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Abstract

The interest of this project stems from its application in the blast furnace hearth in the steel and iron making
industries. In the reactor iron ore is converted by an oxidation reaction into liquid metal. Hot air is blown into
the vessel by which temperatures of 1300◦C are reached. Pieces of ore and impurities from the input form a
porous medium in the heart of the reactor. It is desired to have more insight in the process conditions for
economic and energy saving purposes.

This iron-making process is intensely exothermic, so in order to control the process the reactor wall has
to be cooled. Due to the temperature difference between the hot core and cooled sides, a natural convection
flow arises.

The liquid metal is tapped off at the reactor wall, resulting in a forced convective flow inside the centre of
the reactor called the hearth. The two flows together form a mixed convection regime. This is characterized
by asymmetries and complex temperature distributions. Hotspots are observed close to the walls leading to
a reduction in lifetime of the reactor, process productivity and product quality.

The influence of this coarse grained porous media on the flow and heat temperature field is elaborated
in this thesis project. The flow being opaque and the high temperatures make it difficult to carry out exper-
imental studies. This is why computational fluid flow modeling is used to get more insight in the process. A
side heated lid-driven cavity is simulated with a Direct Numerical Simulation (DNS) in the open source code
OpenFOAM. The simulations are carried out for coarse grained porous media (porosity ε=0.38) of spherical
hydrogel beads in a Body-Centered Tetragonal (BCT) structured packing for assisting and opposing mixed
convection. The thermal conductivity of the beads is equal to the working fluid (water). The research was
conducted for the range of Rayleigh number (Ra) of 105 ≤Ra≤107.

The present results show a reduced heat transfer for the cavity filled with porous media compared to the
water filled cavity for the low Ra regime (Ra=105), which diminishes with an increase in Ra. In the case of
natural convection and low Ra the Nusselt number (Nu) is about five times higher for the water filled cavity
compared to the cavity filled with coarse grained porous media. For high Ra (Ra=108) the heat transfer rates
for both cavities are in the same order or magnitude.

Higher heat transfer values are reported for assisting mixed convection compared to opposing mixed con-
vection. For high Ra (Ra=107) the heat transfer rate for the assisting situation is almost nine times higher than
for the opposing case. A minimum of Nu is found when the shear force created by the wall movement is
proportional to the buoyancy force. The two forces dampen each other out and heat is mostly transferred by
conduction. Furthermore, the higher heat transfer values are found with a higher forced component (wall
velocity).

Lastly, a modification was proposed for the dimensionless Richardson (Ri) number, that expresses the
ratio of the buoyancy term to the flow shear term. Ri was multiplied with square root of Darcy (Da) to take
into account the influence of the coarse grained porous media. With the help of this expression, the assisting
and opposing mixed convection regime was determined for the range of 0.001<Rim ≤100. To validate this
expression for Rim (Richardson medium), more data has to be analyzed from situations with higher Ra or
from mixed convection by a ventilated cavity for example.

The two conclusions that can be drawn from this thesis for the design and operating conditions at the
blast furnace are:

1. an opposing mixed convection situation can lead to a lower and a minimum in Nu.
2. a lower forced convection flow will lead to lower heat transfer values.

So, it is important to look further into the direction and magnitude of the forced flow. The next logical
step for this model will be to simulated mixed convection with a forced convection flow created by an in- and
outlet in the cavity. This geometry will show closer similarities with the reactor.
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1
Introduction

The interest for this project stems from its application in the blast furnace hearth in the steel and iron making
industries. The goal of this research is to get more insight into the heat and flow distribution in a side-heated
cavity filled with porous media. It is desired to have more insight in the process conditions for economic
and energy saving purposes. This is encountered in many technical applications like fluid flow in geothermal
reservoirs, separation processes in chemical industries, crude oil production, etc. Section 1.1 tells more about
convective heat transfer. Section 1.2 elaborates more about the origin of the question from Tata Steel. Section
1.3 gives the aim of the thesis with the subsequently research questions.

1.1. Convective heat transfer
Convection is the heat transfer due to bulk movement of molecules in a domain. Natural convection oc-
curs due to buoyancy forces as a result of density gradients induced by an imposed temperature difference.
Forced convection is a mechanism in which fluid motion is generated by an external source (like a pump,
fan, suction device, etc.). Together, they can form mixed convection. This is the situation when forced and
natural convection act together to transfer heat. How much of each component is contributing to the total
heat transfer depends mainly on the temperature, geometry and flow. Due to this wide range of variables, a
lot of papers have been published on experiments and computational studies involving various type of fluids
and geometries.

Figure 1.1: Example of an fan helping to im-
prove the heat transfer from a radiator into
the room. This product from ClimateBoost-
ers ensures the heat from the radiator to be
more uniformly divided in the room [2].

Improvement and understanding of heat transfer in thermal de-
vices such as heat exchangers and electronic equipment became an
important factor in industry. Combined forced and natural convection
can also be seen in other industrial applications like solar boilers, dry-
ing processes, filtration systems, thermal insulation and groundwater
and oil flows [6].

Furthermore, heat transfer in porous media is a wide studied ob-
ject due to the increase of importance in industrial applications. In
daily life, material containing pores or voids can be seen in for exam-
ple beach sand, wood or the human lungs. For industrial applications,
one can look at power stations, cooling equipment, combustion sta-
tions or high performance heat exchangers. The mixing of high and
low energy fluids has a significant influence on the performance of the
above-mentioned devices. The heat transfer can be enhanced between
the two flows by working with a system containing porous media. A
system with voids has two important characteristics: first, the dissipa-
tion area is greater than the conventional configurations that enhance
heat transfer. Secondly, the irregularities of the individual beads mix
the fluid more effectively [7].

The high variety of parameters that have an influence on the heat and flow profile makes it difficult to
obtain a comprehensive correlation, and when it is, it is usually only accurate for a very bounded situation.

Mixed convection can be described in three general ways:

1
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1. The first way is when natural convection aids forced convection. This can be seen when the buoyant
motion is in the same direction as the forced flow, and thus enhancing the heat transfer. This can be
seen when a fan is placed under a radiator as schematically depicted in figure 1.1. Since hot air rises
naturally, the air being forced to move upward, adds to the total heat transfer.

2. The second way is when natural convection is moving in the opposite way of forced convection. In this
case, the fan is placed upward over the radiator. In this way, the air rising upwards in natural motion is
facing a forced flow going downwards. This does not enhance the heat transfer.

3. The third way is called transverse flow. This is the situation when the buoyant motion acts perpendicu-
lar to the forced motion. The mixing of fluids is enhanced and thus the heat transfer will increase. This
situation can be seen when the fan blows in a horizontally way, over the radiator.

The above-mentioned points are clear for a simple situation, but there are some additional depending
parameters in the case of a cavity filled with porous media. The solid spheres have an influence on the flow
and heat characteristics, making it more complicated to understand the underlying physics. The chaotic
behaviour of the fluid can be described with the Navier Stokes equations. The non-lineair behaviour of the
fluid flow and temperature distribution is making the problem difficult to solve.

1.2. Background
The question and the problem stated for this project came from the blast furnace at the second largest steel
producing company in Europe, Tata Steel. The company was recently merged with the Germain steel pro-
ducer ThyssenKrupp under the new name thyssenkrupp Tata Steel (TKTT) [8]. In this thesis the name Tata
Steel will be used since this was the name of the company at the start of this project. Million of tonnes of steel
are produced on a yearly basis to meet the demand of high-quality steel. This makes that Tata Steel strives for
reliable and robust process equipment.

Figure 1.2: Schematic situation of the blast furnace at Tata steel.

The iron-making process
The production of steel mainly has to do with lowering the amount of carbon content in iron. The removal
of carbon is done by an oxidation reaction. Impurities in the raw iron (nitrogen, silicon, and phosphor) are
removed during the oxidation, and sulfur is removed by other chemical reactions. Other elements, such as
nickel, manganese, and vanadium, are added to the steel to produce different levels of quality. The oxidation
reaction is done in the blast furnace.

In this blast furnace (see figure 1.2) iron ore, cokes and limestone are charged from the top of the furnace
and these materials are subjected to a series of complex chemical reactions. Hot air is blown into the furnace
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via nozzles, where it reacts with the descending cokes. This blast air is an essential part of the process, by
which a temperature of 1300 ◦C is reached.

The raw materials introduced at the top of the furnace take around six to eight hours to descend to the
bottom, where their conversion into liquid iron and slag (impurities) is completed. This hot liquid metal and
slag is then tapped off at regular intervals from the furnace.

In addition to liquid iron and slag, large quantities of hot gases (CO and CO2) are produced. When the
gases have exited the furnace, they are cleaned and cooled to allow them to be used for combustion purposes.

An essential feature of this iron-making process is that it is intensely exothermic. Therefore, cooling the
furnace shell and lining is an essential requirement [9].

Hearth of the furnace
The hearth of the furnace is another important aspect of the reactor. Here, the hot liquid metal, along with the
slag is collected. Then, it is tapped off and transferred for further processing. In these next processes, the liq-
uid iron will be converted into high-quality steel for a wide range of customer sectors, including construction,
automotive, lifting or the packing industry [10].

This hearth of the reactor is heavily lined internally with refractory material. Besides, there are also nu-
merous cooling elements intended to allow a constant flow of circulating water. These cooling elements are
placed to convey away the thermal energy and hence prolong the lifetime of the lining and enhance the qual-
ity of the product. The capacity of coolers is larger in the lower area of the reactor since more heat is generated
at that location.

Figure 1.2 shows the schematic situation, where the hearth shows a coarse-grained porous media (with a
typical diameter of 10-40 mm) of (unconverted) coke particles. The hearth of the furnace has a diameter of
∼5 meters.

Life time
The temperature difference between the hot liquid metal and the cool walls induces a natural convection
flow. The tapping off process results in a forced flow inside the hearth. Together, these two flows result in a
mixed convection system, characterized by asymmetries and complex temperature distributions.

With extreme operating conditions (high temperature and high flowrates) and non-uniformity of the iron,
local hot spots are observed causing damages to the reactor wall of the hearth.

In order to maintain safe operating conditions, high productivity and lifetime, a devastation of the reactor
wall is highly unwanted. The large reactor dimensions and high temperatures make a repair at the wall a time
consuming and costly operation. Besides, an eventual shut down and start up of the reactor (outside of the
legal stop) will mean a less production and so less revenue.

Tata Steel wants to understand more about the appearance of the hot spots in order to save money. With
the flow being opaque and the high operating temperatures, it is hard to perform experimental studies. That
is why is looked into Computational Fluid Dynamics (CFD) to study this complex situation.

1.3. Aim of the thesis
The aim of the thesis is to study the mixed, forced and natural convection in a side heated cavity filled with
hydrogel beads. This was split into several research questions that are described below.

Research questions
In this thesis a Direct Numerical Simulation (DNS) is performed on a side-heated cavity filled with solid
spheres. This means that no turbulence model is used, and the whole range of spatial (3D) and time scales
are solved. Forced convection is implemented by moving the side walls. In order to get a mixed convection
system, the velocity of the walls has to be in the same order as in natural convection.

To frame it more specifically, the following research questions are addressed:

1. How does natural convective heat transfer in a side heated water filled cavity with coarse grained
porous media differ from heat transfer in an (empty) water filled cavity?

2. How is the mixed convective flow in a porous media filled side heated lid-driven cavity influenced by
the direction of the forced component of the flow?

3. How can mixed convection in a porous medium be expressed in a non-dimensional number?
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In order to answer these questions a code is developed in OpenFOAM. The computational model for nat-
ural convection in an empty box is first verified with experimental data from master student Nima Rounaghi.
Afterwards, the first question will be studied for an (empty) water filled cavity and a cavity filled with coarse
grained porous media for the Rayleigh number range 105 ≤Ra≤107. The focus on the second question will
be for Ra=107. Lastly, the third question will be answered for 105 ≤Ra≤107 for assisting and opposing mixed
convection.

1.4. Outline
The present study is aimed to obtain more information about the heat and flow characteristics within a cavity
with a porous media. First, in chapter 2 a literature study can be found about other performed research.
Then, chapter 3 gives more information about the governing equations and the numerical methods used
for this CFD study. The following four chapters elaborate the results on natural, forced, assisting mixed and
opposing mixed convection respectively. All results are concluded in chapter 8 and recommendations for
further reseach are made in chapter 9.



2
Theory

This chapter provides theoretical information about various aspects of the thesis and formulas which will be
used for modeling and calculation purposes. In addition, the quantities that have an important role in the
behaviour of fluid and the transfer of heat will be expressed in terms of dimensionless numbers and explained
in this chapter. Firstly, the system and its corresponding assumptions are discussed in section 2.1. In the
second and third section, the concepts of natural and mixed convection in an empty cavity are explained.
Lastly, more information is given about porous media and the influence of the porosity on convection.

2.1. Introduction
In this study, flow and heat transfer characteristics are investigated in coarse-grained porous media. In order
to do so, it is important to understand the underlying physics for natural and forced convection in a cavity.
Numerous experimental and numerical studies have been published about natural and mixed convection in
a 3D or 2D cavity. These will be discussed in this chapter.

The aim of the thesis is to get more insight into the heat and flow patterns of the cavity filled with porous
media. A large number of numerical and experimental studies have put their efforts to imitate the convection
streams in porous media.

Lauriat et al [11] concluded in their research about natural convection in a vertical porous cavity, that this
porous medium can transport more heat than a pure fluid if the matrix is high permeable and the thermal
conductivity of the solid particles is higher than that of the fluid.

The experiments with rectangular cavities and side heated walls performed by Seki et al [12], showed that
it is clear that the Prandtl number (Pr) and aspect ratio L

W had a significant effect on the heat transfer through
the vertical porous layer.

In a recent experimental study carried out by Kurtbas and Celik [13], an assisting mixed convection sit-
uation was investigated in a box with an aluminum metal foam. There was found that the average Nusselt
number increases with an increase in porosity.

A problem that has attracted significant attention is that of natural convection in horizontal porous layers
heated from the bottom, also several variations of this problem have been studied in detail [14]. However,
little is known in the literature about the natural and mixed convection in a side-heated box 3D with a Body
Centered Tetragonal (BCT) packing of solid spheres.

Convective heat transfer can be characterized by three non-dimensional control parameters: Rayleigh
number (Ra), Pr and aspect ratio (A=depth/height). Ra is associated with a buoyancy-driven flow, which
governs the stability of the horizontal fluid layer subjected to a destabilizing temperature gradient. In heat
transfer problems, Pr controls the relative thickness of the momentum and thermal boundary layer. When Pr
is small, heat diffuses quickly compared to the velocity. Liquid metals (like the liquid iron in the blast furnace)
are characterized by their small Pr number, this means that the thermal boundary is much bigger than the
velocity boundary layer. See appendix A for more detailed information.

The influence on the flow and heat transfer can be measured with two response parameters: the Reynolds
number (Re) and Nusselt number (Nu) respectively. Where Re is defined as the ratio of inertial forces to vis-
cous forces in the fluid. Nu gives an estimate of the ratio of total heat transfer to conductive heat transfer. A
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conduction dominated regime is found for a Nu∼O(1) , and a larger Nu corresponds to more active convec-
tion.

Assumptions and simplifications
As mentioned in chapter 1, complex asymmetrical flow arises in the hearth of the furnace due to the porous
matrix of unburned iron and impurities. This project is a part of making the step towards a computational
model that is verified with experiments and can mimic the chemical and physical processes inside the fur-
nace. Since this is a complex, challenging and long-term project, steps are made by PhD, master and bachelor
studies. In this study, a side-heated cavity with coarse-grained porous media is investigated. This is already
a complex situation, and therefore simplifications and assumptions are made to make the situation more
manageable.

(a) Schematic view of the hearth of the furnace. A natural
convection stream arises from the hot core and cold walls.
Forced convection originates from the tapping off process.

(b) Configuration to investigate the heat and flow character-
istics. The domain is side heated and as an aspect ratio of
A=1. The working fluid is water (Pr=5.40). The spheres are in
a BCT configuration and are made of hydrogel.

Figure 2.1: Figures representing natural and mixed convection in the hearth of the furnace and in the simulated situation.

Figure 2.1a schematically shows the hearth of the furnace where a natural convection stream arises due
to the hot core and cooled wall, and a forced convection stream originates from the tapping off process. From
here, the situation depicted in figure 2.1b is adopted to research the effect of pore-level flow and temperature
field on macroscopic fields. The following assumptions are made:

• The local temperature difference in the hearth is small and therefore makes the heat transfer through
radiation negligible compared to convective heat transfer.

• A small temperature difference implies that material properties can be taken as temperature indepen-
dent e.g. constant.

• The irregular porosity inside the hearth is simplified by making evenly distributed configurations of
spheres of the same size.

Furthermore, the side heated domain has an aspect ratio of A=1, BCT packing of spheres made from
hydrogel and water (Pr=5.4) as working fluid is chosen as the scope of this project. Forced convection will
be implied by giving certain walls a velocity. The parameters are chosen in such a way that experimental
validation is possible, this is for example important for the packing configuration. A Simple Cubic Packing is
harder to perform than a Body Centred. In addition, the walls will have moderate temperatures in order to
avoid the phase or density change (water around 4◦C) regime.

PhD student Manu Chakkingal is performing research to find more about the characteristics of different
working fluids (with different Pr numbers), various configurations of spheres and the influence of sphere
material. This is done for cavities with side heated and bottom heated walls (Rayleigh-Bénard convection). If
this model is validated, it can become a part of the larger model.

2.2. Natural convection
In order to explore the heat and flow characteristics, it is important to know how natural convection works
in an empty cavity. Natural convection is observed in fluids when a driving force is generated by the den-
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sity variation due to a temperature gradient. Flow with a horizontal temperature gradient is characterized to
be unstable at any Ra>0. The presence of a denser (lighter) fluid in the horizontal environment of a hotter
(colder) element results in its immediate upward (downward) movement [15]. This results in a wall domi-
nated flow and is schematically depicted in figure 2.2.

Figure 2.2: Schematic representation of natural convection with a horizontal temperature gradient.

Boundaries
The main motive force in a confined box noticeably manifests itself only in a thin near-wall zone. This zone is
called the boundary layer, and in this layer the effects of viscosity are significant. Also, transport of heat from
the heated to the cooled wall is carried out by the flow in the boundary layers. This region of a temperature
field with the thickness δT is called the thermal boundary layer.

The variation of heat transfer (Nu) under the influence of Ra and Pr can be described by the theoretical
model proposed by Grossmann and Lohse [16]. They decomposed the kinetic energy dissipation rate into
boundary layer and bulk conditions; and the thermal dissipation rate into plume and background contribu-
tions. This theoretical model was originally founded for bottom heated Rayleigh-Bénard convection, but it
was further vetted for vertical natural convection. They have proposed scaling parameters for Nu for the two
regimes [17].

2.3. Mixed convection
In the hearth of the furnace, a mixed convection situation is observed. Mixed convection is the heat transfer
mechanism in which the combined effects of forced and natural convection are of comparable magnitude.
The contribution from each of them to the total heat transfer is determined by the temperature difference,
properties of the fluid, geometry etc. Mixed convection is complex due to interaction of the buoyancy force
with the shear force. The forced flow may aid or oppose the buoyancy forces, causing an increase or de-
crease in the heat transfer rate respectively. The ratio of natural to forced convection is expressed with the
Richardson number. Mixed convection is observed when 1<Ri<10. A full derivation about Ri can be found in
appendix A.

In literature, two major arrangements of mixed convection are reported: mixed convection due to a ven-
tilated or a lid-driven cavity.

Ventilated cavity
Sing et al [18] did a numerical investigation of a 2D rectangular cavity with side heated walls in order to
find the optimum placement of inlet and outlet for the best cooling effectiveness. The effect of the outlet
position in a two-dimensional vented cavity with an inner heated square was found to have an influence
on the average Nusselt number [19]. The need for a 3D numerical model was suggested in order to capture
the temperature fields and heat transfer rate with increase in Ri for a rectangular air inlet and a rectangular
channel outlet at the exit of the cavity [20].

In short, a lot of parameters on the inlet and outlet conditions (like position, size, flow rate etc) in a venti-
lated cavity seem to have an influence on the total heat transfer. For simplicity, a lid-driven cavity is decided
to be the scope of the project.
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Lid-driven cavity
In a lid-driven arrangement walls of the cavity have a velocity that creates a forced flow. The walls can move
in the same or opposite direction as the natural flow; this means that the forced flow is aiding or opposing the
buoyancy force respectively. This is schematically depicted in figure 2.3.

Figure 2.3: Schematic representation of mixed convection situation by movement of the lids. The green dotted line represents the flow
due to natural convection. The movement of the walls will create a forced flow that can aid or oppose the buoyancy flow.

In the case where buoyancy and shear forces are opposing each other, a shear cell develops adjacent to
the moving boundary, while a buoyancy cell fills the rest of the cavity. The size of each cell depends on the
Ri number [21]. This causes the heat transfer rate to decrease compared to only a natural convection flow.
With an increase of opposing shear force, the heat transfer rate decreases until a minimum is reached at Ri=1.
Further increase in the opposing forced component results in the increase of heat transfer rate due to the
formation of a shear dominant regime.

A numerical study investigated the influence of aiding and opposing shear force on the buoyancy force
for Ri numbers in the range of 0.01-100 at Re=100. The different heat transport ranges for forced, mixed
and natural convection were defined. It was found that the mixed convection range of Ri for the opposing-
buoyancy case was seen to be wider than that of the aiding-buoyancy case [22].

It was also found by Oztop and Dagtekin [23] that both the Ri number and the direction of the moving
walls affect the fluid flow and heat transfer in the cavity. Moreover, for Ri<1 the influence of the moving walls
on the heat transfer is the same when the walls move in opposite direction. There was reported that the
heat transfer is somewhat better for Ri>1 due to the formation of secondary cells on the walls and a counter-
rotating cell at the center.

The direction of the top wall(s) moving also plays a significant role in the flow and heat transfer [24]. Am-
berthkar et al [25] simulated the heat transfer in a four-sided rectangular domain. The lower wall is moving to
the left, the upper wall to the right, while the right wall is moving upwards and the left wall is moving down-
wards. They found that as Re increases, the horizontal temperature gradient near the vertical wall decreases.
Therefore the overall heat transfer decreases.

2.4. Porous media
The last two sections reported the phenomena of convection in an empty cavity. As stated before, the inter-
est of the project is finding the influence on the convection streams in coarse-grained porous media. The
definition ’porous media’ means a material containing pores/voids. In a natural porous medium, the pore
distribution (size and shape) is highly irregular [4]. Examples of natural porous media are wood, beach sand
or the human lungs.

In coarse-grained media, the porous length scale is comparable to the flow and thermal length scale.
Therefore, the pore-scale flow and temperature field effects are of great relevance in understanding the pore-
scale phenomena.
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Darcy’s law
The study of heat transfer in porous media has been mostly based on Darcy’s model for porous media [26–28].
Here, the porosity is accounted for in a volume-averaged sense (for example with a Representative Elemen-
tary Volume-REV), assuming that the porous length scales are small compared to the thermal and flow length
scales. Besides, this model is based on the assumption that inertia is negligible compared to viscous effects.

Darcy’s law neglects the effects of a solid boundary or the inertial forces on the fluid flow and heat transfer
through a porous media. Other attempts have been made by Brinkman and Forcheimer to take the viscous
and drag terms into account. An overview of the equations and their validities is provided in appendix B.
The focus of the present study is on coarse-grained porous media, i.e. porous media in which length scales
(here: diameter of the spheres) are not small compared to the flow- and thermal length scales in the fluid.
This makes that the Darcy model is no longer valid.

Thermal conductivity
The spheres are made from a different material than the working fluid, and thus having a different thermal
conductivity. This can affects the total heat transfer in the domain, depending on the properties.

House et al [29] simulated an enclosure with a centered squared body where the size and thermal con-
ductivity were varied. The variation of the thermal conductivity of the solid was found to have a big influence
on the Nusselt number. If ks is low and the body size small, a thermally conductive body can enhance the
heat transfer rate. And with the same body size, a high thermal conductivity will reduce the total rate.

To learn more about the characteristics of the packed-bed reactor, the problem of natural convection in
a horizontal porous layer was concerned. It was found that a porous medium can transfer a significantly
larger amount of heat compared to the fluid alone. For this condition to hold, the matrix should be highly
permeable and the thermal conductivity of the solid should be higher than for the fluid: ks > kf [30].

Kathare et al [31] found similar results for the situation with metal foams. A metal foam is a porous
medium with a high porosity and a structure characterized by thin fibers, or ligaments, of metal joining sev-
eral others in a random manner throughout the medium. This results in an enhanced heat transfer due to
increased mixing, interstitial heat transfer and a benefit of high stagnant conductivity.

Obstacles
Obstacles in a heated cavity will have an influence on the momentum and thermal boundary layer of the solid
boundaries of the cavity and thus on the total flow and heat transfer. Besides, a boundary layer will develop
on the solid spheres itself. It was observed that with more obstacles (square and circular rods were taken), Nu
increases [32]. This is caused by the flow that migrates away from the wall and moves more towards the center
of the cavity. This is caused by an increase in flow resistance closer to the wall. Besides, the difference between
the thermal conductivity of the solid spheres and working fluid also has an impact on the heat transfer.

Das et al [33] found in their DNS study of flow and heat transfer through slender fixed-bed reactor with
spherical particles that an increase in solid conductivity creates an increase in the overall heat transfer rate.
This increase is relatively small, and for very high solid to fluid conductivity ratios the dependency flattens
off. Simular observations were reported in an experimental study by Yagi and Wakao [34].

Moreover, it was stated that in the case of the constant wall temperature the amount of heat transferred
to the spheres depends on the combined effect of particle conductivity and the contact area between the
particle and wall. As the particle-wall contact area is very small, the amount of heat coming directly through
the solid conduction is small and as a result the effect of solid conductivity is also small [33].

In an experiment with a porous medium with solid spheres, the heat transfer behavior was investigated
in Keene [35].The tests showed that a thermal boundary layer develops around the spheres. A relation was
found between the Rayleigh number and this thermal boundary layer thickness. At high Ra and small δTh/D,
the situation closely matches with the one of a fluid layer. At a sufficiently thin boundary layer around the
sphere, the influence of the solid is minimized so that the heat transport can be predicted by relations and
equations of a homogeneous fluid layer.

2D numerical simulations of a side-heated cavity with porous media show the existence of an asymptotic
regime where the heat transfer is independent of the permeability of the porous matrix. In this regime, con-
vective heat transfer is the more dominant heat transfer mechanism compared to the conduction to the solid
spheres. The heat transfer only depends on the fluid Ra number, solid-to-fluid conductivity ratio, and viscos-
ity ratio. Furthermore, based on their results they concluded that a porous medium can transport more heat
than a pure fluid if the porous matrix is highly permeable and the thermal conductivity of the solid particles
is higher than that of the fluid [11].
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Mixed convection
Mixed convection in a porous medium will also be obtained by moving walls.

Mixed convection boundary layer flow in a porous medium along a vertical wall was modeled by Ran-
ganathan and Viskanta [36] with a 2D numerical simulation. They demonstrated the influence of the non-
dimensional parameters Pr, Gr

Re and Re on the velocity and temperature profiles at the boundary. They also
found that porosity variations near the wall have a negligible effect on the results and that boundary friction
and inertia are quite significant and cannot be ignored in the analysis.

The steady mixed convection flow in a porous 2D square cavity with an isothermal vertical wall and three
adiabatic walls was investigated in a numerical study using the Darcy model. A forced flow was imposed
to the system by providing an in- and outlet. It is shown that the global heat transfer into the enclosure is
sensitive to changes in the aspect ratio [37].

To find the mixed convection regime in a box with porous media, the Darcy number (Da) have to be taken
into account in the expression for Ri number. Da represents the relative effect of permeability of the medium
versus its cross-sectional area. The proposed equation was founded by Keene [35]:

Da = K

L2 , K = ε3D2

150(1−ε)2 (2.1)

Where K is the permeability of the medium (m2), L the characteristic lenght of the box (m), ε is the porosity
or void fraction of the material and D the diameter of the particle. The following dimensionless numbers are
proposed based on the medium m based on the article from Katare et al [31].

The Re number based on the permeability:

ReK = Re f

p
Da = ρ f u

p
K

µ f
, (2.2)

where subscript f refers to the fluid phase and K to the permeability of the medium.
The Ra number based on the fluid properties:

Ram = Ra f Daλ, (2.3)

where λ=
k f

ks
, the conductivity ratio of fluid to solid. In this work the conductivities of the solid region (hydro-

gel) and the fluid part (water) are in the same order of magnitude, making λ=1.
Furthermore, Pr is based on two articles. First, the effective Pr number was based on [38]:

Pre f f = Prpor Da, (2.4)

where the subscript por stands for porosity.
Kathare et al [31] gives a definition for Prp :

Prpor = Prm
Da−1/2

C f
(2.5)

Where C f is the Forcheimer coefficient, this parameter can be found empirical.
Together, this forms the expression for Prm:

Prm = µCp

km
= Pre f f Da−1/2C f (2.6)

The relationship for Ri based on the medium, Rim, is formed on the dimensionless numbers based on the
medium and permeability:

Rim = Ram

PrmRe2
K

= Ra f
p

Da

Pre f f Re2
f

(2.7)
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Equation E.7 is valid for values between ε=0-1, but not the values ε=0 or ε=1 itself.
Here, the length scales in the Ra and Re number are based on the size of the box. As mentioned, Aydm et

al [22] found a wider mixed convection regime for opposing-buoyancy then for aiding-buoyancy. This same
behaviour has not been found yet for the case with coarse-grained porous media to the best knowledge of the
author.

2.5. Turbulence modelling
The objective of the model is to predict the quantities of interest for the given problem. For turbulent flows
the wide range of length scales and complexity of the involving phenomena make most modeling approaches
computational very expensive. Since the flow in probably all engineering applications has some turbulent
characteristics, it is important to have better understanding of how to model this. Turbulent flows share
three basic characteristics: they are irregular, time dependent and three-dimensional. Furthermore, it is
characterized by chaotic changes in pressure and flow velocity. Mathematically, it is difficult to tackle the
chaotic changes of motion in flows with even a simple geometry and boundary conditions.

Generally, laminar flow is stable when the Re number is below the critical value: Recrit. This critical num-
ber depends on, among other things, the geometry. But this number is only approximate due to two reasons.
First, the transition from laminar to turbulent flow is a gradual process. If Re is above the critical value, lami-
nar and turbulent flow alternate in time and place. Besides, the magnitude of the flow disturbances are based
on the large disturbances while the small disturbances can increase Recrit by orders of magnitude.

The fluctuating part of the velocity field can be imagined as a population of eddies with a range of sizes
and lifetimes. Information about the turbulent flow can be obtained by examining the velocity, length scale
and time scales associated with the largest and smallest eddies. A basic concept in the theory of turbulence
is that energy is transferred in a cascade from larger to successively smaller eddies. The resolution required
to resolve all scales involved in turbulence is beyond what is computational possible. That is why models are
developed that take into account the unresolved terms. Therefore, there is a trade-off between computational
cost and accuracy of the solution. Three approaches for modelling turbulence are depicted in figure 2.4 and
are further explained below the figure.

Figure 2.4: Three approaches for modelling turbulence. In DNS the complete set of equations is solved to find all details, LES only
captures the large eddies and with RANS the equations are smoothed by time-averaging the parameters.

High frequency, small amplitude fluctuations in the velocity are a hallmark of turbulence. Since the pres-
sure and temperature depend on the velocity, those parameters will fluctuate too. In the Reynolds Averaging
Navier Stokes (RANS) equations are written in terms of time-smoothed variables. This means the properties
of the flow are time-averaged (e.g. mean velocity, mean pressure, etc). In this way an idea is generated of the
turbulent flow, but no full details can be obtained.

In Large Eddie Simulations (LES) the larger scale of motion is simulated by solving a spatially filtered form
of the NS equation, whereas the effect of the smaller scale is modelled. To the extent that the mesh can be
refined, LES becomes more and more like DNS.

For a Direct Numerical simulation (DNS), all spatial scales -from the smallest dissipative scales up to the
total box length L- must be solved with the Navier Stokes Equations in the computational mesh without any
turbulence model. The smallest length scale is determined by the Kolmogorov scale [1]. On the Kolmogorov
scale the smallest vortexes are seen. This is important since during vortex break up energy is transferred from
large scale into small ones, and energy is dissipated in small vortices. Energy is generated in the larger vor-
texes and dissipated in the smaller ones. The idea in this theory is that the smallest length scales of turbulence
are similar for every turbulent flow and that they only depend on µ and energy dissipation εu .
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One can estimate that the number of required mesh points to perform a DNS simulation on is propor-
tional to Re3 [39]. Therefore, the computational cost is very high, even for low Re numbers. However, by
using DNS it is possible to perform numerical simulations and extract information that is difficult or impos-
sible to obtain from experiments. Moreover, DNS data are useful in the development of turbulence models
like LES and RANS. For this project data is obtained from DNS simulations, since a one-to-one comparison
can be made with the information obtained from natural convection experiments by Nima Rounaghi and
Iman Ataei Dadavi. For the future, steps will be made towards a LES or RANS model so that higher Ra and Re
number can be reached.



3
Numerical methods

This chapter explains the methods with which the governing equations are solved. Section 3.1 gives an in-
troduction to the toolbox used to find solutions for the problem. The governing equations and the boundary
conditions are discussed in section 3.2. The geometry and mesh are discussed in section 3.3 and lastly section
3.4 elaborates on the methods to numerically solve the equations.

3.1. Introduction
The side heated cavity filled with coarse-grained porous media is simulated by varying different parameters
in the ’Open source Field Operation and Manipulation’ toolbox (OpenFOAM version 2.4.0) with the boussi-
nesqChtMultiRegionFoam solver (see subsection 3.4.1). This is a C++ solver developed for customized nu-
merical solvers to find solutions to Computational Fluid Dynamic (CFD) problems. CFD is the analysis of
systems involving fluid flow, heat transfer and associated phenomena (like chemical reactions) by means
of computer based simulation. The fundamental basis of a CFD problem is the Navier-Stokes equation. A
more complete derivation of the Navier-Stokes equations is presented in section 3.2. The post-processing
programs ParaView and Tecplot360 are used to analyze and visualize the data.

The code from OpenFOAM is a free and open source software, making it interesting for Tata Steel to use.
The results from this research validated with experiments will be used to model the blast furnace at Tata
Steel. This part of the model focuses on the hearth of the reactor while other parts will focus more on the
gasification part for example.

3.1.1. Studied cases
To address the research objectives three main cases are defined and developed that will give more insight and
the results will form the basis of the answer to the research questions.

Figure 3.1: 3D sketch of the cavity of the intersection at an arbitrary point along the x-axis. The cubic cavity has a length L, and the
spheres have a diameter dp. The left wall has as a hotter temperature (Th), and the right wall a colder temperature (Tc).

13
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A 3D representation of the geometry of interest is depicted in figure 3.1. This sketch shows the intersection
of the box at an arbitrary point along the X-axis. The cubic cavity of length L=0.1 m is filled with coarse-
grained porous media with diameter dp=0.02 m. The Z-coordinate is chosen to be in the vertical direction,
i.e. along the direction of gravity. Furthermore, the spheres are arranged in a BCT packing. Due to this
configuration of the spheres, slices in any direction will show a different section of the spheres resulting in
more/less spaces for the fluid to flow.

The walls of the cavity are differentially heated; the left wall is hot (Th) and the right wall is colder (Tc).
This is implemented in the boundary conditions of the problem (see subsection 3.2.2)

The influence of the sphere on the heat transfer and flow characteristics in the cavity filled with coarse-
grained porous media is investigated by comparing them with the phenomena in an empty box. The empty
box has the same dimensions (figure 3.2).

(a) Water filled cavity with hydrogel
spheres in a BCT packing

arrangement.

(b) Cavity filled with water.

Figure 3.2: The two geometries considered with a) the box with coarse-grained porous media and b) the empty box. Both configurations
have the same dimensions.

3.2. Specification
Before the code can be further developed, the equations with their boundary and initial conditions have to
be found that describe the temperature and motion of the fluid inside the cavities that are depicted in figure
3.2.

3.2.1. Governing equations
In the convection problem involving a non-isothermal fluid, the unknowns are: velocity, pressure, temper-
ature and density. The governing equations are: continuity, conservation of momentum, conservation of
energy and an equation for the state of the fluid. In case of an ideal gas, the equation of state is the ideal gas
law. For this problem, the flow problem is dependent on the heat transfer problem through the equation of
state: ρ=ρ(P,T) [5].

The governing coupled equations for a problem with convection, Newtonian and non-isothermal fluid,
with constant viscosity µ are: continuity, Navier Stokes, the incompressible form of the energy equation and
the energy balance for the solid region (indicated with Ts).

The conservation of mass for the 3D system can be written as:

∂ui

∂xi
= 0 (3.1)

Where ui is the velocity in the i direction. This incompressible form of the continuity equation states
that the divergence of the velocity field is zero everywhere. Since the assumption is made that the density is
constant there is no time-derivative term because there is no accumulation/loss in the system.
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In parallel, the Navier-Stokes equation can be stated as:

∂(ui )

∂t︸ ︷︷ ︸
Time rate of change

+ u j
∂(ui )

∂x j︸ ︷︷ ︸
Convective transport

= − ∂

∂xi
(

p

ρ0
+ g · z)︸ ︷︷ ︸

Pressure forces

+ ν0
∂2ui

∂x2
j︸ ︷︷ ︸

Viscous forces

−β0g (T0 −T )δi 3︸ ︷︷ ︸
Buoyant forces

(3.2)

Here, p, ρ0, g and β0 are the pressure, density at reference condition, acceleration due to gravity and vol-
ume expansion coefficient respectively. The first two terms on the left hand side of the equation are for the

inertial forces, which describe the acceleration in a material reference frame. The term u j
∂(ui )
∂x j

is associated

with the convective transport of momentum. At the right hand side there are three terms: the pressure forces,
the viscous forces and external forces (buoyant forces in this case) respectively. The viscous forces are repre-

sented by the term ν0
∂2ui

∂x2
j

and comes from the variations in viscous stresses. The net buoyancy force is the

force on a control volume caused by the combined effects of static pressure variations and gravity. Since the
local density differences are small, the Boussinesq approximation is applied. Even for the simplest situations,
the solution of the set of equations is complex so that almost all published work assumes this approximation
[40]. Here, all density differences are ignored except in the case where it is multiplied with g, the gravitational
acceleration. A full derivation can be found in appendix C.

The energy equations for the fluid part in the domain reads:

∂T f

∂t︸︷︷︸
Time rate of change

+ u j
∂T f

∂x j︸ ︷︷ ︸
Convection of heat

= α
∂2T f

∂x2
j︸ ︷︷ ︸

Diffusivity of heat

(3.3)

The next equation applies to the energy in the solid part of the cavity:

∂Ts

∂t︸︷︷︸
Time rate of change

= α
∂2Ts

∂x2
j︸ ︷︷ ︸

Diffusivity of heat

(3.4)

Where T, Ts α are the fluid temperature, solid temperature and thermal diffusivity respectively. The right
hand side of both equations represents the conductive heat transfer. This is a measure of the rate of heat
transfer of a material from the hot side to the cold side. If the thermal diffusivity α is high, heat will move
rapidly through the system because the material conducts the heat quickly. This quantity is a material prop-
erty and measured in m2/s.

3.2.2. Boundary and initial conditions
The problem can be fully specified by determining the boundary and initial conditions of equations 3.1 to
3.4. The parameters that need specification are velocity, temperature and time. This will be discussed in the
paragraphs below.

Velocities
To address the research questions, the direction and magnitude of the forced component is of great impor-
tance. The walls of interest get a positive or negative velocity component, this value is obtained from the
results for pure natural convection. The no-slip velocity boundary condition is applied to the walls that do
not move. For the second research objective the direction of the forced component is investigated. Therefore,
a box with the sides of the cavity are imposed with a Dirichlet boundary condition of a constant velocity.

So the velocity boundary conditions for the different setups are:

NC ux = uy = uz = 0 at x=0, L; y=0, L; z=0, L.
MC by moving sides ux = uy = 0 at x=0, L; z=0,L and uz =± u at y=0, L.
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Left wall T = Th at y=0
Right wall T = Tc at y=L

Front/back wall ∂T
∂x = 0 at x=0, L (adiabatic wall)

Top/bottom wall ∂T
∂z = 0 at z=0, L (adiabatic wall)

Temperature
A temperature gradient is imposed by maintaining the side walls of the cavity at different temperature. The
temperature of the hot and cold wall will be varied to create a difference in Ra. The temperature conditions
are given by:

There is a thermal equilibrium at the interface i between the fluid and solid spheres where there is only
conductive heat transfer normal to the interface. Therefore the following Neumann boundary condition im-
plies at the interface:

k f
∂T f

∂x j
|i = ks

∂Ts

∂x j
|i

Time
The initial conditions for the solid and fluid phase are:

Ts (t = 0) = T f = T0 = 1

2
(Th +Tc )

3.2.3. One domain formulation
The one domain formulation requires a single set of governing equations for the entire domain that can give
scaling laws. This is mainly important for the post-processing step of the data.

The temperature is scaled by:

T ∗ = T −TH

TH −TC
(3.5)

In the mixed convection situations, the velocity magnitude can be scaled by the velocity of the forced
component (moving wall velocity):

uM ag =
√

u2
x +u2

y +u2
z (3.6)

u∗
M ag = uM ag

uFC
(3.7)

The velocity scale for natural convection is based on [3]. See section C.1 in appendix C for more informa-
tion.

ui = Ra
3
7
α

H
(3.8)

3.2.4. Numerical treatment
The governing equations are solved sequentially with a finite-volume discretisation process since this method
provides good results with a minimum number of computation points [41]. The equations are discretized
using the finite-volume method, employing an unstructured grid. The name ’Finite Volume’ refers to the
small volume that surrounds every node on a mesh. This method converts partial differential equations into
a set of coupled equations and values are calculated at discrete places on the meshed geometry.

The fvSchemes dictionary in the system directory sets choice of finite volume discretisation scheme for
the terms in equations. The models and settings used are listed in table 3.1.
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Setting Value
Time scheme First order implicit Euler scheme
Gradient scheme Linear
Divergence scheme VanLeer scheme
Laplacian scheme Linear limited 0.5
Interpolation scheme Linear
Pressure and velocity coupling PISO (see section 3.4.1)

Table 3.1: Solver settings used in OpenFOAM.

3.3. Domain and mesh
In CFD, the flow and temperature equations presented in section 3.2 are solved on a grid that is confirming
the geometry depicted in figure 3.1. The equations are approximated over the elements of the geometry.
Therefore, a mesh is made from the cubic cavity, which is made out of cells. The number of cells has an
influence on for example the computational time and solution precision. Besides, different cell shapes have
an influence on the accuracy of the solution [41].

For an empty cavity, the hexahedron cell shape is used. For the same cell amount, the accuracy of the
solutions in hexahedral meshes is the highest [42]. The reference empty 3D cavity consists of 1283 elements,
so 2,097,152 hexahedron shaped cells in total. Section 4.1 elaborates more about the grid independence
study.

The filled cavity is built up from tetrahedron cells. The spheres inside the cavity makes the connectivity
of the grid structure inside the box highly irregular. The mesh size is based on the diameter of the spheres, for
this configuration d/16 is used making the total number of cells 4,701,863.

All cells together form the mesh of the geometry. Figure 3.3 shows the structured mesh of the empty
water filled cavity and the irregular configuration of cells for the beads filled cavity. The mesh closer to the
boundary should be fine enough to capture the physics in the boundary layer. Figure 3.3a clearly shows a
mesh refinement near the walls, and more coarse cells in the center of the cavity. In the case of a domain
with coarse-grained porous media, the number of grid cells increases to fulfill the requirement of a fine mesh
close to a solid boundary.

(a) The resulting mesh for the water filled
cavity.

(b) Mesh for the cavity filled with coarse grained porous media.

Figure 3.3: Mesh for the two different cavities.

The size of the mesh on which the equations are solved are based on the required detailedness of the
solution. In section 2.5 already touched upon this requirement. Here it is stated that for a DNS all spatial
scales must be solved, and the smallest length scale is determined by the Kolmogorov scale [41].

A detailed literature review on the spatial resolution requirements in a convective turbulent flow is re-
ported in [1]. An overview of the requirements in the boundary layer and global mesh size can be found
in appendix D. Table 3.2 gives an overview of a rough estimation of thermal and velocity boundary layer
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thickness and the number of cells for different Ra numbers. This numbers are calculated for the situation
of an empty cavity. In case of a domain filled with coarse grained porous media, the number of grid cells
required increases. This results form the thermal and velocity boundary layer that will be generated around
the spheres.

Ra hg l obal (m) δT h(m) δu (m) NT h.BL Nv.BL No. of cells
1.17×105 0.00395 0.00357 0.00637 2 3 1.63×104

1.17×106 0.00180 0.00175 0.00178 3 4 1.72×105

1.17×107 0.000833 0.00086 0.000833 3 6 1.74×106

Table 3.2: Overview of the rough estimation of the mesh size of a cavity filled with water for different Ra numbers. The calculations are
done based on [1] and appendix D gives the equations.

3.4. Numerically solving the Navier-Stokes equations
The governing equations introduced in section 3.2 are solved using the CFD software from OpenFOAM. The
convection of heat in the system depends on the magnitude and the direction of the local velocity field. The
two equations (3.1 and 3.2) are intricately coupled because every velocity component appears in each mo-
mentum and the continuity equation. The most complex issue to resolve is the role of the pressure; since the
flow is incompressible the density is constant and hence by definition not linked to the pressure. The cou-
pling between pressure and velocity gives a constraint on the solution of the flow field: if the correct pressure
field is applied in the momentum equations the resulting velocity field should satisfy continuity. So, at this
point there are two issues to deal with: finding a way to deal with the non-linearity in the set of equations and
the linkage of the pressure and velocity. These problems can be resolved by adapting an iterative solution
strategy with the help of an algorithm.

3.4.1. The algorithm
Solving the Navier-Stokes equations requires numerical techniques for coupling the pressure and momen-
tum quantities, this is done by for example SIMPLE, PISO or PIMPLE algorithms. All these algorithms are
iterative solvers. In this project, a solver is developed in-house that combines the boussinesqPimpleFoam
and the chtMultiRegionFoam solver. The chtMultiRegionFoam is meant to be used for heat transfer between
a solid and a fluid. The developed solver is validated by checking if the obtained results are in agreement with
literature. This is done based on the article from Kaminski [43].

PISO
The boussinesqChtMultiRegionFoam solver uses the iterative PISO algorithm, which is an abbreviation for
"Pressure Implicit with Splitting of Operator". Figure 3.4 gives a schematic overview of the steps taken in
the algorithm. The loop consists of a time step loop and this inner loop there is one predictor step and two
corrector steps. In the first step, the predictor step, the momentum equation is solved with a guessed pressure
p∗ to give velocity components u∗

i . These obtained velocities will not satisfy continuity unless the pressure
p∗ is correct. So the first corrector step is introduced to give a velocity field u∗∗

i which satisfies the discretized
continuity equation. A second correction step is made to by solving the momentum equations once more.
This gives a second pressure corrector from where the twice-corrected velocity field u∗∗∗

i is obtained. These
velocities are considered to be the correct twice-corrected velocity ui and p. If the solution is converged, the
loop starts over again for a new time step.

For this procedure under-relaxation is required to stabilize, i.e. decrease the possibility of divergence or
oscillations in the solution, the calculation process.

The time steps in the algorithm are done explicitly, meaning that the computation of the variables at the
new time step are done based on the previous time level.
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Figure 3.4: Flow chart of PISO scheme.

MultiRegions
The coupling of heat transfer between the fluid and solid phase is done with the chtMultiRegionFoam solver.
The different phases in the system are seen by OpenFOAM like a set of multiple simple cases running si-
multaneously and linked by their boundary conditions. Variables are taken from one region boundary to the
corresponding neighbouring region boundary. Each region (fluid and solid) have their own directories within
each of the main directories. In these directories the parameters are defined.

The regions are defined in the mesh and, before starting the simulation, splitted into segments according
to the pre-defined zones. For the post-processing of the data, the regions need to be reconstructed into one
file.

3.4.2. Material properties
The two materials in the domain are hydrogel spheres and water as fluid phase. Table 3.3 lists all the used
material properties [44].

Parameter value unit
Pr 5.4 -
ρf 998 kg/m3

ρs 998 kg/m3

Cp 4182 m2/s2 K
k f 0.6 W/ (m K)
ks 0.6 W/(m K)
α 0.143 ×10−6 m2/s

Table 3.3: This table lists all the material properties of the problem. The fluid phase is water and the solid phase hydrogel.

3.5. Convergence
The steady state situation is the moment when the flow and heat transfer are unchanging in time. There are
multiple ways to check the state of the system. One possibility is finding the Nusselt number in the ’hot’ and
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’cold’ region (i.e. the region near the wall with the higher/lower temperature). Nusselt is calculated by the
temperature gradient near the wall divided by the temperature difference.

This equation is derived from the local heat transfer coefficient [5]:

φ′′
q = h Abox(T −T∞) (3.9)

φ′′
q =−k Abox

∂T

∂x
(3.10)

Where k is the thermal conductivity and Abox the surface where heat transfer takes place.
Equation 3.9 and 3.10 are equated to obtain the Nu number at the wall:

Nuy =
−L ∂T

∂y |x=0

∆T
(3.11)

(3.12)

The convergence of the simulation is checked by using probes at difference locations in the geometry. Ap-
pendix F gives the computational code that can be found in controlDict dictionary in the system directory
and that calculates the flux at the probes in the cavity.

The flow was found to be steady based on the graphs depicted in figure 3.5. Here it can be seen that the
average Nusselt number (figure 3.5a) reached a constant number at one point, this also counts for the tem-
perature values (figure 3.5b). For this graph, multiple points are taken in the domain and their temperature
values are depicted as function of time divided by the large circulation time (LSC). A derivation of τLSC can be
found in appendix D. The convergence plotted in figure 3.5 came from a mixed convection situation where
the wall velocity was uFC=0.00141 m/s. With the help of both graphs, it can be concluded that this simulation
has reached a steady flow.

(a) Average Nu number (b) Normalized temperature at various probes in the domain

Figure 3.5: Convergence of two quantities in time for a) the average Nu and b) temperature at different probes in the system.
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Natural convection

This chapter elaborates natural convection in a side heated cavity. Figure 4.1 depicts a schematic 2D repre-
sentation of natural convection in a water filled and water filled cavity with packed beads. The temperature
difference between the hot and cold wall creates a flow: the natural convection flow. The obtained numerical
results for an empty cavity are compared with experiments performed by master student Nima Rounaghi.
The following sections will present the information on fluid flow, temperature and resulting heat transfer
fields for an empty cavity figure 4.1a and a cavity filled with coarse grained porous media 4.1b.

(a) Schematic 2D representation of natural convection in a water
filled cavity.

(b) Schematic 2D representation of natural convection in a cavity
filled with coarse grained porous media.

Figure 4.1: Schematic 2D representation of natural convection in a) an empty cavity and b) a cavity filled with coarse grained porous
media. The heat transfer for the two situation are compared with each other.

4.1. Mesh dependency for an empty cavity
In the case of natural convection in an empty cavity (see figure 3.3a) the mesh quality is verified. One of the
factors that determines the quality of the mesh is the independence of the grid on the obtained solution. This
implies that the desired property of the fluid does not vary with respect to increasing mesh elements. This is
an essential tool to know how good your mesh is.

In this study, the simulation is ran various times with increasing finer mesh size. For this purpose, a cavity
filled with water with different number of elements is used. The simulations were performed for the case
of natural convection in a empty cavity with water as fluid and Ra=108. Table 4.1 gives an overview of the
number of elements, the corresponding cell size and the average Nu number in the domain.

The mesh is validated with literature and summarized in table 4.2. The values founded for a cavity filled

21
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Mesh 1 2 3
Grid 323 643 1283

Cell size (m) 3.13×10−3 1.56×10−3 7.81×10−4

Nu 36.8 34.1 33.6
Difference relative to fine mesh 8.70% 1.47% -

Table 4.1: The Nu number over the domain of an empty cavity at Ra=108 for various grid sizes.

with water show agreement with the data obtained in the present study. It can be concluded that a mesh with
1283 is fine enough to capture the physics.

Study Grid Pr number Nu number
This study 1283 5.4 33.6
Lage and Bejan et al [45] 522 10 35.2
Snoussi et al [46] 1293 7.6 34.2
Experimental solution by Nima - 7.6 34.4
Janssen and Henkes [47] 1203 0.71 30.0
Markatos and Pericleous [48] 402 0.71 32.0
Peng Wand et al [49] 2003 0.71 29.9

Table 4.2: Nusselt numbers from literature for a differentially heated empty cavity for Ra=108.

The mesh independence study for the porous media filled cavity was carried out by Manu Chakkingal
(figure 3.3b). A mesh size based on the sphere diameter was determined. It was found that a mesh of d/16
fulfilled the mesh independence criteria [1]. This resulted into 4.7 million cells for this case.

4.2. Comparison with experiments
The results obtained for natural convection in a side heated cavity are compared with the experiments per-
formed by master student Nima Rounaghi. This step is an extra verfication for the mesh and the solver.
The experimental data in the Nu-Ra curve depicted in figure 4.2 obeys a power-law relationship: Nu=0.239
Ra0.2677. The results are in good agreement with literature [45, 46].

The results obtained from simulations are represented with red dots in figure 4.2. The difference between
the experimental and simulated data shows a deviation of about ±1.1-2.3%.

Figure 4.2: Nu-Ra relationship for natural convection in a side heated empty cavity. The solid curve present the experimental obtained
power law; symbols, simulations at different Ra numbers.
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4.3. Natural convection flow field
The natural convection flow in the domain is visualized by plotting isocontours of the velocity magnitude.

The umag is normalized with the scaling factor for natural convection of uscale=Ra
3
7 α

L [3].
Very small magnitudes of velocity are observed for at Ra (Ra=105, figure 4.3a). The buoyant force is small

so the fluid in the domain is barely affected. With an increase in Ra the u∗
mag at the walls and inside the

domain is higher. Higher magnitudes are observed at higher Ra (Ra=106, figure 4.3b). For even higher Ra
(Ra=107, figure 4.3c) the buoyant forces is getting stronger and creates a wall driven flow. The highest natural
convection velocities are observed in proximity walls of the cavity. This is characteristic for a side heated
cavity.

(a) Ra=105 (b) Ra=106 (c) Ra=107

Figure 4.3: Normalized velocity magnitude u∗
mag for different Ra numbers. The velocities are scaled with the scaling factor [u]=Ra

3
7 α

L
[3]. The isocontours are taken at slice

y
L =0.57.

4.4. Temperature
The temperature isocontours are plotted for three different Ra numbers. With an increase in Ra the buoyant
force increases and the u∗

mag increases. This has also an effect on the temperature distribution.

For small Ra (Ra=105) the isocontours show a linearly behaviour indicating that conduction is the domi-
nant mechanism of heat transfer. With an increase in Ra, the normalized temperature isocontours is getting
less linear and the isocontours are more curved. Besides, due to the increase in flow the thermal boundary
layer is more spread out in the Y-direction. An increase in Ra gives an increase in buoyant forces. As ob-
served in figure 4.3, an increase in Ra results in a higher momentum in the cavity. This makes convective heat
transfer the main mode of heat transfer at higher Ra.
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(a) Ra=105 (b) Ra=106 (c) Ra=107

Figure 4.4: Instantaneous temperature isocontours for different Ra numbers. The isocontour slices are taken at
y
L =0.57.

4.5. Heat transfer
The flow and temperature field presented above have an effect on the total heat transferred. This is depicted
with isocontours of the Nu number at y

L =0 (the hot wall) in figure 4.5.

(a) Ra=105 (b) Ra=106 (c) Ra=107

Figure 4.5: Instantaneous Nu number isocontours at
y
L =0 (the hot wall) for different Ra numbers.

For low Ra (Ra=105, figure 4.5), the Nu isocontour plot indicates a conduction dominant plane. It is due to
the low flow velocity as observed in figure 4.3. With a small magnitude, the heat is transferred by diffusion and
Nu is approximately 1 in this case. For Ra=106 a small thermal gradient is visible at the bottom of the plane
depicted in figure 4.5b. Furthermore, the gradient is exists further along the plane compared to figure 4.5a.
For larger Ra, Ra=107, the buoyant force is stronger. The thermal gradient is able to penetrate further over
the plane as seen in figure 4.5. The temperature isocontour depicted in figure 4.4 shows a thermal boundary
layer that is more spread-out in the lateral direction.
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Figure 4.6 shows Nu versus Ra for the empty cavity and the cavity filled with coarse grained porous media.
For lower Ra (Ra=105) the empty cavity the heat transfer rate is about five times higher compared to the
filled cavity. The spheres create friction for the fluid flow and therefore the heat transfer mainly goes through
conduction. With an increase in Ra, Nu increases for both cavities.

The discrepancy in Nu between the empty and filled cavity decreases with increasing Ra. For Ra=106 the
heat transfer rate is about four times higher and when Ra=107 Nu for the empty water filled cavity is twice as
high than for the filled cavity. The buoyancy force generates more momentum by which the fluid can move
more easily between the spheres. For high Ra (Ra=108) the heat transfer for both situations are in the same
order of magnitude. The fluid flow has more momentum by which it can overcome the viscous forces from
the spheres. Convection is the dominant heat transfer mechanism here.

Figure 4.6: Nu versus Ra plot for an empty cavity and a cavity filled with coarse grained porous media.

4.6. Summarized
The following things can be concluded about natural convection in a side heated cavity.

• The data obtained by the simulations for an empty cavity showed close agreements with experiments.
• For low Ra (Ra=105) conduction is the dominant heat transfer mechanism. With an increase in Ra the

buoyant force increases and the total heat transfer in the domain increases too.
• The difference in Nu between an empty and filled cavity is decreasing with an increase in Ra. Nu for the

water filled cavity at low Ra (Ra=105) is about five times higher, and for Ra=107 the water filled cavity
transports about 10% more heat than the water filled cavity. The higher buoyancy forces gives the fluid
more momentum to meander through the coarse grained porous media.
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Forced convection

This chapter elaborates forced convection in a side heated lid-driven cavity. Forced convection will be ob-
tained by making the gravitational constant g=0 and this results in Ra=0. The forced convection part in a
mixed convection situation can be created by a wide range of variables a topic that was briefly touched upon
in section 2.3. The scope of this project is on lid-driven cavities, where the side walls are moving as schemat-
ically depicted in figure 5.1. In this chapter the forced component is discussed and the resulting flow and
temperature field for an empty cavity (figure 5.1a) are compared with a cavity filled with hydrogel spheres
(figure 5.1b). The wall velocity is varied while all other parameters are fixed.

(a) Schematic 2D representation of forced convection by moving
side walls in an empty cavity.

(b) Schematic 2D representation of forced convection by moving
side walls in a cavity filled with coarse grained porous media.

Figure 5.1: Schematic 2D configurations of forced convection created by moving side walls. The flow, temperature and heat transfer
are compared for a cavity filled with hydrogel spheres with an empty cavity. In this research, the wall velocity is varied while all other
parameters are fixed.

5.1. Flow in empty and filled cavity
The magnitude for the flow in both empty and filled cavity is expressed in terms of the Re number. The
number is determined based on the wall velocity.

Figure 5.2 shows the normalized velocity magnitude for three different Re numbers. The definition for
Reynolds is based on:

Re = ρvL

µ
(5.1)
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Where ρ and µ are the density and viscosity of the fluid. The length L is based on the length of the cavity
and the velocity u is determined by the wall velocity (see figure 5.1). See appendix A for more information.

The magnitude is normalized with the wall velocity corresponding with Re=319 (figure 5.2b). Figure 5.2a
shows u∗

mag for low Re. The wall velocity is low and therefore the magnitude inside the center of the domain is
not affected. With an increase in Re higher magnitudes are observed inside the domain and around the walls.
The flow is mostly wall dominated.

(a) Re=91 (b) Re=319 (c) Re=1150

Figure 5.2: Normalized velocity magnitude isocontours at x-plane x
L =0.57 for Ra=0 varying Re.

5.2. Temperature distribution
The temperature distribution is plotted as isocontour at slice x

L =0.57 varying Re. With an increase in Re, the
wall velocity is a higher by which the fluid flows with a higher magnitude in the clockwise direction as de-
picted in figure 5.1. The temperature isocontours in figure 5.3c show more oscillation compared to figure
5.3a. The higher Re creates a higher domain velocity, as seen in figure 5.3, which reflects the temperature
distribution. Moreover, with an increase in Re the thermal boundary layer increases. Besides, the layer shows
more lateral spread in the Y-direction. The width of the isocontours close to the wall decreases due to the
higher wall velocity. The thermal boundary layer for high Re (Re=1150, figure 5.3c) is not a continuous iso-
contour line. The higher wall velocity gives the fluid near the wall a higher momentum. A re-circulation flow
arises due to the change in momentum of the fluid that is hitting the top wall. Fluid with a higher temperature
gradient goes along with this recirculation loop.
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(a) Re=91 (b) Re=319 (c) Re=1150

Figure 5.3: Instantaneous normalized temperature isocontours at x-plane x
L =0.57 for Ra=0 varying Re.

5.3. Heat transfer
The flow field and temperature distribution affect the total heat transfer in the domain. This is depicted
in figure 5.4 with isocontours of the Nu number varying Re at y

L =0 (the hot wall). With an increase in Re
a higher temperature gradients is observed. The higher wall velocity results in the hot fluid to be carried
further upstream across the heated wall.

(a) Re=91 (b) Re=319 (c) Re=1150

Figure 5.4: Instantaneous Nu isocontours for forced convection situation at
y
L =0 (the hot wall) with Ra=0 varying Re.

For higher Re, the dominant heat transfer mechanism is convection. In the situation of low Re (Re=91,
figure 5.4a) conduction is the main mechanism of heat transfer. Nu values close to 1 are observed in the
plane depicted in figure 5.4a.

Besides, the highest temperature gradients are observed in the center of the planes depicted in figure 5.4.
Here the wall velocity affects the fluid more compared to the locations close to the other walls. In the locations



30 5. Forced convection

close to the walls, lower Nu values are observed.
Figure 5.5 shows the Nu-Re plot for both situations. For low Re in the cavity filled with coarse grained

porous media, the main mode of heat transfer is by conduction since Nu is close to 1. The wall velocity is too
low to create a circulating flow in the domain. With an increase in Re the total heat transfer increases too.
This results from a higher domain velocity by which the heated fluid can travel along with.

The heat transfer in the empty cavity is higher than in the cavity filled with coarse grained porous media.
In the case that Re∼100, the water filled cavity transports about 5 times more heat than in the case of the
cavity filled with coarse grained porous media. The fluid in the cavity filled with coarse grained porous media
the flow has to meander through the spheres. This is hindering the convective heat transfer and results in a
lower Nu. With an increase in Re, the difference between the two cavities decreases. For the situation where
Re∼1000, the Nu number for water filled cavity is almost twice as high compared to the water filled cavity. The
higher wall velocity gives the fluid more momentum by which it can overcome the viscous forced generated
by the spheres in the domain. Plotted on a log-log scale, both situations obey a power law relation above a
certain Re.

Figure 5.5: Nu versus Re plot where Ra=0. The cavity filled with water is indicated with red squares and the cavity filled with coarse
grained porous media is represented by blue dots.

5.4. Summarized
The following things can be concluded about the situation with a side heated cavity and moving side walls
were Ra=0.

1. The movement of the walls create a wall-dominant flow.
2. A higher wall velocity creates a higher domain velocity.
3. A higher Re creates a thicker thermal boundary layer.
4. With an increase in Re, the total heat transfer increases. For moderate Re values (Re=10-1000) the heat

transfer in an empty cavity is higher then in a cavity filled with coarse grained porous media. For
Re=100, Nu is about five times higher for the water filled cavity. With an increase in Re, the discrep-
ancy in heat transfer rate between the water filled and cavity filled with beads decreases: for Re=1000
Nu is about two times higher for the empty cavity. The spheres are blocking the flow due to which with
the convective heat transfer is hindered.
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Assisting mixed convection

In this chapter, the situation of assisting mixed convection is discussed. Here, the forced convection created
by the movement of the wall is in the same direction as the natural flow. This is schematically depicted in
figure 6.1. Section 6.1 gives information about porosity in the cavity filled with coarse grained porous media.
Section 6.2 will elaborate more about the flow profiles for an assisting mixed convection case. The focus
of section 6.3 is on the resulting temperature isocontours. Section 6.4 discusses the effect of the flow and
temperature fields on the total heat transfer in the domain. Lastly, section 6.5 states the most important
points found based on the figures and graphs in this chapter.

Figure 6.1: 2D representation of assisting mixed convection in a side heated cavity filled with coarse grained porous media.

6.1. Porosity
In this section the spatial variation of available space for the fluid is discussed. This is expressed in terms of
porosity.

The porosity is a measure of the void (empty) spaces in a cavity. This is the ratio of the volume fraction
of the void-space divided by the total volume. The average porosity of the total cavity is ε=0.38. A closer
look is taken to the local porosity inside the cavity, since this is an important parameter in the context of flow
channeling near the wall.

This porosity is calculated by the surface area of the solid part of the y-slice divided by the total area. In
figure 6.2 the variation of ε inside the box is plotted versus the normalized wall distance in the y-direction
(between the hot and cold wall). The particles are packed in an ordered way, therefore a repeating structure
of oscillations is visible in figure 6.2. Close to the walls ε≈1, indicating a layer of fluid between the walls and
spheres. Towards and in the center of the cavity the porosity varies between ε=0.2-0.6, that points out the
presence of solid in this part of the domain.

31
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Figure 6.2: Porosity as function of the position at the y-axis. A high porosity means that there is a lot of fluid while a lower velocity is an
indication of more solid in the domain.

These findings are to be kept in mind when looking at the flow and temperature profiles in the following
sections. Since a momentum and thermal boundary layer will be created around the spheres, the velocity
field, temperature distribution and the heat transfer will be influenced. This behaviour was for example de-
scribed in an article by Vafai et al [28].

6.2. Assisting flow
The title of this section, assisting flow, refers to the situation where the forced component is in the same direc-
tion as natural convection and therefore can assist the natural flow as depicted in figure 6.1. Uz is normalized
with the maximum velocity obtained for Rim=0.13. In figure 6.3 u∗

z isocontours are depicted at x-slice x
L =0.57

for three different Rim numbers at Ra=107.

(a) Rim=0.04 (b) Rim=0.1 (c) Rim=0.52

Figure 6.3: Normalized uz velocity for x-planes at x
L =0.57 for Ra=107 varying Rim.
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At the first glance, all three figure in figure 6.3 show the same behavior: a positive (upward) velocity at
the left boundary and a negative (downward) movement at the right wall, the cooled wall. This is caused by
the moving walls: the left wall is going up and the right wall down. The circulation of fluid in the domain
is in clockwise direction. Some perturbations are seen in the isocontour lines in the corners, which is char-
acteristic for lid-driven problems according to [50]. The wall movement and buoyancy force gives the fluid
an upward/downward movement, and a change in momentum is created when the flow hits the top/bottom
wall. Moreover, an aligned velocity is observed for the forced dominated regime (figure 6.3a, Rim=0.04). The
u∗

z is getting less aligned to the walls when natural convection is becoming more dominant. In the center of
the cavity, low values of u∗

z are observed due to the scarcity of available space.

(a) Normalized average velocity magnitude for Ra=107 for
different Rim .

(b) Normalized average velocity magnitude for Rim=0.1
while varying Ra.

Figure 6.4: Normalized average velocity magnitude over y-slices in the domain.

To see the influence of the assisting force on the velocity in the total domain, the average normalized
velocity magnitude is determined for various planes in the y-direction. This is plotted against the normalized
wall distance in the y-direction (between the hot and cold wall) in figure 6.4.

Here, the influence of the solid spheres in the domain is clearly visible. The wiggling and repeating nature
of the different lines shows the presence of an ordered structure that can block the flow. This blocking of
space is better visible in figure 6.3; here the spheres are in contact with each other at certain locations making
it not possible for the flow to penetrate through. At other places, the availability of less space is making it
impossible for the fluid to flow. There is relatively a lot of empty space in the regions near the wall, which
makes the flow mostly wall dominated. This is also visible in figure 6.4a and 6.4b: the maximum velocity
magnitude is observed at y

L =0 or 1. Next to the walls, a strong decrease/increase is visible in the normalized
average velocity magnitude. This indicates that the highest velocities are obtained near the walls.

Figure 6.4a shows the average normalized velocity magnitude in the cavity for three different Rim at
Ra=107. It can be seen that as Rim increases the average normalized magnitude decreases. The forced con-
vection dominant case (Rim=0.04), the red line, shows the highest magnitudes throughout the total domain.
The higher wall velocity gives the fluid more momentum to move to the center of the domain that is more
densely packed with the spheres.

In figure 6.4b the average normalized velocity magnitude is shown for different Ra while keeping a con-
stant of Rim=0.1 (mixed convection regime). A higher Ra gives a higher normalized average velocity magni-
tude in the domain.
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6.3. Temperature
The direction of the motion of wall as depicted in figure 6.1 with respect to the natural convection stream also
has an influence on the temperature field. This is first shown based on instantaneous temperature isocon-
tours as depicted in figure 6.5 and 6.6.

(a) Rim=0.04 (b) Rim=0.13 (c) Rim=0.52

Figure 6.5: Normalized instantaneous temperature isotherms at x-slice x
L =0.57 for Ra=107 for different Rim numbers.

Temperature isocontours at Ra=107 varying Rim are shown in figure 6.5. The isocontour lines in figure 6.5a
show more oscillation compared to figure 6.5c. The forced convection creates a higher velocity in the domain
as seen in figure 6.4a which reflects the temperature distribution. Furthermore, the width of the isocounts
close to the wall is getting less wide with an increase in Rim. For Rim=0.52 (figure 6.5c) natural convection is
more dominant so the buoyancy force is making the curve more smooth.

(a) Ra=105 (b) Ra=106 (c) Ra=107

Figure 6.6: Normalized instantaneous temperature isotherms at x-slice x
L =0.57 for Rim=0.1 at different Ra.

In figure 6.6 the temperature isocontours are shown for Rim=0.1 (mixed convection regime) varying Ra. Ra
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is changed by adjusting the gravitational constant while keeping all other parameters fixed. Two main things
are noticeable for the three situations depicted: the difference in the thermal boundary layer and the shape
of the lines of the isocontours.

Firstly, the thermal boundary layer refers to the layer where the effects from viscous forces are significant.
With increasing Ra, the buoyancy force increases, and the layer is moving away from the side walls and shifted
more to the top/bottom wall.

With increase in Ra the lines of the isocontours are getting less straight. The isocontour lines are giving
information on the mechanism of heat transfer. At small Ra (Ra=105 figure 6.6a) the isocontours indicate that
conduction will be the dominant mechanism of heat transfer. With an increase in Ra, the isocontours are
getting more curved and showing more wiggles. This is an indication of more convective heat transfer.

(a) Solid and fluid temperature for Ra=107 at different Rim
numbers.

(b) Solid and fluid temperature for different Ra numbers at
Rim=0.1.

Figure 6.7: Solid and fluid average temperature over y-slices in the domain. The dotted lines represent the solid parts and the straight
lines visualize the fluid part.

The main mode of heat transfer can also be observed from the averaged normalized domain tempera-
ture depicted in figure 6.7. Here, the average solid and fluid temperature over y-slices are plotted versus the
normalized wall distance.

At figure 6.7a the solid and fluid temperature are plotted for different Rim at Ra=107. The solid (dashed
lines) and fluid temperature (solid lines) do not show much variation from each other since the thermal con-
ductivity of both regions is the same. Furthermore, a small shift in average temperature distribution in the
solid and fluid region is visible for different Rim.

In the center region ( y
L =0.3-0.7) the average normalized solid and fluid temperature coincide for all Rim.

Outside the center the fluid and solid temperature have more deviation. For the regions between the wall
and the center ( y

L =0.1-0.3 and y
L =0.7-0.9), a higher wall movement gives a slower decrease in average solid

and fluid temperature. This is caused by the thicker thermal boundary layer compared to higher Rim, as can
be seen in figure 6.5.

The average temperature distribution in figure 6.7b show more variation compared to figure 6.7a. Here,
the solid and fluid temperature are depicted for Rim=0.1 varying Ra. For small Ra (Ra=105), the light blue
dotted and solid line, a linear temperature decrease is observed for the solid and fluid region. With an increase
in Ra, the temperature distribution is less linear. This indicates that convection becomes more dominant.
This transition from conduction dominated to more convection dominated was also seen in the 2D slices
depicted in figure 6.6.
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6.4. Heat transfer
The flow and temperature fields have an influence on the total amount of heat transferred in the domain.
This is expressed in terms of the Nu number, which is the ratio of total heat transfer by the conductive heat
transfer. In this case, the total heat transfer is the sum of convective and conductive heat transfer.

The instantaneous Nu isocontours for the heated side wall at y
L =0 are depicted in figure 6.8.

The fluid flows in a clockwise direction (see figure 6.1) in the cavity. It brings a plume of relatively colder
fluid perpendicular to bottom of the heated wall. This results in a higher temperature gradient and a higher
Nu as can be seen in figure 6.8. The higher wall velocity (Rim=0.04, figure 6.8a) gives the fluid more magnitude
by which the temperature gradient can penetrate deeper across the wall. The presence of spheres are also vis-
ible in the instantaneous isocontour. The lower regime of the slice in figure 6.8 has areas with lower Nu. This
spots visualize the conducting nature of the spheres. Along the objects, a convective stream is penetrating
and is represented by the higher Nu numbers.

(a) Rim=0.04 (b) Rim=0.13 (c) Rim=0.52

Figure 6.8: Instanteneous Nu isocontours at y-slice
y
L =0 (the heated wall) for Ra=107 for different Rim numbers.

The overall heat transfer is depicted by plotting Nueff, the effective Nu, and Nu number versus Rim for
different Ra in figures 6.9a and 6.9b.

First figure 6.9a. An increase in Ra number results in an increase in Nu number. In the mixed convection
zone (Rim) the Nu number for higher Ra (Ra=107) is about 12 times higher compared to lower Ra (Ra=105). As
Ra is a measure for the strength of the buoyancy force, a higher Ra will lead to more convective heat transfer
since the heat can travel along with the created velocity.

Furthermore, for both Ra the highest Nu are observed at lower Rim. This is the forced convection domi-
nated regime. With increasing wall velocity, Rim decreases, Nu increases.

Besides, with an increase in Rim Nu is approaching the Nu value for pure natural convection. This asymp-
tote will coalesce with the value for pure natural convection that is represented by the solid coloured line.

From figure 6.9 it is possible to determine the two extremes regimes can, but the mixed convection zone
is hard to determine.

Therefore, the Nu number is refined into an effective Nu number for a situation with natural and forced
convection. This reads:

Nueff =
NuMC

NuFC +NuNC −1
(6.1)

Where NuMC is the Nu number obtained in the mixed convection situation, NuFC the value for Nu for only
forced convection and NuNC when there is only natural convection.

The definition stated in equation 6.1 is used as parameter on the y-axis in figure 6.9b. With Nueff on the
vertical axis and the Rim on the horizontal one, Nu shows an optimum.
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This peak is visible in the region where Rim=0.1-1: the mixed convection zone. The regions indicates the
situation in which natural and forced convection are in the same order of magnitude. Left and right from the
top Nueff approaches 1. Here, one of the two convection streams is more dominant resulting in a Nueff closer
to 1.

(a) Nu number versus Rim.

(b) Effective Nu number versus Rim. The solid lines represent the values for pure
natural convection.

Figure 6.9: Heat transfer for different Ra numbers in an assisting mixed convection situation.The solid lines indicate the values for pure
natural convection.
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6.5. Summarized
The following things can be concluded about the situation with assisting mixed convection:

1. The magnitude of the wall velocity has little influence on the u∗
z isocontour plot.

2. The magnitude of the wall velocity has also little influence on the temperature distribution in the do-
main.

3. An increase in Ra number results in an increase in Nu number. In the mixed convection zone (Rim) the
Nu number for higher Ra (Ra=107) is about 12 times higher compared to lower Ra (Ra=105).

4. With Nu defined as Nueff, the Nueff vs Rim plot shows a maximum in the area where Rim=0.1-1. This is
an indication for the mixed convection zone.

Reflecting the assisting mixed convection situation, the lowest Nu numbers will be achieved when the
forced convection is very small compared to the natural convection stream. The points in figure 6.9a show
that with increasing Rim the Nu numbers are approaching the value for pure natural convection.
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Opposing mixed convection

In this chapter, the results are described in the case where the forced convection is in the opposing direction of
the natural flow in the cavity. This is schematically depicted in figure 7.1. Section 7.1 will elaborate more about
the flow profiles while varying parameters. Next, section 7.2 gives more information about the temperature
profiles. Section 7.3 tells more about the effect of the flow and temperature field on the heat transfer in the
domain. Lastly, section 7.4 gives a summary of the findings.

Figure 7.1: 2D representation of opposing mixed convection inside the cavity.

7.1. Opposing flow
There are two flow streams in the mixed convection system; one caused by natural convection and the other
one caused by the wall movement as depicted in figure 7.1. The influence of the strength of this wall move-
ment on the flow in the domain is visualized by plotting the isocontours of the velocity in the Z-direction.
The velocity is normalized with the maximum magnitude obtained in the situation where Rim=0.13. This is
depicted in figure 7.2: x-slices are taken at x

L =0.57 from the domain for Ra=107 varying for three different Rim

numbers.
In figure 7.2, a second plume is visible next to the thin layer at the wall that has an opposite direction to

that of the first layer. This flow is caused by the buoyancy force.
With increasing Rim number, i.e. natural convection becomes more dominant, the isocontours located at

the wall are decreasing. Since the wall velocity decreases, the fluid has near the walls and inside the domain
has a lower magnitude.

The same trend is observed in the overall domain. Figure 7.3 represents the normalized average velocity
magnitude over various y-planes in the domain where at figure 7.3a Ra=107 and Rim is varied and at figure
7.3b Rim=0.1 and Ra is changing. The highest velocities are observed in the regions close to the wall. This

39
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(a) Rim=0.04 (b) Rim=0.13 (c) Rim=0.52

Figure 7.2: Instanteneous normalized uz velocity for x-planes at x
L =0.57 for Ra=107 varying Rim.

observation is in line with the findings based on the porosity profile depicted in figure 6.2. Logically, the
amount of space of void for the fluid to flow through clearly influences the velocity field.

Figure 7.3a shows a higher magnitude around y
L =0.05 and 0.95: this is the influence of natural convection

in the domain. The wall pulls the fluid close to the wall in the direction of gravity, while the next layer feels
the buoyancy force and gets pulled in the upward direction as depicted in the 2D plane in figure 7.2 The Ri
number is the ratio of these two forces, and in the case of mixed convection both are in equilibrium. This
behaviour and the two layers created by the forces is visible in figures 7.2.

Figure 7.3b has a constant Rim of 0.1 (mixed convection) while varying the Ra number. Ra is varied by
chnaging the gravitational constant while keeping all other parameters fixed. With increasing Ra number the
velocity magnitude in the domain increases.

Comparing figure 7.3a with 7.3b, one can see that the forced component has a significant influence on
the total velocity in the domain: the normalized velocity magnitude for Rim=0.04 in figure 7.3a shows a high
peak around y

L =0.2 and y
L =0.8. The higher wall velocity gives the fluid a higher momentum by which it can

penetrate deeper into the cavity. The velocity in the center of the cavity, y
L =0.4-0.6, are for all Rim and Ra in

the same order of magnitude.
Furthermore, the nature of the behaviour of the normalized average momentum inside the cavity shows

similarities with the porosity profile plotted in figure 6.2; the lack or surplus of empty space influences the
velocity. As observed in figure 7.2, the u∗

z velocity is the highest at the walls and decreasing towards the centre
of the cavity.



7.2. Temperature 41

(a) Normalized averaged velocity magnitude for Ra=107 for
different Rim.

(b) Normalized averaged velocity magnitude for Rim=0.1
while varying Ra.

Figure 7.3: Normalized average velocity magnitude over y-slices in the domain.

7.2. Temperature
Instantaneous temperature isocontours are plotted to visualize the influence of the strength of the opposing
wall (see figure 7.1) direction on the temperature distribution.

(a) Rim=∞, only NC

(b) Rim=0.04 (c) Rim=0.13 (d) Rim=0.52

Figure 7.4: Normalized instantaneous temperature isocountors at x-slice x
L =0.57 at Ra=107 with varying Rim number. Subfigure a shows

the case for pure natural convection.

Figure 7.4 shows the temperature isocontour at a slice at x
L =0.57 for Ra=107 varying Rim number. The

three cases are compared for the situation with pure natural convection (figure 7.4d).
With increasing Rim the thermal boundary layer decreases. Besides, as Rim increases the nature of the

iscontours are getting closer to the case for NC. This same behaviour is observed in the packed bed columns
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in the article by Das et al [33].
For small values of Rim (Rim=0.04, forced convection-dominated regime), figure 7.4a indicates that the

buoyancy effect is overwhelmed by the mechanical or shear effect due to the movement of the wall. The
isocontours of the temperature for the opposing case are characterized by the fact that the bottom left corner
has a higher temperature than the top left corner. This makes clear that the velocity and temperature field are
coupled.

For moderate values of Rim (Rim=0.1, mixed convection regime), figure 7.4b shows that the buoyancy
effect is of relatively comparable magnitude to the shear effect due to the sliding wall. The temperature in the
two left corners are more identical by size and intensity.

For large values of Rim (Rim=0.5, natural convection dominated regime), the buoyancy effect is dominant
and this results in increased temperature gradients along the top wall of the enclosure as seen in figure 7.4c.
The isocontours depicted here show close agreement with figure 7.4d where only natural convection is pre-
sented. The main difference is that the thermal boundary layer is thicker and stretched more in the horizontal
direction, this will influence the heat transfer and lead to a higher Nu number (see section 7.3).

(a) Ra=105 (b) Ra=106 (c) Ra=107

Figure 7.5: Normalized instantaneous temperature at x-slice x
L =0.57 at Rim ≈0.1 varying Ra number.

Figure 7.5 shows the temperature contours at Rim=0.1, the mixed convection regime, for different Ra num-
bers. Increasing Ra means increasing buoyancy forces and overcome viscous forces, in this way convection
becomes more dominant compared to conduction as heat transfer mechanism.

At lower Ra (Ra=105) the isocontour lines are linear indicating that conduction is the main mechanism of
heat transfer. As Ra increases convection becomes more dominant, resulting in less straight isocontours and
a decrease of thermal boundary layer thickness. This is seen for higher Ra (Ra=107), at figure 7.5c, where the
contours are more curved and the thermal boundary layer is thinner.

Figure 7.6 shows the average solid and fluid temperature versus the non-dimensional wall distance at
y-cross sections for different Rim and Ra numbers.

Figure 7.6a, where Ra=107 and Rim is varied, shows that the difference between the solid and fluid tem-
perature decreases with increasing Rim. The most deviation between the solid and fluid temperature can be
found for Rim=0.04 indicating that the heated/cooled fluid flow that is created by the forced wall-movement
is flowing faster then the heat is conducted though the spheres.

The decrease for the solid temperature is close to a linear decrease which is an indication of conduction
as main heat transfer mechanism. This is also visible in figure 7.4a.

Figure 7.4b shows the solid-fluid temperature for Rim=0.1 at different Ra numbers. At higher Ra number
(Ra=107) convection becomes more dominant resulting in more difference between the solid/fluid tempera-
ture and a more S-shaped curve. For low Ra (Ra=105) the temperature decrease is showing close agreement
to a linear decline indicating that most heat is transferred through conduction.

The last noteworthy point is that the differences between the solid and fluid temperatures are relatively
small irrespective of the Ra number as the conductivity ratios are small.
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(a) Solid and fluid temperature for Ra=107 at different Rim
numbers.

(b) Solid and fluid temperature for different Ra numbers at
Rim=0.1.

Figure 7.6: Solid and fluid average temperature over y-slices in the domain. The dotted lines represent the solid parts in the domain and
the straight lines visualized the fluid part. Subfigure a) shows the difference at Ra=107 for different Rim and at b) Rim=0.1 while Ra is
varied.

7.3. Heat transfer
The wall-to-wall heat transfer rates for different Rim and Ra numbers are calculated based on the Nu number
and plotted in figure 7.8. The value for pure natural convection is represented by the solid line. Nu is the ratio
of convective heat transfer to the total heat transfer across the boundary. A higher Nu is a measure for more
convective transfer of heat, while a Nu closer to 1 indicates that conduction is the main mode of transport.

The instantaneous Nu isocontours for the heated side wall at y
L =0 are depicted in figure 7.7. There are four

figures: three figures represent different Rim numbers and one is for the situation with just natural convection
and no wall movement. All four depicted figures show a different Nu isocontour.

For Rim=0.04, figure 7.7a, the wall movement is dominant with respect to the natural convection stream.
A small layer of high temperature gradient is observed at the bottom of the heated wall. This is the location
where the forced stream is perpendicular to the natural convection stream. A lot of movement results in a
higher convection and thus a higher Nu.

The plane depicted in figure 7.7b shows the mixed convection situation. Nu at this heated wall is in the
lower regime, so the heat is mainly transferred through conduction. The two forces are of the same order of
magnitude and cancel each other out. Therefore, the main mode of heat transfer is by conduction.

In the situation where natural convection becomes more dominant (figure 7.7c) higher temperature gra-
dients are observed. The relative small wall velocity creates a small layer at the bottom of the heated cavity
of conduction dominant heat transfer. Higher temperature gradients will be achieved with increasing Rim.
Figure 6.8d is depicted the situation for pure natural convection. The bottom of this plane is showing high
Nu compared to the other figures.

The overall heat transfer is depicted by plotting Nu and Nueff versus Rim varying Ra in figure 7.8.
A quick first observation of figure 7.8a shows that as Ra increases Nu increases. For Rim=0.1 the Nu num-

ber is two times higher for high Ra (Ra=107) compared to low Ra (Ra=105). Moreover, the lowest values for Nu
are observed in the region Rim=0.1-1. This indicates the mixed convection region.

At the right side of the mixed convection zone (Rim>1), natural convection is the dominant mechanism
of heat transfer. Expected is that for higher Rim, Nu will get closer to the heat transfer value for pure natural
convection.

At the left side (Rim<0.1) in figure 7.8a, here the force created by the moving wall increases, the Nu num-
ber will keep on increasing since more flow will move and convection will become more dominant. With a
decrease in Rim Nu increases irrespective of Ra. All heat is transferred by convection that is generated by the
wall movement.
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(a) Rim=0.04 (b) Rim=0.1

(c) Rim=0.52 (d) Rim= ∞, pure NC

Figure 7.7: Instanteneous Nu isocontours at y-slice
y
L =0 (the heated wall) for Ra=107.

The expression for the Rim number in case of coarse-grained porous media derived in section 2.4 left out
the Forcheimer Coefficient C f in the expression (see equation E.7 in appendix E). Kathare et al [31] reported
values in the order of magnitude of 0.1 for this coefficient based on his experiments. With an expected similar
value for this situation, the x-axis of the graph will shift to the right and the mixed convection zone will lie in
between Rim=1-10, just like the regular definition for Ri.

Figure 7.8a shows also the coupling of flow and temperature field on the total heat transfer. The minimum
of the three lines is representing the case where the opposing forced and natural streamlines are of equal
strength and therefore they cancel each other out. For Ra=105 and Ra=106, the lowest point is close to Nu=1
indicating that all convection is killed and all the transfer of heat will go through conduction.

At the left and right side of this minimum, the flow (natural or forced) becomes more dominant and there-
fore heat will go along with this flow. In this way, more heat will be transferred through convection and Nu
increases.

Figure 7.8b depicts the Nueff (see equation 6.1) versus Rim for 105 ≤Ra≤107. The graph shows a minimum
in Nueff for Rim ≈0.1. In this situation the Nu number for NuMC (the numerator in equation 6.1) has the
lowest value and is therefore creating a minimum for Nueff. With an increase or decrease in Rim, the forced
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or natural component is becoming more dominant respectively. The value for NuMC is dominated by one of
the two components and, this leads to an increase in Nueff. Moreover, values for Nueff depicted in figure 7.8b
are below one. This indicates that the heat transfer is reduced, especially when comparing this situation with
the assisting mixed convection (figure 6.9b).

(a) Nu versus Rim for different Ra numbers. The solid lines represent the values for pure
natural convection.

(b) Nueff versus Rim for different Ra numbers.

Figure 7.8: Heat transfer for different Ra numbers in an opposing mixed convection situation.
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7.4. Summarized
In this chapter the flow and heat characteristics are described for the case that the forced convection works
in opposing direction on the natural stream. Based on the graphs and figures published above, the following
things can be concluded:

1. In general, the velocity is the highest close to the walls and smaller towards the center of the cavity.
2. Velocity and temperature field are coupled: convection as heat transfer mechanism will be more dom-

inant if the velocity in the field is higher.
3. If the two forces are opposing and in the same order of magnitude, Nu will have a minimum value

around Rim=0.1. For Ra=105 and Ra=106 all convection is killed and Nu=1. The minimum value for
Ra=107 is about two times higher than for Ra=105, convection still is present here.

Reflecting an opposing mixed convection on the problem stated in chapter 1 about the arising hot spots
in the blast furnace, this chapter has shown that the forced component has a lot of influence on the velocity in
the total domain. Furthermore, if the forced stream is of opposing nature and in the same order of magnitude
with natural convection stream Nu will reach a minimum. These insights can help to reduce the hot spots
and create a longer lifetime for the reactor.

Assisting versus opposing
The assisting mixed convection chapter 6 and this chapter, chapter 7, had different observations. Summariz-
ing the most important points:

1. Higher velocities are observed in the case for assisting mixed convection. The scaling velocity used in
the assisting case (figure 6.3) is about 75% higher compared to the opposing situation (figure 7.2).

2. The temperature isocontours for assisting mixed convection showed a more curved thermal boundary
layer for the presented Rim and Ra numbers.

3. Opposing mixed convection showed a minimum Nu number around Rim=0.1 for Ra=107 where con-
vection is largely killed.

4. For the range where 0.1≤Rim ≤1, significantly higher values for Nu are found for the assisting case
compared to the opposing mixed convection situation. In the situation where Ra=107 the heat transfer
rate is about nine times higher in the assisting situation than the opposing situation. With a decrease
in Ra, the difference between the two configurations decreases. For Ra=106 the transfer is about three
times higher, and for Ra=105 the Nu for the assisting case is about one and a half times higher than the
opposing case.

Aydm et al [22] found a wider mixed convection range for opposing-buoyancy then for aiding-buoyancy.
This conclusion can not be made from the graphs depicted in figure 6.9 and figure 7.8. More data is needed
to see if this statement also holds for the cavity filled with coarse-grained porous media.

If an opposing mixed convection situation at the blast furnace can be created, it is expected based on the
results presented above that the operating conditions will be better manageable. With lower flow rates and
Nu numbers it will be easier to control the situation.



8
Concluding remarks

In this research, CFD simulations on a side heated water filled cavity with coarse grained porous media have
been done to investigate the influence of the spheres on flow and temperature field. From the studies on the
resulting heat transfer mechanism, concluding remarks can be made.

The following research questions were formulated and their answers are given:

1. How does natural convective heat transfer in a side heated water filled cavity with coarse grained
porous media differ from heat transfer in a water filled cavity?

Side heated natural convection is characterized by a wall dominated flow. This behaviour is also observed
in the side heated water filled cavity with coarse grained porous media. For low Ra (Ra=105) the total heat
transfer is about five times lower in the cavity filled with coarse grained porous media compared to the cavity
filled with water. The buoyant force can not overcome the viscous forces created by the spheres, making con-
duction the dominant mode of heat transfer. This is also visible in the temperature isocontour at low Ra. The
isocontour lines are close to a linear behaviour, indicating that heat is transferred through conduction. With
an increase in Ra, the temperature isocontour lines are getting more curved. This indicates that convection
is getting more dominant as mode of heat transfer.

With an increase in Ra the difference in heat transfer between the water filled cavity and the cavity with
packed beads decreases. At high Ra (Ra=107), the Nu number for the water filled cavity is about 10% higher
compared to the cavity filled with beads. The higher buoyancy force gives the fluid more momentum to
meander through the coarse grained porous media.

To summarize, the difference in natural convective heat transfer between the water filled cavity and the
cavity filled with coarse grained porous media is decreasing with increasing Ra.

2. How is the mixed convective flow in a porous media filled side heated lid-driven cavity influenced by
the direction of the forced component of the flow?

In this project two configurations are elaborated. The heated/cooled side wall was moving in assisting di-
rection or in the opposing direction with respect to the natural convection flow. Different observations were
made for the two configurations.

Higher velocities were observed in the case of assisting mixed convection. Based on the scaling velocities,
the velocities in the assisting case are about 75% higher compared to the opposing case. This results in a
more curved thermal boundary layer in the case of assisting mixed convection. Comparing Nu at different
Ra number for assisting mixed conveciton, the heat transfer rate at high Ra (Ra=107) is about 13 times higher
compared to low Ra (Ra=105). Furthermore, Nu increases with increasing wall velocity. This characteristic is
independent of Ra. With a low wall velocity, Nu will approach the same value for pure natural convection.

In the case of opposing mixed convection, the velocity from the wall and the buoyancy forces are in op-
posite direction. The two forces damped each other. If the forces are in the same order of magnitude, heat
transfer by convection decreases and a minimum Nu number is observed. The minimum Nu number for high
Ra (Ra=107) is about two times higher than for lower Ra (Ra=105). If one of the two forces is more dominant,
the total amount of heat transfer increases with respect to the minimum value.
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Significant difference were found in the comparison of the Nu number for the assisting and opposing
mixed convection range. In the range where 0.1≤Rim ≤1 and Ra=107, the heat transfer rate is about nine
times higher in the assisting situation than the opposing situation. With a decrease in Ra, the difference in
Nu between the two situation decreases. For Ra=106 the transfer is about three times higher, and for Ra=105

the Nu for the assisting case is about one and a half times higher than the opposing case.
To summarize, lower Nu values are found for opposing mixed convection compared to assisting mixed

convection. The lowest value is created when the two forces (buoyancy force and shear stress from the wall)
are in opposing direction.

3. How can mixed convection in a coarse grained porous medium be expressed in a non-dimensional
number?

Mixed convection in a cavity filled with water can be described with the dimensionless Ri number. A
modification was proposed to include the influence of the coarse grained porous media on the heat transfer:

Rim = Ri×
p

Da

This equation was elaborated for the side heated lid-driven cavity filled with coarse grained porous media
for assisting and opposing mixed convection for Ra=105 ≤Ra≤ 107. A mixed convection region was found for
Rim=0.1-1. The unmodified definition for Ri defines mixed convection for 1<Ri<10. The Rim expression left
out the Forcheimer Coefficient. In literature values of about Cf=0.1 are reported, with this value the mixed
convection zone of Rim will shift. Besides, it was found that this expression is not valid in case ε=0 or ε=1.

To summarize, it was found that the expression for Rim showed a mixed convection regime for Rim=0.1-1
for this specific and very bounded situation. More cavities with a difference in sphere material, difference
in working fluid, geometries, configuration of the spheres and situations have to be elaborated to see if this
expression is still valid.

Concluding
Reflecting back on the situation outlined in chapter 1, some more conclusions can be made. The question
and problem stated for this project came from the blast furnace at Tata Steel. Their aim is to have more insight
in the local hot spots at the wall of their reactor. This research showed that the coarse grained porous media
has an influence on the flow profile and temperature distribution.

Another point of interest is that the lowest heat transfer values are found in case of opposing mixed con-
vection. Besides, it was found that Nu increases with an increase in wall velocity. These two points can help
during the design and operation of the furnace.

With the expression for Rim, the mixed convection regime can be found. But first, this expression needs
to be validated for other situation. These insight can help Tata Steel in the use and design of their equipment,
even though the simulated situation is very simplified from reality. Further research is needed to find more
information about the characteristics of the hot spots and the physics inside the blast furnace.
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Recommendations

In this chapter, several recommendations will be made for further research.:

• Further develop the model to investigate the influence of coarse grained porous media for higher Ra.
This can be done by modelling the turbulence behaviour of the flow with a LES or RANS model. The
idea behind these mathematical models is to reduce computational cost by ignoring the smallest length
scales. The motion of flow is modelled by a time and spatial averaged form of the Navier Stokes equa-
tion. In this way, higher Ra numbers can be achieved. Higher Ra shows closer agreement with industrial
applications.

• Further analyze the influence of coarse grained porous media on the flow and temperature field.

– By making different packing types with the solid spheres.

– By looking more into materials with different thermal conductivities This will have an influence
on the dominant mode of heat transfer.

• Creating mixed convection by another geometry. It would be interesting to see the influence of an in
and outlet on the flow and temperature profiles. At the blast furnace, the liquid metal is tapped off at the
reactor wall. Simulating a cavity with an in- and outlet will show closer agreements with the situation
at the reactor of Tata Steel.

• Comparison of the mixed convection results obtained from the simulations with experimental results.

• Further analyze the modified Ri number for coarse grained porous media, Rim :

– By verifying the mixed convection zone for higher Ra numbers.

– By elaborating this definition for different geometries for the coarse grained porous media.

– By investigating the influence of the material of solid spheres.

• Expanding the model for liquid metal flows. Liquid metals are characterized by low Pr numbers. The
Pr number controls the relative thickness of the momentum and thermal boundary layers. This has an
influence on the total amount of heat transferred.
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Non-dimensional numbers

A.1. Dimensionless numbers
An overview of the important non-dimensional numbers commonly observed in natural, forced and mixed
convection situations are discussed in this section.

Rayleigh number
The Rayleigh number is associated with buoyancy-driven flow. Since the scope of the project is a side heated
cavity, there is no critical value for the flow to start. A high Ra number indicates that the predominant mech-
anism of heat transfer within the fluid itself is convection. The definition of Rayleigh based on the fluid
properties is :

Ra f =
gβ∆T L3

να

Where g is the acceleration due to gravtiy, β the volume expansion coefficient of the fluid,∆T the temper-
ature difference and L the characteristic length.

Nusselt number
The Nusselt number describes the dominant mechanism of heat transfer across a boundary at a certain point.
It is defined as the total heat transfer to the conductive heat transfer of the specified fluid. The Nusselt number
based on the fluid properties is:

Nu f =
hL

k f

Where h is the convective heat transfer coefficient of the flow and k f the thermal conductivity of the fluid.
A large Nu indicates a stronger flow and that convection plays a bigger role in the heat transfer compared

to the conduction component.

Prandlt number
The Prandlt number reflects the ratio of momentum diffusivity to thermal diffusivity. Diffusivity is a rate of
diffusion, a measure of the rate at which particles or heat or fluids can spread. It can also be interpreted as an
indicator of the relative importance of the thermal and viscous boundary layers. Unlike the other numbers
mentioned above, Pr is only based on fluid properties and not influenced by geometry or temperature.

Pr = ν

α

For the scope of this project, water, Pr=5.43, is taken to be the fluid of the cavity.
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Reynolds number
Reynolds is defined as the ratio of inertial forces to viscous forces. This number gives an indication whether
the flow is turbulent or laminar. An increase in Re results in the transition from the laminar regime to the
turbulent.

Re = ρvL

µ

With v the characteristic velocity and L the length of the cavity.

Richardson number
The Richardson number represents the importance of natural convection relative to the forced convection.

Ri = Ra

Pr Re2 = Gr

Re2

When Ri«1, the situation is dominated by a forced convection stream while Ri»1 natural convection is the
main phenomena. For 1<Ri<10, there is mixed convection.

Ri for porousmedia
The porosity dependency of the box into dimensionless number is introduced by the Darcy number, based
on the article of Keene [35].

The Darcy number is based on the length of the box and the permeability of the porous media:

Da = K

L2 , K = ε3D2

150(1−ε)2

Where K is the permeability, with ε the fluid volume fraction and D the sphere diameter. The box used
during this project has a BCT packing and fluid volume fraction of ε=0.38, which makes K =4.4·10−6 m2.

The derivation for Rim, the Richardson number based on the medium, is based on the derivation from the
article of Kathare et al [31] and is stated in Appendix E.

The final equation is:

Rim = Gr
p

Da

Re2 (A.1)



B
Flow through porous media

B.1. Volume averaging
With irregular shapes of the pores, quantities like velocity or temperature distribution will be clearly irregular
too. Since the pore scale is in the micrometer range, it costs a lot of computational power to carry out detailed
studies in complex geometries and extreme conditions.

This is the reason that most numerical studies are using a volume averaging concept, to obtain the macro-
scopic equations by averaging them over volumes or areas containing many pores. This makes the situation
simplified and more manageable.

According to Nield and Bejan [4], there are two ways to do the averaging: spatial and statistical.
A schematic view of the REV is depicted in figure B.1, the length scale of the REV is much larger then the

pore scale, but considerably smaller than the length scale of the flow domain (box).

Figure B.1: The representative elementary volume (r.e.v.): the figure represents the intermediate size relative to the size of the flow
domain and the pores [4].

This approach is very suitable when a porous medium consists of a large number of small particles, but it
does not predict the velocity and temperature in the pore scale.

B.2. The Darcy model
The study of heat transfer in porous media has been mostly based on Darcy’s model for porous media [26–28].
Here, the porosity is accounted for in a volume-averaged sense (for example with a REV) , assuming that the
porous length scales are small compared to the thermal and flow length scales. Besides, this model is based
on the assumption that inertia is negligible compared to viscous effects.

Darcy’s law is expressed by [4]:

u = −K

µ

∂P

∂x
(B.1)
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Here ∂P/∂x is the pressure gradient in the flow direction, µ the dynamic viscosity of the fluid, and K the
Darcy permeability (in m2). Values of K for natural materials vary widely, and can be found in literature.
Besides, in case of a simple geometry, K can be determined based on geometrical parameters:

K =
d 2

pε
3

180(1−ε)2 (B.2)

With dp the diameter of the particle and ε the porosity.
In case of an isotropic material (having identical values of a property in every direction), equation B.1 can

be rewritten as:

∇P = −µ
K

u (B.3)

Brinkman form of Darcy’s law
In Darcy’s law, effects of the solid boundary or the inertial forces on the fluid flow are neglected. These effects
are expected to become more significant near the boundary and in high-porosity media, causing Darcy’s law
to be invalid. Brinkman accounted for the presence of a solid boundary by adding a viscous term to Darcy’s
law [51]:

∇P = −µ
K

u+ µ̃∇2u (B.4)

There are two viscous terms in this equation, the first term is the Darcy term similar to equation B.1. The
second term is analogous to the Laplacian term in the Navier-Stokes equation. In the NS for a Newtonian in-
compressible flow, µ(∇2v) represents the viscous stresses of the fluid with the vector Laplacian of the velocity
field. The coefficient µ̃ is an effective viscosity, and is in general not equal to µ. This correction term accounts
for the flow through media where the grains of the medium are porous themselves. The term that has been
added is the force per unit volume volume resulting from all fixed objects which might be particles, fibers,
pore walls, depending on the type of material being modelled [5].

The equation reduces to a form of the Navier-Stokes equation as K/L2 → ∞ and to the Darcy equation
(B.1) as K/L2 →0.

Because Brinkman’s equation has second order derivatives, it can satisfy boundary conditions that Darcy’s
law cannot. For the case where the dimensions of a reactor are much greater than the packing size, and it is
desired to impose a no-slip condition at the wall Brinkman’s equation permits this. Therefore, this solution
is more exact than Darcy’s law. However, even without the ability to satisfy the no-slip boundary condition
satisfactory results can be obtained with Darcy’s law on the condition that the system dimensions greatly
exceed the microstructural length scales [5].

Forchheimer law
When Rek<1 (Reynolds based on the permeability), the Darcy flow assumption is sufficient to describe the
relation with between the Darcy velocity and the pressure drop, but when Rek>10 the pressure drop is domi-
nated by the form drag. This is called the Forchheimer effect. With the Forchheimer law the fluid flow through
porous media in the high velocity regime can be described. As the flow velocity increases, there is a smooth
transition in Re number. This is due to the fact that form drag (drag because of the shape of the objects) is now
comparable with the surface drag due to friction. According to Joseph et al [52], the appropriate adjustment
to take inertial effects into account, is modify Darcy’s equation (B.1) by:

∇P = −µ
K

u−CF K −1/2ρ f |u|v (B.5)

Where CF is the dimensionless form-drag constant and can be determined by a general formula: CF =0.55(1-
5.5 d

De
).

The Forchheimer model describes the effect of inertia as well as viscous forces in porous media and was
used by Lauriat and Prasad [11], Beckermann et al [53] to examine the natural convection in a vertial

Validity of Darcy’s law
Darcy’s law neglects the effects of a solid boundary or the inertial forces on the fluid flow and heat transfer
through a porous media. These effects are expected to become more important
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The focus of the present study is on coarse-grained porous media, i.e. porous media in which length
scales (here: diameter of the spheres) are not small compared to the flow and thermal length scales in the
fluid. This makes that the Darcy model is no longer valid.

The Brinkman equation is only valid when the porosity is sufficient large, ε>0.6 [54]. Besides, there is
concluded by Nield and Bejan [4] that for many practical purposes the addition of the Laplacian term is not
needed. The usage of the Brinkman equation is not without difficulty, so typically the term is neglected.
Furthermore, Basak et al [55] indicates that the Brinkman model accounts not adequately for the transition
from porous medium flow to pure fluid flow as the permeability of the porous medium increases.





C
Boussinesq approximation

The governing coupled equations for a problem with free-convection, Newtonian and non-isothermal fluid,
with constant µ are: continuity, Navier Stokes and the incompressible form of the energy equation .

∂ρ

∂t︸︷︷︸
Time rate of change

+ ∂

∂x j
(ρu j )︸ ︷︷ ︸

Divergence of the velocity

= 0 (C.1)

ρ

 ∂ui

∂t︸︷︷︸
Time rate of change

+ u j
∂ui

∂x j︸ ︷︷ ︸
Convection

= − ∂p

∂xi︸ ︷︷ ︸
Pressure forces

+ µ
∂2ui

∂x2
j︸ ︷︷ ︸

Viscous forces

− ρgi︸︷︷︸
Buoyant forces

(C.2)

ρcp (
∂T

∂t︸︷︷︸
Time rate of change

+ u j
∂T

∂x j︸ ︷︷ ︸
Convective heat transfer

) = ∂

∂x j
(λ
∂T

∂x j
)︸ ︷︷ ︸

Diffusivity of heat

+2µ(
∂ui

∂xi
)2 +µ(

∂ui

∂x j
+ ∂u j

∂xi
)2

︸ ︷︷ ︸
Viscous dissipation

(C.3)

The Boussinesq approximation assumes that the density variations are small compared to the reference
state: ∆ ρ « ρ0 . It is convenient to apply this approximation to make the math more manageable. So, ρ →
ρ0 can be substituted, on the inertial terms and in the continuity equation. However, even the small density
variations are important in the buoyancy term, the force acting on the flow due to temperature differences
[56], so we retain variations in ρ in the buoyancy term in the vertical equation of motion.

The state of a substance in thermodynamic equilibrium can be described by two state variables: ρ and T .
This gives:

dρ = ∂ρ

∂p

∣∣∣
T

d p + ∂ρ

∂T

∣∣∣
p

dT (C.4)

dρ

ρ
= 1

ρ

∂ρ

∂p

∣∣∣
T

d p + 1

ρ

∂ρ

∂T

∣∣∣
p

dT (C.5)

dρ

ρ
= kT d p −βdT (C.6)

With kT the coefficient of isothermal compressibility and β the thermal expansion coefficient. Coefficient
kT does not apply since the fluid can be assumed as incompressible , therefore the equation the differential
equation for ρ reads:

dρ

ρ
=−β ·dT (C.7)

With the condition that T is T0 at ρ0, the expression for the density fluctuation is:
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ln
ρ

ρ0
=−β · (T −T0) (C.8)

It is convenient to take a Tailor expansion of C.8 and rewrite the density as:

ρ = ρ0[1−β(T −T0)] (C.9)

Using the Boussinesq approximation and after some rearrangement , the continuity reduces to the in-

compressible form because the small magnitude of 1
ρ

Dρ
Dt in respect to the velocity gradient. The continuity

and momentum equation for a Newtonian fluid becomes:

∂u j

∂x j
= 0 (C.10)

∂(ui )

∂t
+u j

∂(ui )

∂x j
=− ∂

∂xi
(

p

ρ0
+ g · z)+ν0

∂2ui

∂x2
j

−β0g (T0 −T )δi 3 (C.11)

With the last term in C.11 represents the buoyancy force in the Z-direction of gravity. Equation C.11 is
coupled with the energy equation stated in C.3, since the temperature is still unknown. The viscous terms
can be neglected since they are small compared to the conductive term in C.3. Thus, the final form of the
energy equation is:

∂T

∂t
+u j

∂T

∂x j
=α∂

2T

∂x2
j

(C.12)

Where α= k
ρcp

. Together, equations C.10, C.11 and C.12 are the Boussinesq equations and they describe

the motion of fluid.
For the Boussinesq approximation to hold, two necessary conditions must be hold:

C1 =β∆T << 1 (C.13)

C2 = α2

L2Cp∆T
<< 1 (C.14)

For this project, β=2.18×10−4 K−1, ∆T=1 (gravity was varied for difference in Ra), α=0.143×10−6 m2/s,
Cp=4182 m2/s2K making the two conditions:

C1 = 2.18×10−4

C2 = 4.89×10−16

This verifies that the two conditions are met since both values are much smaller than 1.

Boundary and initial conditions
The problem can be fully specified by determining the boundary and initial conditions of equations 3.1 to
3.4. The parameters that need specification are velocity, temperature and time. This will be discussed in the
paragraphs below.

Velocities
To address the research questions, the direction and magnitude of the forced component is of great impor-
tance. The walls of interest get a positive or negative velocity component, this value is obtained from the
results for pure natural convection. The no-slip velocity boundary condition is applied to the walls that do
not move. For the second research objective the direction of the forced component is investigated. Therefore,
a box with the sides of the cavity are imposed with a Dirichlet boundary condition of a constant velocity.

So the velocity boundary conditions for the different setups are:
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NC ux = uy = uz = 0 at x=0, L; y=0, L; z=0, L.
MC by moving sides ux = uy = 0 at x=0, L; z=0,L and uz =± u at y=0, L.

Left wall T = Th at y=0
Right wall T = Tc at y=L

Front/back wall ∂T
∂x = 0 at x=0, L (adiabatic wall)

Top/bottom wall ∂T
∂z = 0 at z=0, L (adiabatic wall)

Temperature
A temperature gradient is imposed by maintaining the side walls of the cavity at different temperature. The
temperature of the hot and cold wall will be varied to create a difference in Ra. The temperature conditions
are given by:

There is a thermal equilibrium at the interface i between the fluid and solid spheres where there is only
conductive heat transfer normal to the interface. Therefore the following Neumann boundary condition im-
plies at the interface:

k f
∂T f

∂x j
|i = ks

∂Ts

∂x j
|i

Time
The initial conditions for the solid and fluid phase are:

Ts (t = 0) = T f = T0 = 1

2
(Th +Tc )

C.1. Scaling factor velocity for natural convection
In the case of a mixed convection or forced convection dominated situation, it is quite trivial to scale the do-
main velocity with the forced component (wall velocity). For natural convection a scaling factor was proposed
based on the article of [3]. The derivation will be done here.

The velocity scale comes from the speed that is needed for merning the hot fluid into the the central
region flow of the cavity:

ucent al ∼
gβ∆T (Ra−2/7L)2

ν
(C.15)

The exponent of Ra of -2/7 comes from scaling arguments.





D
Spatial Resolution

Flow around a submerged object creates a boundary layer next to the object. In the cavity filled with coarse
grained porous media there may be boundary layers at the top, bottom, sides of the cavity but also around
the solid spheres.

The thickness of the boundary layer depends on the Pr number. When Pr is very large or very small the
thickness of the momentum boundary layer and thermal boundary layer are no longer in the same order of
magnitude. The momentum boundary layer increases with the kinematic viscosity (for a Newtonian fluid):
δM ∼ ν1/2. Similarly, the thermal boundary layer should increase with α. This is schematically depicted
in figure D.1. For very small Pr (for example a liquid metal) most of the thermal boundary layer is in the
momentum outer region.

Figure D.1: Thermal and velocity boundary layer for two different Pr number [5].

It has been well established that the Nu number is very sensitive to the grid resolution used in the bound-
ary layer. When DNS is underresolved the calculated Nu is too high [57].

There was found that there is an increase in required grid points in the boundary layer with increasing Ra
number [58, 59]. However, the Nu obtained in the simulations not only depend on the grid solution in the
boundary layer but also in the bulk. The thermal plumes have to pass along the centre of the cavity and the
side walls, this influences Nu too.

A detailed literature review on the spatial resolution requirements in a convective turbulent flow is re-
ported in [1]. For a perfect DNS simulation of the flow, the local mesh size should be smaller than the Kol-
mogorov scale ηK ol m :

ηK = (
ν3

εu
)1/4 (D.1)

Where εu is the (local) energy dissipation rate of the velocity (or in other words: the amount of energy lost
by the viscous forces) and µ the kinematic viscosity.

The kinetic energy dissipation rate is:
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εu = ν3

H 4 (Nu−1)RaPr−2 (D.2)

So equation D.1 represents the ratio of the viscosity over the kinetic energy dissipation.
The smallest length scale for the heat transport phenomena is coupled with the velocity length scale. It is

given by:

ηT = ηK Pr−3/4 (D.3)

For large Pr the flow field is smooth at those scales at which the temperature field is still fluctuating. For
large Pr, the viscous diffusion rate is much larger than the thermal diffusion rate.

For small Pr (Pr<1) ηT >ηK olm , so the grid resolution should be based on the smallest length scale, ηK ol m

the Kolmogorov scale.
For large Pr (Pr>1) ηT <ηK olm and one can argue that ηT is the length scale where the grid resolution

should be based on. But for larger Pr the velocity field becomes smooth and then the grid resolution should
be compared to the Bachelor scale ηB . It is an intermediate scale between ηK olm and ηT . This scale describes
the size of a droplet scalar that will diffusive in the same time it takes the energy in an eddy with size η to
dissipate. The Bachelor scale is defined as:

ηB = ηK olmPr−1/2 (D.4)

Global mesh size
For a cavity with length L the global Kolmogorov length ηg l obal

K is determined as:

η
g l obal
K ol m = ν3/4

ε1/4
= Pr 1/2L

Ra1/4(Nu −1)1/4
(D.5)

In the case for Pr>1 the global mesh size hglobal is with relation between Batchelor and Kolmogorov:

hg l obal < L

Ra1/4(Nu −1)1/4
(D.6)

The mesh size reported in equation D.6 is the safe limit for all the relevant sales to be captured.
Nu is estimated based on the hard turbulence assumption:

Nu = 0.124×Ra0.309 (D.7)

Boundary layermesh size
The mesh close to the boundary layer should be fine enough to capture the physics. In the cavity with length
L, the thickness of the kinetic boundary layer, δu for large Pr (Pr>3) is given by:

δu = 0.5Nu−1/2Pr−1/3E−1L (D.8)

Where constant E is defined as E≈B
p

2
0.478 , where B is a constant that has to do with the thickness of the

kinetic boundary layer. It can be determined by the tangent to the longitudinal velocity. For present case
(large Pr), E≈0.982.

The thermal boundary layer is related to the velocity boundary layer thickness by:

δT h

δu
= EPr−1/3 (D.9)

The mesh size in the boundary layer is given by:

hBL = 2−2/3a−1E−3/2Nu−3/2L (D.10)

From which the estimation can be made for the minimum number of nodes of the computation mesh
which must be placed in each thermal NT h.BL and kinetic boundary layer Nv.BL :

NT h.BL =p
2aNu1/2E 3/2 (D.11)
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Nv.BL =p
2aNu1/2Pr 1/3E 1/2 (D.12)

The minimum number of cells is calculated by:

Ntotal cells =
L

hg l obal
(D.13)

Spatial resolution
Based on the above equations a rough estimation of the global mesh size hg l obal , thermal boundary layer
thickness δT h , velocity boundary layer thickness δu , minimum number of grid points in the thermal (NT h.BL)
and velocity (Nv.BL) boundary layers at different Ra for water as fluid (Pr=5.4) and a cavity with L=0.1 m is
tabulated below.

Ra hg l obal (m) δT h(m) δu (m) NT h.BL Nv.BL No. of cells
1.17×105 0.00395 0.00357 0.00637 2 3 1.63×104

1.17×106 0.00180 0.00175 0.00178 3 4 1.72×105

1.17×107 0.000833 0.00086 0.000833 3 6 1.74×106

Table D.1: Overview of the rough estimation of the mesh size of a cavity filled with water for different Ra numbers. The calculations are
done based on [1].

The number of cells reported above is a rough estimation based on a article for pure Rayleigh-Bénard
convection (bottom heated cavity) [1]. In case of a domain filled with coarse grained porous media, the
number of grid cells required increases. This results from the thermal and velocity boundary layer that will be
generated around the spheres. The contact area of the sphere with the fluid increases. The numbers reported
in this section are used as a starting point.

Temporal resolution
There are different temporal scales that exists in this situation.

The Kolmogorov time scale is associated with the smallest eddies:

τK olm = (
ν

ε
)1/2 = (ηg l obal

K )2

ν
(D.14)

This equation can be used to estimate the τK olmog or ov in case of natural convection. In case of mixed

convection the forced flow UFC would influence the dissipation rate ε (in that case: ε=
U 3

FC
L ). This would also

effect the time scale associated with the Kolmogorov scales. The smallest time scale can be obtained from the
smallest velocity.

The other time scale that can be determined in is the time scales based on eddy turn-over time. This is
the time scale for an eddy to undergo significant distortion. It can also been seen as the typical time scale for
the transfer of energy to smaller scales, since this distortion is the mechanism for energy transfer. The eddy
turn over time is given by:

τLSC = 4L

ui
(D.15)

Where U is the circulation velocity. In the case of mixed convection, the velocity is based the magnitude of
the forced component. That is the wall velocity. Usually the simulations are run for about 8-10 τLSC to ensure
that averaging is done after the flow has reached a statistically steady state.





E
Richardson number determination

The Richardson number for the empty box is determined by:

Ri = Gr

Re2

In the case for a box filled with spheres, the porosity of the spheres has an influence on the heat and flow
characteristics. This also affects the Richardson number.

To find the mixed convection regime in a box with porous media, the Darcy number (Da) have to be taken
into account in the expression for Ri number. Da represents the relative effect of permeability of the medium
versus its cross-sectional area. The proposed equation was founded by Keene [35]:

Da = K

L2 , K =
ε3d 2

p

150(1−ε)2 (E.1)

Where K is the permeability of the medium (m2), ε is the porosity or void fraction of the material and dp the
diameter of the particle. The following dimensionless numbers are proposed based on the medium m based
on the article from Katare et al [31].

The Re number based on the permeability:

ReK = Re f

p
Da = ρ f u

p
K

µ f
, (E.2)

where subscript f refers to the fluid phase and K to the permeability of the medium.
The Ra number based on the fluid properties:

Ram = Ra f Daλ, (E.3)

where λ=
k f

ks
, the conductivity ratio of fluid to solid. Furthermore, Pr is based on two articles. First, the effec-

tive Pr number was based on [38]:

Pre f f = Prpor Da, (E.4)

where the subscript por stands for porosity.
Kathare et al [31] gives a definition for Prp :

Prpor = Prm
Da−1/2

C f
(E.5)

Where C f is the dimensionless Forcheimer coefficient, this parameter can be found empirical.
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Together, this forms the expression for Prm (Pr based on km):

Prm = µCp

km
= Pre f f Da−1/2C f (E.6)

The relationship for Ri based on the medium, Rim, is formed on the dimensionless numbers based on the
medium and permeability:

Rim = Ram

PrmRe2
K

= Ra f
p

Daλ

Pre f f Re2
f C f

(E.7)

This equation is valid for values between ε=0-1, but not the values ε=0 or ε=1 itself. In this work the
conductivities of the solid region (hydrogel) and the fluid part (water) are in the same order of magnitude,
making λ=1. Furthermore, C f is taken to be 1 since it is hard to determine this constant. Literature reported
values for C f of about C f ∼O(0.1) [31].

The notation that will be used in this thesis is the Richardson number for the medium Rim [31]:

Rim = Gr
p

Da

Re2

Where Gr and Re are based on the fluid properties and the length of the box. Da is calculated by the
following steps. This begins with the determination of the porosity of the system, this can be calculated by
the fraction that is free for the fluid to move through.

ε= Vvoids

Vtotal
= 1− Vspheres

Vtotal

The total volume of the box and the volume of the spheres are determined by:

Vtotal = 0.1 ·0.1 ·0.1 = 0.00010m3

Vspheres =Vsingle sphere ·number of spheres

= 4

3
πr 3 ·148 = 4.18 ·10−6 ·148 =0.0062m3

The porosity is defined as the fraction of the total volume of the medium that is occupied by void space
[4]. This makes the porosity ε to be:

ε= 1− 0.0006186

0.0001
= 1−0.62 = 0.38

With this porosity the permeability, K , can be calculated according to Keene et al [35]:

K = ε3D2

150(1−ε)2 = 0.383 ·0.023

150(1−0.38)2 = 3.8 ·10−7m2

The constant 150 in the equation was obtained by seeking a best fit with experimental results [4]. This
equation is often not valid in the case when particles deviate strongly from the spherical shape.

The Darcy number is just the permeability over the length of the box:

Da = K

L2 = 3.8∗10−7

0.12 = 3.81 ·10−5
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Convergence

/*−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−*− C++ −*−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−*\
| ========= | |
| \\ / F i e l d | OpenFOAM: The Open Source CFD Toolbox |
| \\ / O peration | Version : 2 . 4 . 0 |
| \\ / A nd | Web: www.OpenFOAM. org |
| \\/ M anipulation | |

\*−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−*/
FoamFile
{

version 2 . 0 ;
format a s c i i ;
c l a s s dictionary ;
location "system " ;
object controlDict ;

}
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //

l i b s
(

" libcompressibleTurbulenceModel . so"
" libcompressibleRASModels . so"

"libOpenFOAM . so"
" libsimpleSwakFunctionObjects . so"
" libswakFunctionObjects . so"
" libgroovyBC . so"

) ;

application boussinesqChtMultiRegionFoam ;

startFrom latestTime ;

startTime 1300;

stopAt endTime ;

endTime 52133;
deltaT 1 0 . 0 0 ;
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writeControl adjustableRunTime ;

w r i t e I n t e r v a l 100;

purgeWrite 3 ;

writeFormat a s c i i ;

writePrecision 8 ;

writeCompression o f f ;

timeFormat general ;

timePrecision 6 ;

runTimeModifiable yes ;

maxCo 0 . 3 3 ;

// Maximum dif fusion number
maxDi 1 0 . 0 ;

adjustTimeStep yes ;

functions
(

NusseltNumber_hot
{

type patchExpression ;
outputControl timeStep ;
outputInterval 1 ;
region a i r ;

patches (
w_b

) ;
verbose true ;

var iables (
" Tsat =300.1;"

"ln2D = 0 . 1 ; " /* length ( . 0 8 ) / k ( . 0 2 6 1 ) */
) ;

expression "ln2D*sum( snGrad (T) * area ( ) ) / (sum( area ( ) ) * ( 3 0 1 −3 0 0 ) ) " ;
accumulations (

average
) ;

}

NusseltNumber_cold
{

type patchExpression ;
outputControl timeStep ;
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outputInterval 1 ;
region a i r ;

patches (
w_t

) ;
verbose true ;

var iables (
" Tsat =300.1;"

"ln2D = 0 . 1 ; " /* length ( . 0 8 ) / k ( . 0 2 6 1 ) */
) ;

expression "ln2D*sum( snGrad (T) * area ( ) ) / (sum( area ( ) ) * ( 3 0 1 −3 0 0 ) ) " ;
accumulations (

average
) ;

}

probesair
{

// Type of functionObject
type probes ;

outputControl timeStep ;
outputInterval 1 ;
region a i r ;

// Where to load i t from ( i f not already in solver )
functionObjectLibs ( " libsampling . so " ) ;

// Locations to be probed . runTime modifiable !
probeLocations
(

( . 0 1 .0499 −0.00549)
( . 0 1 .011 .085)
( . 0 1 .0314 .055929)
( . 0 4 .0810 .0128)
( . 0 4 .02268 .071226)
( . 0 4 −.00343 .01502)

( . 0 8 .08298 .070)
( . 0 8 .04 .041337)
( . 0 8 −.00115 .01335)

) ;

// Fields to be probed . runTime modifiable !
f i e l d s
(

p
U
T

) ;
}
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probesplate
{

// Type of functionObject
type probes ;

outputControl timeStep ;
outputInterval 1 ;
region plate ;

// Where to load i t from ( i f not already in solver )
functionObjectLibs ( " libsampling . so " ) ;

// Locations to be probed . runTime modifiable !
probeLocations
(

(−0.04322323 0.9205518 0 . 0 )
(−0.1905864 0.9092162 0 . 0 )
(−0.1701823 0.0613111 0 . 0 )
(−0.01601768 0.258551 0 . 0 )

) ;

// Fields to be probed . runTime modifiable !
f i e l d s
(

T
) ;

}

) ;

// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //
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Overview Nusselt Numbers

Influence of BCT hydrogel spheres and Rayleigh number on heat transfer
Table G.1: Influence of spheres and Rayleigh numbers on Nusselt numbers

Hydrogel balls cavity, Ra=106 NC Nu= 2 Empty cavity, Ra=106 NC Nu=9.38
vmax,NC = FC Nu=2.8 vmax,NC =0.000489 m/s FC Nu=10.7
vmax,FC =0.00115 MC ass Nu= 6.9 vmax,FC = m/s MC ass Nu=13.71

MC opp Nu=1.27 MC opp Nu=6.19
Hydrogel balls cavity, Ra=107 NC Nu= 9.2 Empty cavity, Ra=107 NC Nu=17.8
vmax,NC =0.004820 FC Nu=5.9 vmax,NC =0.00153863 m/s FC Nu=13.8
vmax,FC =0.00241 MC ass Nu= 19.12 vmax,FC =0.000769315 m/s MC ass Nu= 21.9

MC opp Nu=3.5 MC opp Nu= 14.3
Hydrogel balls cavity, Ra=108 NC Nu= 30.1 Empty cavity, Ra=108 NC Nu=33.6
vmax,NC =0.00700948 FC Nu=33.2 vmax,NC =0.00490658 m/s FC Nu= 25.6
vmax,FC =0.01401896 MC ass Nu= 65 vmax,FC =0.00245329 m/s MC ass Nu= 40.9

MC opp Nu=30 MC opp Nu= 26.7

Influence on top/bottom or sidewalls moving on heat transfer
Table G.2: Influence on top or bottom (abbreviated: t/b) wall moving compared to side walls moving on Nusselt number

Hydrogel, Ra=107 sides MC ass Nu= 19.12 Empty cavity, Ra=107 sides MC ass Nu=21.9
vw all =0.00241 sides MC opp Nu=3.5 vsi de−w all =7.69×10−4 m/s sides MC opp Nu=14.3
Rim=0.23 t/b MC ass Nu=12.9 vt/b−w all =6.15×10−3m/s t/b MC ass Nu= 21.35

t/b MC opp Nu=7.6 Risi des =363 and Rit/b=5.68 t/b MC opp Nu= 21.8

Determination of the Richardson number
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Table G.3: Data from the Richardson number (with
p

Da) determination for Ra=106 and Ra=107. The column Nu-FC represents the
Nusselt number in that case for forced convection.

Ra=10^6, walls assisting Ra=10^6, walls opposing Ra=10^7, walls assisting
Ri NuMC v (m/s) NuFC Ri NuMC v (m/s) NuFC Ri NuMC v (m/s) NuFC

∞ (NC) 2 - - - ∞ (NC ) 9.2 - -
20 2.3 8.13 · 10−5 - 0.1 1.27 1.15· 10−3 2.8 3.75 12 6.45· 10−4 1.79
0.1 6.9 1.15 · 10−3 2.8 0.01 4.8 3.64· 10−3 8.8 1.88 13.05 9.13· 10−3 -
0.01 13.3 3.64 · 10−3 8.8 0.005 8.4 5.14· 10−3 - 0.94 14.6 1.29· 10−3 3.2
0.005 17.2 5.14 · 10−3 - 0.5 1.09 5.14· 10−4 - 0.26 19.13 2.41· 10−3 5.9
0.0025 22.4 7.27 · 10−3 - 1 1.13 3.64· 10−4 1.42 0.01 51 1.15· 10−2 35.9
0.00125 29.4 1.03 · 10−2 - 2 1.25 2.97· 10−4 1.25 0.005 64.5 1.625· 10−2 -

4 1.34 1.82· 10−4 1.14 0.0025 77.8 2.3· 10−2 -
8 1.44 1.29· 10−4 -
16 1.51 9.09· 10−5 -
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