfer performance of the wavy geometry relative to the reference
vertical channel (VC), a performance parameter denoted Qratio iS introduced. The
performance parameter is given in Equation 1.

Nuywy A
o=_—_——2 7 1
Ql’atIO NUW;VC AVC ( )
Here Nuywy represents the surface averaged Nusselt number, while A represent the
total area of the wavy geometry, and Ayc is the area of the vertical channel. The
performance parameter for the di erent simulations are summarized in the contour
plot shown in Figure 4.
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Figure 4: Contour plot of Qratio as a function of L=W and h=W. Here the di erent values of L=W
and h=W are utilized to obtain values of Aratioc and NUw:ratio-

The investigations show that a significant increase in heat transfer is obtained at
large amplitudes combined with a small wavelength. This behaviour is attributed to
the large increase in surface area compared to the vertical channel.
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Reading instructions

The report makes use of references according to the Harvard method. The references
will occur in the text in the following manner: [Surname/publisher, year (possible
page number)], where the end of the report is a comprehensive list of literature.

Reference numbers are made as hyperlinks in the digital copy. Figures and tables are
listed as the chapter number, followed by the figure/table/equation number, as an
example Figure 7.2 is the second figure in Chapter 7. Figure and table explanatory
text can be found below the figure and above tables. Furthermore, section references
are made using the section numbering. The unit system used in the report is the SI
system with a dot as decimal separator. All figures without references are created
by the authors.

During this project a CFD model was developed, which can be found in the digital
appendix and requires a working installation of OpenFOAM 6 to view and run.






Nomenclature

Symbols
Thermal di usivity

Thermal expansion coe cient

g Gravitational acceleration vector
U Velocity vector
U’ Dimensionless velocity vector
Skewness
GClI Grid convergence index
Gr Grashof number
Nu Nusselt number
Nuwy Local Nusselt number based on W
Nuy Local Nusselt number based on local y-coordinate
Pr Prandtl number
Ra’ Channel Rayleigh number = (g TW3= 2) w=H
Ra Rayleigh number =g TWw3= 2

Kinematic viscosity

1 Placeholder variable used to indicate an obtained value in GCI
Nuwy Surface averaged Nusselt number based on W
Nuy Surface averaged Nusselt number based on local y-coordinate

Sine wave phase shift

Placeholder variable used in the evaluation of GCI
Density

Inclination angle

Dimensionless temperature

Grid cell size

Xi

ms

ms !

rads

kgm 3



xii
A Area
a Aspect ratio = H=W
e
Fs
H Channel length
Sine wave amplitude
hc
k Thermal conductivity coe cient
L Sine wave wavelength
L¢ Characteristic length
Pa Apparent order of accuracy
Prgh Dynamic pressure
q Surface heat flux
r Grid refinement ratio
T Temperature
u Velocity in the x-direction
Vv Velocity in the y-direction
w Channel width
X
X x-coordinate
Y
y y-coordinate
Subscripts
1 surroundings
1 Fine grid
2 Medium grid
3 Coarse grid

Relative errors between di erent grid refinements

Safety factor used in the evaluation of GCI

Convective heat transfer coe cient

Dimensionless x-coordinate = x=W

Dimensionless y-coordinate = y=W

Nomenclature

Wm 2K 1

Wmlk!1?

kgs 2m 1

W m 2

ms 1

ms 1



Nomenclature Xiii

cor Correlation

in At inlet

i i'th entry

out At outlet

ratio Ratio between the present case and the vertical channel
VC Vertical channel

w Value based on the channel spacing W

w At the wall

y Local value based on y-coordinate

Abbreviations

CFD Computational Fluid Dynamics

DNS Direct Numerical Simulation

FVM Finite Volume Method

GClI Grid convergence index

SIMPLE Semi- Implicit Method for Pressure-Linked Equations
UwT Uniform wall temperature

VC Vertical channel
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1 Potential of natural convec-
tion

At present time, there is a large emphasize on the world-wide electrification, which
entails an increase in the amount of electrical components on a global scale. An
increase in the amount of electrical equipment world wide naturally requires an equal
amount of additional components capable of cooling the equipment. Convection heat
transfer is commonly used for such applications as it is possible to cover a wide range
of temperature ranges and heat fluxes as shown in Figure 1.1.

103

102

Temperature Di erence C

10!

10°

Surface Heat Flux, W/cm?

Figure 1.1: Temperature di erences as a function of heat flux for di erent heat transfer techniques.
[Kraus and Bar-Cohen, 1983]

As seen from Figure 1.1, numerous di erent convective heat transfer mechanisms are
applicable in the cooling of electronics. Some are easier to implement than others,
with natural convection in air being the simplest to implement. Natural convec-
tion excels in the area of cooling low wattage equipment, while forced convection
with di erent fluids excel at cooling medium- to high-wattage equipment. To fur-
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ther increase the heat transfer at lower temperature di erences it is also possible
to implement immersion phase change cooling, which is rather di cult in smaller
components. The di erence in heat transfer capabilities of natural- and forced con-
vection can be found in the velocity of the moving fluid, as larger velocities in general
result in larger heat transfer coe cients. In this way forced convection is in general
superior to natural convection heat transfer, which is also seen from Figure 1.1 [Cen-
gel, 2003]. Consequently, it is important to know the specific heat requirements of
a component before deciding on a given convective heat transfer method and fluid.
Generally it is more common to utilize forced convection for cooling of computer
CPUs, as the heat dissipation of these components reach values in the order of 1-10
W=cm?2. A heat dissipation of 1-10 W=cm? requires a large temperature di erence
for natural convection to work, as shown in Figure 1.1, which inevitably makes natu-
ral convection not ideal for such applications. Such high values are di cult to reach
using relatively small natural convective heat sinks, as the heat dissipation of such
heat sinks increases with area. In this way the higher convective heat transfer coef-
ficient of forced convection allows for a smaller heat sink that fits into a computer
case easily. Some of the added cons of forced convection is the addition of moving
parts in the form of a fan or pump, which is not a reliability issue encountered in
natural convective heat sinks. On the other hand, natural convective heat sinks tend
to require a larger temperature di erence in order to meet the same heat dissipation,
which reduces the reliability of the component due to higher temperatures. [Cengel,
2003]

The general trend for electronic components is, that they are becoming smaller due
to the increasing demand for miniaturization of electronic equipment. As the size
of the component, reduces the heat dissipation per area increases assuming that the
equipment is required to abide by the same requirements. This behaviour continually
increases the demand for cooling of electronic equipment. Since forced convection
and immersion cooling is not applicable in every situation, natural convection will
see a lot of use due to its simple and very reliable nature. Consequently, it becomes
apparent that an optimization of the possible heat transfer due to natural convection
would benefit the heat sink style mechanisms substantially.

As it is not within the scope of this study to investigate the improvement of all
convective heat transfer mechanisms in cooling of electronics equipment, this study
will focus on the natural convective mechanism. A review of the existing work within
natural convective flow is given in Section 1.1.

1.1 Existing work on natural convection channel flow

In Appendix A the literature study conducted in this project is presented, where
field of investigation, methods used and references of each of the chosen articles is
shown. Based on this review, Figure 1.2 shows some of the more common geometries
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studied regarding natural convective channel ow in the literature. The channel ow
is especially interesting as it resembles most of the widely used heat sinks and arrays
of PCBs.

@ (b) (©)

Figure 1.2: Most common geometries investigated in the literature. Here (a) is the common
vertical plate channel, (b) introduced additional ribs to the vertical channel and (c) changes the
channel completely by introducing wavy surfaces.

It is evident from the literature study that the largest amount of e ort has been
devoted to the geometry (a) shown inFigure 1.2 Figure 1.2aresembles the most
common heatsink- and cavity geometry which explains the large e ort. Consequently,
both numerical and experimental studies have been conducted, where especially the
length of the channel (H) and the spacing of the plates W) have been of interest.
Studies such asRoy et al. [2019 and Talukdar et al. [2019 also include the variation
of the channel inclination angle to show the ow behaviour and temperature distribu-
tion in an angled channel. Roy et al. [2019 investigates the change in average Nusselt
number as a function of inclination angle with a variable property uid at di erent
Grashof numbers, namelyGr = 1:82 1P and 4:42 10°. Here three di erent inclination
angles are studied, namely = 30 ;45;60, and it is found that the 60 inclina-
tion case yields the highest average Nusselt number at all uid property variations.
This suggests that the heat transfer reaches a maximum as the inclination angle gets
closer to 90 (vertical position). This is also expected as the velocity along the walls
in the channel will drop as consequence of the channel being angled. Consequently,
the closer the channel is to being completely horizontal, the lower the heat transfer
is expected to be. Additionally, Talukdar et al. [2019 investigates the ow and heat
transfer of channels at di erent inclinations angles and channel Rayleigh numbers.
Here the inclination angle range include 10-90 compared to the horizontal axis, and
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the channel Rayleigh number range ofRa), = (g TW*= 2H) Pr = 62-16000.
The study is conducted using a high temperature di erence of 110 C compared to
the ambient temperature, and is therefore compressible. It is found that the average
Nusselt number based on the channel width increase with the channel Rayleigh num-
ber (Ras\, =Raw W-=H), and as the inclination angle increases towards 9Q which
is in good agreement withRoy et al. [2019.

As the vertical parallel plate channel is the geometry frequently used in the industry,
numerous studies have been carried out in the search of better geometrical con g-
urations. Here Figure 1.2b and 1.2c show some of the more common alternatives
investigated in the literature.

Figure 1.2b represents a vertical channel where additional periodic ribs have been
introduced. Numerous studies are present in the literature regarding increase in per-
formance due to ribs. For this short review, two studies investigating the e ect of ribs
on heat transfer performance have been chosen, namelbidi-Saad et al. [2014 and
Tanda [1997. Abidi-Saad et al. [2019 investigates the in uence of a symmetrically
positioned pair of ribs on the ow structures and convective heat transfer coe cient
in a channel atRad, =3:65 10° 4:4 10° based on a constant heat ux. The ribs
are moved between three positions in the channel (top, middle and bottom), and the
ow structures and heat transfer are obtained experimentally using PIV imaging. It
is found from the study that large instabilities are formed due to the ribs at all values
of Ra,, and that the heat transfer performance depends strongly on the position of
the ribs together with RaSV. The heat transfer coe cient results are compared to
the vertical plate channel heat transfer coe cient for all cases, and it is found that
positioning the ribs in the top results in a larger average heat transfer coe cient
for low to moderate value ofRaS\,, while the middle position is best suited for high
values of Ra\‘}\,. Tanda [1997 has a similar approach, but utilize Schlieren imaging
to obtain the experimental results for ribbed channels atRa), = 2 10° - 5 10°.
The results are again compared to the channel with vertical walls, where results for
the ribbed channels are obtained for di erent modi ed channel aspect ratios W/ H

= 0.4, 0.1 and 0.05, whereW is the channel spacing andH is the channel length).
From the results it is clear that the heat transfer performance of the smooth plate
channel is superior to the ribbed channel case, because the local increase in heat
transfer from introducing the ribs, is less than the local decrease in heat transfer
from the low velocity zones the ribs create. It is therefore concluded that the intro-
duction of ribs does not bene t heat transfer, in the range of parameters investigated.

The geometry shown in Figure 1.2c represents a special case of a vertical channel
with walls following a sinusoidal nature. Few studies look into this geometry in nat-
ural convection, but the geometry is widely investigated in forced convection due to
its resemblance of corrugated plates used in heat exchangers etcetera. A single study
has been found on the wavy channel ow due to natural convection, namelyAltun
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and Ziylan [2019. Altun and Ziylan [2019 is an experimental study comparing the
heat transfer performance of heat sinks with and without ns. Two types of ns
are investigated, namely vertical plate- and wavy sinusoidal ns in a Rayleigh Num-
ber range fromRay =2 10° to 3 10°. The wavy nned geometries are changed
according to the amplitude of the sinusoidal curve f = H=30; H=15;H=10) where

h is the amplitude and H is the channel length. The reported results show that
the wavy n heat sink with h = H=30, and h = H=15, performs better than the
rectangular n heat sink at all Ray value cases, while the rectangular n case out-
performs the wavy nwith h = H=10at Ra = 2:4 1(P. Furthermore, it is found that
the rectangular n case outperforms the un- nned plate in the complete range of
Rayw . This shows a possible improvement of the heat transfer performance of a heat
sink due to the introduction of wavy channel walls. To extend upon the relatively
scarce literature regarding natural convective ow in wavy channels, a single wall
investigation conducted by Bhavnani and Bergles[199] has been included. Bhav-
nani and Bergles[199]] investigates the heat transfer performance of a wavy surface
compared to the vertical plate alternative using the experimental Mach-Zehnder in-
terferometer (MZI) procedure. The study is conducted at relatively high values of
Ra, =(g Ty3=?2) Pr,inorder to nd a transition to unsteady ow. The study
presents its results in two ways, one based on projected area the other based on actual
length of the surface under investigation. This procedure is introduced to take into
account that the wavy surface in general has an increased total length based on pro-
jected area than the vertical plate surface. Using this method, the study conducted
by Bhavnani and Bergles[199] conclude that the wavy surface transfers more heat
compared to the at vertical surface based on projected area, while the vertical plate
transfers more heat based on actual length of the plate.






2 Scope of project

From the literature study shown in Section 1.1it is evident that a large e ort has
been devoted to natural convective ow. It is furthermore shown that the e ort
is divided mainly into the vertical plate channel, but also into various geometries
seeking to enhance the heat transfer e ects of the channel ow. The most common
geometry investigated to enhance heat transfer is the addition of ribs. The ribs are
either introduced in pairs at the same vertical channel location, or shifted in order
to aect the ow in dierent ways. The ribbed channel results are contradictory
as Abidi-Saad et al. [2014 reports an increase in heat transfer whileTanda [1997
reports a decrease in heat transfer. In this way it appears that the heat transfer
enhancement due to ribs depend strongly on both the geometry and Rayleigh num-
ber range investigated. The nal, and less common geometry investigated in this
study is the introduction of wavy channel walls. Here the results reported byAl-
tun and Ziylan [2019 and Bhavnani and Bergles[199] indicate an increase in heat
transfer due to the introduction of the wavy channel walls compared to the vertical
plate walls. It is however reported in Bhavnani and Bergles[199]], that the wavy
plate only increases heat transfer based on projected area, and not based on actual
length of the plate compared to the vertical plate. Therefore, this study aims to
investigate the wavy channel arrangement. The wavy channels have the potential
to increase heat transfer, not only by adding more area, but also by disturbing the
ow. Based on the wavy channel geometry, it is desired to perform a parametric
study to investigate how the sine wave amplitude and wavelength a ect the ow,
and further how these ow alterations a ect the heat transfer performance of the
channel. The de nitions of amplitude, phase shift, and wavelength of the parametric
geometry are shown inFigure 2.1. The phase shift of the sine wave is expected to
have an e ect on the ow, but it has been neglected in the present study to decrease
its size. Consequently, the phase shift of the right sine wave wall is constant at =

Computational Fluid Dynamics (CFD) is used to model the ow and heat transfer of
the geometry as it provides the exibility needed to conduct the parametric study. It

is desired to compare the CFD model against other similar studies in order to ensure
the validity of the model before moving into the wavy channel cases. This leads to
the problem statement of this study:

How does the amplitude and wavelength aect the de-
veloping natural convective ow and thereby the heat
transfer in a channel formed by two identical sine waves?
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2h

5W

w

Figure 2.1: Here is the phase shift of the sine wave used to form the channel walls. The phase
shift is applied to the right wall, with a phase shift of 0 corresponding to identical channel walls.
Depicted in the gure is a phase shift of = , as shown by the dotted line (- - -). Furthermore,
h represents the amplitude of the sine wave, W represents the channel width taken as the distance
between the center lines of the sine waves as shown by the dotted line (~ —) and L represents the
wavelength of the sine wave. The aspect ratio, denoted a = ( H=W), of the channel is held constant
at 5.

2.1 Problem solving strategy

Before moving into the parametric study, several subtasks have to be completed. The
subtasks mainly focus on the numerical approach used to form the nal setup, before
it is utilized in the parametric study. The numerical approach seeks to analyze the
ow in the channel by the use of CFD simulations. The simulations are all conducted
in the open source CFD software OpenFOAM. To develop a CFD setup capable of
analyzing the present channel ow, the following tasks are addressed.

Determination of applicable CFD modelling approach for the present study
including solution model and spatial discretization.

Construction of a script capable of generating suitable computational grid les
applicable by the blockMesh structure in OpenFOAM

Determination of suitable dimensionless solution parameters to evaluate heat
transfer and ow distribution
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Validation of the mathematical approach including boundary conditions and
grid convergence.

The rst task is to identify which numerical approach of the three most common,
namely Direct Numerical Simulation, Large Eddy Simulation and Reynolds-Averaged
Navier-Stokes is best suited for the case presented in this study. Furthermore, it is
included in this task to choose appropriate discretization schemes to resolve the spa-
tial calculations. The second task is the creation of an appropriate numerical grid
suitable for the blockMesh environment utilized by OpenFOAM. Here Python is used
to develop the parametric geometry and associated grid les utilized by blockMesh
to construct both validation cases and the parametric study domains. The third task
seeks to investigate appropriate solution parameters used to evaluate heat transfer
and ow distribution. Here it is desired to compare geometrical alternatives by the
use of dimensionless parameters due to their comparability with the literature. The
fourth task includes both validation of the numerical approach, including bound-
ary conditions, and the grid convergence study. The validation of the numerical
approach is crucial as it investigates the accuracy of the applied model and dis-
cretization schemes chosen in the rst task, together with the boundary conditions
used to resemble uncon ned ow. To further increase the validity of the solution, it
is investigated at which grid re nement the solution approaches an asymptotic value
independent of the grid. The grid convergence study is performed by increasing
the amount of cells used to re ne the ow until an asymptotic value of the solution
parameter is obtained. The independent grid is then used as the base grid for the
parametric study. The overall structure of the report leading up to the parametric
study is shown in Figure 2.2
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Chapter 3

Numerical Approach

Modelling approach and
governing equations

Dimensionless

Meshing considerations Solution parameters

Numerical validation

Chapter 4

Numerical parametric study

Figure 2.2: Visual overview of the report structure.

2.2 Determination of a viable Rayleigh number

In order to conduct the parametric study, it is necessary to estimate a Rayleigh
number. This section seeks to outline the creation of such a value based on the pack-
age temperatures of electronic equipment. Natural convective cooling of electronic
equipment can be very di erent depending on the type of device in question. As an
example there is a signi cant di erence in the cooling of a PCB and an ampli er.
The di erence is mainly due to the heat dissipated from each device, where ampli-
ers in general dissipate signi cantly more heat than a PCB. Electrical devices are
usually rated for certain package temperature ranges, where commercial (0C to 70
C) and industrial (-40 Cto 85 C) include the most common products used today
[Mishra, 2004. With these package temperature ranges in mind, and given a stan-
dard ambient air temperature range from 0 C to 20 C, a maximum temperature
di erence of 85 C can be acquired. Using this temperature range, it is possible to
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estimate a Rayleigh number range for electronic devices usingquation 2.1.

g_TW?

Ray = GrwPr= 5 Pr (2.1)

Here g is the gravitational acceleration, is the thermal expansion coe cient, T is
the temperature di erence between the surface and surroundingsW is the channel
width, is the kinematic viscosity, Pr is the Prandtl number, Ray is the Rayleigh
number based on the channel width andGry, is the Grashof number based on the
channel width. In order to visualize a possible range oRay, a contour plot of Rawy
as a function of the temperature range and channel spacing is given iRigure 2.3.

Ray= g TW3=2 Ppr

60 216000
192000
70
o 168000
- i
o 60 144000
[&]
c
()
& 50 120000
2
()
= 96000
-]
15 40
()
S L 72000
@ 30-
L 48000
207 L 24000
10 L Lo

100 125 150 175 200 225 250 275 300
Characteristic length W [mm]

Figure 2.3: Contours of Raw as described byEquation 2.1, given the ranges of T and W.

It is seen from Figure 2.3 that a large Ray range is obtained at smaller channel
widths as Ray is a function of the channel width to the power of three. In this
way Ray increases rapidly as the channel width increases. The given range of chan-
nel spacing used in this study from 10 mm to 30 mm represents relatively large
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electronics equipment. As an example the channel spacing could be encountered in
large ampli ers or telecommunication heat sinks. Here it is taken into account that

a smaller channel width lowers the possible heat transfer coe cient due to natural
convection signi cantly. Consequently, it becomes undesirable to lower the channel
width to a certain extent as the heat transfer coe cient decreases with decreasing
Rayw . Using this range, a Rayleigh number range from around 1000 to around 220000
is obtained using the complete temperature di erence range from 10C to 85 C.
This study then seeks to investigate a Rayleigh number of 100000, which is marked
in the gure as the solid line.



3 Numerical approach

This chapter seeks to outline the numerical procedures used to validate the model
used for the nal parametric study, as described in Chapter 4. First, the mathe-
matical formulation in the form of the assumptions used to acquire the governing
equations, simulations model, solver algorithm, discretization and mesh type used
is outlined in Section 3.1 Next, the meshing procedures and solution parameters
used to evaluate the di erent geometries are outlined inSection 3.2and Section 3.3
respectively. Finally, two validation cases are outlined in Section 3.4 The two vali-
dation cases consider a vertical plate and a vertical channel respectively, both under
natural convective ow with uniform wall temperature (UWT) at the wall/walls re-
spectively. The validation cases are conducted to ensure that the numerical setup
used for the parametric study of the plate shape is valid.

3.1 Modelling approach and governing equations

The validation cases considered in this chapter are all considering laminar and
steady two dimensional air ow. As laminar ow is considered, this study has been
conducted using the Direct Numerical Simulation (DNS) approach implemented in
OpenFOAM. The mathematical model is described by the conservation of mass, mo-
mentum and energy equations, where an in-compressible model is utilized for the
simulations. This is further coupled with the Boussinesq approximation, which as-
sumes the density to be constant in all terms except the buoyancy term. These
assumptions reduce the governing Navier-Stokes equations to the form shown in
Equation 3.1-Equatiopn 3.4 [Minocha et al., 2014.

@u, @v_
@X+ ax 0 (3.1)

@u  @u_ 1@p, ~@u Gu (3.2)

@x @y @x @3 @Y

@v, @v_ 1@p, @v @v

ox '@y @y @i ey 9% 0T T 63

@1, @T_ @1, @r

Uu—+v—= ——t+ —

@x @ @% @y

Here the gravitational acceleration is parallel to the y-axis, hence it is only in-
cluded in Equation 3.3. Furthermore, it is observed by comparing Equation 3.3 to
the traditional Navier-Stokes equations, that the density in the buoyancy term has

(3.4)

13
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been replaced by temperature. This replacement is governed by an approximation
where a linear density temperature relation = o= (Ty T) is used to obtain
Equation 3.3.

An overview of the numerical approach including the solution method, discretization
schemes, solver algorithm and mesh type is given iitable 3.1

Table 3.1: Recap of the numerical approach used in the present study

Simulation method DNS

Solver algorithm SIMPLE

Discretization schemes

Spatial Central di erence
Velocity Gauss linear vanLeerV
Mesh type Hexahedral

The governing equations are all implemented into OpenFOAM through the buoyant-
Boussinesq type solvers, where the buoyantBoussinesgSimpleFoam solver is used to
solve the steady, laminar ow in the validation cases described inSection 3.4

3.2 Meshing considerations

This section seeks to outline some of the meshing considerations applied to form
the grids of the validation cases and the parametric study. An overview of the three
di erent domains is given through Figure 3.1(a), (b) and (c). Here the domains used
for validating the numerical approach and natural convective channel ow are shown
in Figure 3.1(a), (b) respectively, while Figure 3.1(c) shows an example of a wavy
parametric domain.
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Figure 3.1: Geometries used in the two validation cases, namely (a) and (b) together with an
example of a parametric geometry shown in (c). The two validation case grids are relatively simple
as both domains contain perfect (zero skewness) hexahedral cells. The parametric geometry with
the sine wave walls does however complicate the grid, increasing the skewness level of the associated
grid.

The grids used in OpenFOAM are all created using blockMesh, with the blockMesh-
Dict le generated in Python. The Python script generates the sine wave walls as
splines between two endpoints, where one of the walls is shifted an amount equal to
the channel width in the x-direction to form the channel. The splines and points
used to de ne the channel is transferred to the blockMesh le by overwriting speci c
lines in a blockMeshDict template as shown inAppendix C. In order to increase
stability of the numerical simulations, additional wall sections are introduced in the
beginning of the numerical approach validation domain Figure 3.1(a)), and in both
the beginning and end of the channels used for the ow validation Figure 3.1(b))
and parametric study (Figure 3.1(c)). This is done to reduce the e ects of the in-
let and outlet boundary conditions, and to reduce the likelihood of divergence if a
recirculation zone is present at the end of, or in the beginning of the channel. The
addition of the vertical section at the inlet and outlet does however introduce some
di culties in the transition of the grid, when a wavy geometry is implemented. Here
it is crucial to attach the sine wave to the vertical section at the sine wave peak, as
the angle between the vertical section and the tangent of the wavy section is zero at
this sine wave location. An example of a generated grid for = and h=W = 0:08
is shown in Figure 3.2 The grid created for the geometry with h=W = 0:08 and

= is chosen here as this is the grid where the largest change happens between
the vertical and wavy sections.
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Figure 3.2: Grid of a section of the channel when the dimensionless sine wave amplitudeh/ W is
0.08 and =

As noticed from Figure 3.2, an expansion ratio is applied towards the walls. This is
done in order to reduce the amount of cells required to re ne the domain, without
compromising the wall adjacent cell size. The expansion ratio applied is equal to
4, which indicates that the near wall cell is four times smaller than the cell at the
end of the meshing block. The domain is divided into three meshing blocks in the
x-direction. The rst and last sections include 60 % of the cells used to re ne the
x-direction of the domain over 40 % of the complete width of the domain. In this
way 30 % of the cells are positioned in only 20 % of the x-direction domain. The
remaining 40% of the cells are located in the middle of the domain consisting of the
remaining 60 % of the domain. This is also indicated by the large section in the
middle where there is no change in the cell size at speci ¢ values of the y-coordinate.

One of the common ways to evaluate the quality of the mesh is to report the skewness
of the mesh. The skewness of the mesh is a measure of how parallel two vectors are
relative to each other using the dot product [Stimpson et al, 2007. In this way
there are three di erent values of skewness for a hexahedrall cell, namely one in each
dimension (x,y,z), with the skewness de ned as shown irEquation 3.5.

= max(skew;) (3.5)

Here skew, where i denotes the x-, y- and z-directions, is the skewness obtained for
the hexahedral cell relative to each coordinate axes. The skewness of the cell is
then taken as the maximum value of each contribution and reported in the range
between 0 and 1. An acceptable value of skewness for a hexahedral grid is below 0.5
[Stimpson et al,, 2007. A histogram of cell skewness obtained from the geometry
with h=W =0:08and = is shown inFigure 3.3
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Figure 3.3: Histogram of the cell skewness when the dimensionless sine wave amplitudeh/ W is
0.08 and =

As seen fromFigure 3.3, the maximum skewness of the grid amounts to approxi-
mately 0.45 which is below 0.5. As the geometry is periodic throughout, it is fur-
thermore observed that the cell count in some skewness ranges is relatively large with
peaks in the [0; 0:05] and ]0:05; 0.1]. Here the cell count reaches approximatelyl0*
or above. This concludes the meshing procedures used in this study, the next section
will present the solution parameters used to evaluate the heat transfer coe cient and
uid motion in both validation cases and the parametric geometries.

3.3 Dimensionless solution parameters

In order to evaluate the performance of the validation geometries and compare the
obtained results with the literature, multiple solution parameters are included in
the validation study. As most data in the literature focus on the heat transfer
performance, the Nusselt number is commonly reported. Consequently, the Nusselt
number has been adopted as the global solution parameter for the validation cases
and parametric study. As the geometries studied in this chapter include both a
vertical plate and a vertical plate channel, two separate de nitions of the Nusselt
number is required. The main di erence between the de nitions is the characteristic
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length used for the geometry. The most common geometrical entity used for vertical
plates is the local channel height, denotedy, while the channel width, denoted W
is the more common entity used for channels. The general de nition of the Nusselt
number used in this study is shown inEquation 3.6.

_hLe . @T L

N - =
U= % " om, T

(3.6)

Here Ty, is the wall temperature, Ty is the temperature of the surroundings,L ¢ is the

characteristic length of the geometry and@ T=@is the temperature gradient normal

to the wall. Furthermore, is should be noted that the temperature gradient @ T=@is

found as a local value at every cell along the wall. Using the de nition of the Nusselt
number presented in Equation 3.6, it is possible to establish the de nitions of the

local Nusselt numbers for the vertical plate and channel as shown irEquation 3.7

and 3.8 respectively.

_hy _@T vy
NUy = %= @mtw T (3.7)
_hw_ et w

Nuw (38)

k ~ @nfy, T1
With these de nitions of the local Nusselt number for the vertical plate and channel
respectively, it is possible to extend upon the de nitions to obtain a surface averaged
Nusselt number as shown inEquation 3.9 and 3.10for the vertical plate and channel
respectively.

o RAR;iluydA

A (3.9)

R
_ uw dA
Ny = _ARUwdA (3.10)

 dA

Here the surface averaged Nusselt numbers reported iBquation 3.9-3.10 are used
as benchmark values for the evaluation of grid convergence of each validation case.

Since the Nusselt number primarily focus on the evaluation of the heat transfer
coe cient, two additional parameters are introduced, namely the dimensionless ve-
locity vector and the dimensionless temperature in order to evaluate the ow con-
ditions in the channels. The de nition of the dimensionless velocity U? is given in

Equation 3.11, while the dimensionless temperature , is given in Equation 3.12
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0_ Ujuj
Vg e T (3.11)
- ((TTW TTll)) (3.12)

This concludes the choice of solution parameters used to evaluate the di erent do-
mains. The next section seeks to outline the validation cases used to evaluate the
applicability of the numerical approach, the associated boundary conditions and as-
sociated grids.

3.4 Numerical validation

This section seeks to investigate and subsequently validate the numerical approaches
used to resemble truly uncon ned ow for natural convective ows. The validation is
divided into two cases, rst a vertical plate is investigated in Section 3.4.] followed by
an investigation of natural convective ow in channels as described inSection 3.4.2
Both validations are compared to the literature to benchmark the validity of the
numerical boundary conditions, schemes and grid employed in the simulations.

3.4.1 Validation of numerical approach

To ensure the choice of boundary conditions and schemes resemble truly uncon ned
ow, while also monitoring the discretization error, a validation case of a vertical
plate has been constructed. To validate the numerical code based on the boundary
conditions and associated grid, shown irFigure 3.4(a) & (b) respectively, two addi-
tional steps have been introduced. First, a grid convergence study is conducted to
show the results dependence on grid size. Second, the local heat transfer performance
of the vertical plate is veri ed against the analytical solution for a vertical plate at
constant temperature.

Before proceeding to the grid convergence study, the domain together with the
boundary conditions chosen to resemble uncon ned natural convective ow is shown
in Figure 3.4. The inlet and outlet outlet boundary conditions are speci ed to follow
the inletOutlet/outletinlet procedure in OpenFOAM. The inletOutlet/outletinlet
procedure acts as a zero gradient boundary condition unless there is reverse ow. In
case of reverse ow the temperature and velocity values are xed to a speci ed value,
in this case zero for velocity andT; for temperature as indicated by the inlet value
shown in Figure 3.4.
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Figure 3.4: Here (a) describes the geometry and boundary conditions used for the vertical plate
case, while (b) shows a cutout of the grid. From (a) it is shown that the heated wall section is
elevated from the inlet by the length 1=2W in order to reduce the e ect of the inlet conditions. The
additional section has slip boundaries with regard to both temperature and velocity. The left wall
section resembles the ambient surroundings atT = T1 and pgn = 0. The heated wall is isothermal
at T = Ty with no slip on the wall. The grid cutout shown in (b) shows the grading used towards
the wall in order to properly resolve the thermal boundary layer at the wall.

In general the boundary conditions are chosen to resemble uncon ned ow, where the
left wall boundary represent the surrounding uid, hence the speci ed surrounding
temperature of T; , and speci ed pressurepg,. The right heated wall is kept at a
constant temperature of T,,, with the no slip condition imposed for velocity. These
boundary conditions and domain speci cations are utilized for the grid convergence
study, where three di erent grids have been created in order to obtain values of the
surface averaged Nusselt number of the plate. Information about the di erent meshes
is outlined in Table 3.2,
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Table 3.2: Grid convergence study data for the three di erent grids, namely the coarse-, medium-
and ne grid where each step increases the amount of cells by a factor of 4. The increase in cells is
based on doubling the amount of cells in both the x-, an y-direction between each grid. Here Nuy
is the surface averaged Nusselt number obtained by averaging the local Nusselt number (Nuy) over
the entire plate.

Grid Wall expansion rate | Cell count | Nuy
Coarse (37 x 200 x 1) 4 7400 13.9314
Medium (75 x 400 x 1) 4 30000 | 13.9278
Fine (150 x 800 x 1) 4 120000 | 13.927

In Table 3.2, the average Nusselt number for the plateNuy is calculated as shown in
Equation 3.9. From Table 3.2, it is seen that the di erence between the coarse and
medium grid is greater than between the medium and the ne grid. This suggests
that the solution approaches asymptotically towards a grid independent value as
described inCelik et al. [2008. A graphical representation of the obtained results is
given in Figure 3.5.
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Figure 3.5: Development of the obtained results with grid re nement. Here the green curve ( — —)
shows the average Nusselt number, while the blue ¢ - -) and orange (——) lines are indicators of
the criteria of convergence. Here the blue lines show the error-bands, while the orange line shows
the extrapolated nal value with a grid of in nite re nement.
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Here the green curve {~ —) shows the obtained Nuy values, while the blue ¢ -
-) and orange (——) curves respectively function as indicators for the error-bands
and the extrapolated nal value at an in nite grid re nement. The criterion for
accepting a value as grid independent is for it to be within the error-bands and
ensuring compliance withEquation 3.13, while still maintaining a relatively low value
for the grid convergence index (GCI). Equation 3.13is an indication of whether the
solution approaches asymptotically towards a grid independent value.

. GClcoarse medium 1 (3.13)
medium  fine CClmedium fine

The procedures used to obtain the necessary parameters shown Equation 3.13 is
given in Appendix B. Consequently, only the obtained data is given here through
Table 3.3

Table 3.3: Necessary data to show the convergence of the ne grid solution.

coarse-medium| medium- ne
GCI 93 10 ° 21 10 ®
Equation 3.13 0.996

As seen fromTable 3.3, the GCI values together with the compliance with Equation 3.13
is satis ed for the nal grid including 120 000cells total. Consequently, this grid is
utilized for the validation by comparing the results with the correlation described by
Ostrach [1957 as shown inEquation 3.14.

Gr,
NUy:cor = Ty g(Pr) (3.14)
Here Nuy.cor is the local Nusselt number obtained from the correlation proposed by
Ostrach [1953, and Gry is the local Grashof number given inEquation 3.15.

_g (Tw T1)y®

Gry 5

(3.15)

Combining Equation 3.14- 3.15with the approximation of g(Pr) proposed by Le Fevre
[1954 yields the correlation for the local Nusselt number of a vertical isothermal plate
shown in Equation 3.16.

Gr, 0:75Prt=2
4 - 1=4
0:609 + 1:221Pr*"2 + 1:238Pr
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A comparison of the data obtained by the present study andOstrach [1957 is given
in Figure 3.6.
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Figure 3.6: Comparison of the obtained numerical data for the vertical isothermal plate using a
grid including 120000 cells with the correlation proposed by Ostrach [1952 (Equation 3.16. Itis seen
from the gure that the error is more pronounced at lower values of Gry, while the error approaches
zero asGry approaches10°.

Here the green curve ) is the results obtained from the present numerical simula-
tions, while the black curve (— —) represents the data obtained from the correlation
outlined in Equation 3.16. Comparing the two curves it is evident that the numerical
results obtained with the boundary conditions and grid shown inFigure 3.4(a) & (b)
respectively, ts very well with the correlation data. The error between the two curves
is more pronounced at lower values ofcry, where a 4.1 % di erence is obtained at
Gry = 100, and fades asGry increases with a 0.06 % di erence atGry = 10°.

Consequently, the validation together with the grid convergence study suggests that
the boundary conditions used in Figure 3.4(a) resembles that of truly uncon ned
ow. It is thereby chosen to move on to the validation of natural convective channel
ow using the same boundary conditions where possible.
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