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SUMMARY

Heat transfer by the motion of fluids, referred to as convective heat transfer, is ubiq-

uitous. Convective heat transfer in enclosures packed with solid obstacles, is of great

importance in various engineering and real-life applications, such as in blast furnaces,

refrigeration devices, distribution transformers, nuclear waste disposal, energy storage,

etc. Both natural convection, where the heat transfer occurs due to the flow induced

by density differences, and mixed convection, where the combined influence of natu-

ral convection and forced convection is of importance, play an important role in these

applications.

The particular application that motivated our research is molten iron production in

the hearth of a blast furnace. Here we deal with natural convection due to thermal gradi-

ents between the hot molten metal and the cooled walls, whereas the tapping of molten

metal from the blast furnace adds the influence of forced convection. The large, unburnt

coke particles in the hearth create a coarse-grained porous packing. This plays an im-

portant role in the convection within the furnace and thus the power required to cool

it. In the blast furnace, and all the other applications mentioned above, the flow and

thermal length scales can be comparable to those of the pore-spaces of the porous me-

dia. Therefore, there is a strong interaction between pore geometry and the flow, and

hence the geometrical effects of the porous media cannot be neglected. The thermal

conductivity of the porous media can also influence the heat transfer and the tempera-

ture distribution in the cavity.

Indeed, some experimental studies reported in literature hint at a strong influence of

the pore-spacing and thermal properties of porous media on the heat transfer. However,

the existing numerical modelling techniques are not able to capture these effects. To

better understand the heat transfer mechanism in such coarse-grained porous media

and to improve the existing models, it is important to understand the local pore-scale

flow and temperature distribution, and the resulting global heat transfer.

In this work, we carry out pore-structure resolved numerical simulations in a sim-

plified geometry- a cubical enclosure filled with spherical beads. We investigate the role

of the strength and direction of the forced and natural convective flow, and the role of

the local wall temperature distribution in the heat transfer mechanism. We compare our

pore-structure resolved simulation results with the results obtained with the represen-

tative volume averaging approach of modelling porous media. This helps us to better

understand how the local pore-structure, the thermal properties of the spherical bead

packing, the direction and strength of the forced convective flow, etc. influence the heat

transfer mechanism.

Our results are validated against experiments conducted in a parallel Ph.D. study by

Dr. Iman Ataei Dadavi. We thus provide an experimentally validated numerical model to

solve heat transfer in porous-media to our industrial partner, TATA steel. With our work,

xi
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we aim at improving the understanding of the various factors influencing heat transfer

in the hearth of the blast furnace.



SAMENVATTING

Warmteoverdracht door stromende vloeistoffen, convectieve warmteoverdracht genoemd,

is alomtegenwoordig. Convectieve warmteoverdracht in behuizingen waarin zich obsta-

kels bevinden is van groot belang in verschillende toepassingen, zoals in (hoog)ovens,

koelapparatuur en koelhuizen, transformatoren, opslagplaatsen voor kernafval, ener-

gieopslag, enz. Zowel natuurlijke convectie, waar de warmteoverdracht plaatsvindt door

de stroming veroorzaakt door dichtheidsverschillen, en gemengde convectie, waarbij de

gecombineerde invloed van natuurlijke convectie en geforceerde convectie van belang

is, speelt bij deze toepassingen een belangrijke rol.

De specifieke toepassing die ons onderzoek heeft gemotiveerd, is de productie van

gesmolten ijzer in de haard van een hoogoven. Hier hebben we te maken met natuurlijke

convectie door thermische gradiënten tussen het hete gesmolten metaal en de gekoelde

wanden van de hoogoven, terwijl het tappen van gesmolten metaal uit de hoogoven leidt

tot additionele geforceerde convectie. De grote, onverbrande cokesdeeltjes in de haard

creëren een grofkorrelige poreuze stapeling. Dit beïnvloedt de convectie binnen de oven

en dus het vermogen dat nodig is om deze te koelen.

In de hoogoven en alle andere hierboven genoemde toepassingen kunnen de afme-

tingen van stromingspatronen en thermische structuren van dezelfde orde grootte zijn

als de afmetingen van de holten tussen de vaste objecten. Daarom is er een sterke inter-

actie tussen de geometrie van deze holten en de stroming en kunnen de geometrische

effecten van de grofkorrelige poreuze stapeling niet worden verwaarloosd. De thermi-

sche eigenschappen van de vaste objecten kunnen bovendien ook de warmteoverdracht

en de temperatuurverdeling in de holten en in de gehele behuizing beïnvloeden.

Experimentele studies in de literatuur duiden inderdaad op een sterke invloed van

de geometrie van de holten en van de thermische eigenschappen van de vaste objecten

op de lokale en globale warmteoverdracht. Bestaande numerieke modelleringstechnie-

ken, zoals die bijvoorbeeld worden gebruikt om processen in hoogovens te simuleren

en optimaliseren en waarin de geometrische en thermische eigenschappen van de vaste

objecten worden uitgemiddeld over de ruimte, zijn echter niet in staat deze lokale ef-

fecten correct mee te nemen. Om het mechanisme van warmteoverdracht in dergelijke

grofkorrelige stapelingen beter te begrijpen en om de bestaande modellen te verbete-

ren, is het belangrijk om de lokale stromings- en temperatuurverdeling op holteschaal

te begrijpen, alsmede hun invloed op de grootschalige warmteoverdracht.

In dit werk bestuderen we, met behulp van numerieke simulaties, de stroming en

warmteoverdracht in de kanalen van een vereenvoudigde geometrie, namelijk een ku-

busvormige omhulling gevuld met verschillend gestapelde bollen. We onderzoeken de

invloed van de grootte en richting van de geforceerde en natuurlijke convectiestroming

op de lokale wandtemperatuurverdeling en op het grootschalige warmteoverdrachts-

mechanisme. We vergelijken onze simulatieresultaten, waarin de stapeling in detail is

gesimuleerd, met simulatieresultaten die zijnverkregen met veelgebruikte grofschalige

xiii
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simulatietechnieken waarin de invloed van de vaste objecten wordt gemiddeld over de

ruimte. Dit helpt ons om beter te begrijpen hoe de lokale kanaalstructuur, de thermische

eigenschappen het vaste materiaal, de richting en sterkte van de gedwongen convectie-

stroom, etc. het warmteoverdrachtsmechanisme beïnvloeden.

Onze resultaten zijn gevalideerd aan de hand van experimenten die zijn uitgevoerd in

een parallelle promotiestudie door Dr. Iman Ataei Dadavi. Zo heeft onze studie geleid tot

een experimenteel gevalideerd numeriek simulatiemodel, waarmee onder andere onze

inustrieële partner Tata-steel de stroming en warmteoverdracht in de haard van hoog-

ovens kan modelleren en optimaliseren met het oog op bijvoorbeeld staalkwaliteit en

energiezuinigheid.



1
INTRODUCTION

1.1. APPLICATION BACKGROUND

Figure 1.1: Schematic representation of a blast furnace. The image is an adapted version available in [1]. The

hearth of the blast furnace is simplified as a side-heated side-cooled cavity filled with porous media.

The blast furnace, used for smelting to produce industrial metals, converts iron ore

into hot liquid metal. The liquid metal is collected at the bottom of the furnace, in the so-

called hearth, and tapped off. The hearth is made of refractory materials and is cooled

from its sides. The hearth (5-7 m in height [2]) is filled with a coarse-grained (typical

1
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diameter 10-40mm) porous carbon structure through which the hot metal (at a temper-

ature ≈ 1500◦C ) flows from the top (Fig.1.1).

The cooling of the hearth walls with water at room temperature results in a natural con-

vective flow of the molten metal. The tapping off process results in a forced convective

flow inside the hearth (u ≈ 2− 8m/s [3]). The combined effects of natural convection

and forced convection in molten metal (Rayleigh number ≈ 1011, Richardson number

≈ 1), which is a low Prandtl number fluid (≈ 0.1−0.3), results in flow asymmetries and

a complex temperature distribution at the walls. Regions with high local temperature,

termed as hot-spots, are observed at the walls, leading to the reduction in the lifetime

of the hearth and negative impact on productivity. The flow being opaque and at high

temperatures, it is difficult to carry out experimental studies. Thus, computational fluid

flow modeling is the only available tool to study and optimize this liquid metal flow.

To understand the heat transfer mechanism in such a complex domain, it is impor-

tant to understand the natural convective and mixed convective flow in simplified fluid

and porous-media filled-cavities. In this chapter, we first discuss natural convective and

mixed convective flow in fluid-only cavities to explain the influence of fluid properties,

enclosure characteristics and wall temperatures on the local and global flow and heat

transfer. Later in this chapter, we discuss the influence of porous media in systems with

the natural convective and mixed convective flow.

1.2. NATURAL CONVECTION IN FLUID-ONLY CAVITIES

Natural convection is observed in fluids when a driving force for the flow is generated by

gravity and the density variation due to a temperature/concentration gradient. Convec-

tive thermal turbulence is observed in earth’s mantle [4, 5], the atmospheric boundary

layer [6] and ocean circulation [7]. Natural convective flows also play an important role

in various engineering and industrial applications like electronic cooling [8, 9], passive

safety of nuclear reactors [10], ventilation of rooms [11], thermal energy storage [12], etc.

These convective currents are characterized by local ascending and descending vertical

movements of the fluid.

The fluid motion in a thermally-driven flow with relatively small temperature differ-

ences can be described by the incompressible Navier-Stokes equations with the Boussi-

nesq assumption to account for buoyancy effects [13].

∇· u = 0 (1.1)

∂u

∂t
+u ·∇u =−

1

ρ
∇p +ν∇2u+gβ(T −Tr e f ) (1.2)

∂T

∂t
+u ·∇T =α∇2T (1.3)

where u, p, g, T , Tr e f , β, α are the velocity, pressure, acceleration due to gravity, tem-

perature, reference temperature, volume expansion coefficient and thermal diffusivity,

respectively.

When non-dimensionalized, the convective heat transfer can be characterized by

three control parameters, namely the Rayleigh number (Ra), Prandtl number (Pr ) and
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aspect ratios (Γ), and by two response parameters- Reynolds number (Re) and Nusselt

number (Nu).

Studies on natural convection for enclosures of different types like cubical, cylindri-

cal etc. are widely reported in literature. Among them, the influence of the control pa-

rameters on the response is extensively reported for the most famous classical problems

on natural convection, viz.

• Rayleigh–Bénard convection (RBC), driven by a vertical temperature gradient. It is

extensively studied with cubical and cylindrical enclosures.

• Natural convection in differentially heated cavities characterized by a horizontal

temperature gradient. It is studied mostly with cubical enclosures.

Thus, in our current study, we use cubical enclosures with horizontal and vertical tem-

perature gradient. The major findings in the above classical problems can be classified

into:

1. Influence of Ra and Pr on Nu [14–25]

The non-dimensional heat transfer, Nu increases with the increase in Ra and is

strongly dependent on Pr for low-Pr fluids, but becomes weakly dependent on

Pr , at Pr > 1. In a bottom-heated top-cooled cavity, the global heat transfer ap-

proaches Nu ∼ Ra1/2 at very high Ra and small to moderate Pr . In a side-heated

cavity, Nu ∼ Ra1/4 for laminar flows and is close to Nu ∼ Ra1/3 for turbulent flows.

Calculation of Nu for the most downstream part alone in turbulent side-heated

cavities shows that it follows the classical Ra1/3 scaling for turbulent flows.

2. Effect of aspect ratio and boundary conditions on local and global heat transfer [23,

26–29]

In bottom-heated top-cooled rectangular cavities filled with fluids of Pr ≥ 0.5, for

a fixed Ra, the global heat transfer increases with an increase in width to height ra-

tio and is observed to attain a maximum. With further increase in the ratio the heat

transfer decreases. With the increase in Pr , maximum heat transfer enhancement

is observed in cavities with a smaller width to height ratio. While in bottom-heated

top-cooled cylindrical cavities, at low Ra, the heat transfer initially decreases with

diameter to height ratio, reaches a minimum and then increases. With further in-

crease in the aspect ratio, the heat transfer becomes independent of it. With the

increase in Ra, the aspect ratio does not influence the heat transfer. However, in

side-heated side-cooled cavities no strong influence of aspect ratio on heat trans-

fer is observed.

3. Boundary layer characteristics [24, 25, 30, 31]

The global scaling of the thickness of thermal and viscous boundary layers follows

a power law w.r.t Ra, both in cavities with a vertical and horizontal temperature

gradient. The multiplication pre-factor and the power are found to be sensitive

to Pr , the aspect ratio and the orientation of the cavity. At high Ra, intermittent

and complex large scale turbulent flows result in strong spatial inhomogeneities

of the thermal and viscous boundary layers in bottom-heated top-cooled cavities.
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While in side-heated cavities, the boundary layers remain laminar up to regions

(upstream part) where gravity waves start to disrupt the boundary layer, ejecting

eddies from the boundary layer to the core. With the increase in Ra, the point

where this transition occurs moves upstream of the boundary layers.

4. Large scale flow structure [29, 32–40]

The large scale circulation in bottom-heated cavities is strongly influenced by the

aspect ratio and Pr . This in-turn affects the global heat transfer. For low Pr flu-

ids, the modification in LSC with change in inclination of the cavity, results in heat

transfer enhancement when compared to RB convection. An increase in the num-

ber of vertical (LSC) roles increases the heat-carrying capacity of the fluid, in lami-

nar and weakly turbulent flows. However at really high Ra, the Nu seems to be less

sensitive to changes in LSC. In side-heated cavities, large-scale spiral structures

are observed in turbulent thermal convective flows, which lead to the reduction in

enstrophy production thus preserving its topology.

5. Thermal plumes [41–46]

In cavities with a vertical temperature gradient, thermal plumes initiate the large-

scale motions at high Ra. The mean wind is thus due to the organization of ther-

mal plumes to a large scale circulation. The eruption of thermal plumes is en-

hanced in cavities with rough surfaces, which in-turn enhances the total heat trans-

fer. The interaction of the LSC with the rough surface results in this behaviour.

From the above discussion, we can see that the geometrical features, the thermal

properties of the fluid and the temperature boundary conditions result in different flow

behaviours and thus different local/global heat transfer. Flow features like the thickness

of thermal boundary layers and thermal plumes play an important role in heat transfer

in cavities filled with coarse-grained porous media (discussed later in Section 1.5), where

the length scales of the pore-structure are comparable to the flow and thermal scales.

1.3. MIXED CONVECTION IN FLUID-ONLY CAVITIES

Mixed convection flow is observed in many natural situations and engineering applica-

tions like dynamics of a lake, crystal growth, thermal hydraulics of nuclear reactors, etc.

It is a flow and heat transfer mechanism in which flow velocities due to forced convection

and natural convection of comparable magnitude occur. When non-dimensionalized,

the convective heat transfer can be characterized by four control parameters, Rayleigh

number (Ra), Prandtl number (Pr ), Reynolds number (Re) and geometrical aspect ratio

(Γ). The ratio between natural and forced convection is quantified by the Richardson

number Ri , defined as Ra/(Pr ×Re2). Mixed convection is observed when Ri = O(1).

A value of Ri ≫ 1 indicates natural convection dominated flow, while a smaller value

Ri ≪ 1 indicates forced convection dominated flow.

Similar to the studies on natural convection, the studies on mixed convective flow

and heat transfer in fluid-only cavities investigate the influence of Prandtl number [47–

49], large scale flows [49–52], oscillations and turbulent fluctuations [50, 53–55], flow

transitions [48, 56, 57], etc. Also, studies on the influence of the relative strength of the
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natural convection and forced convection [53, 58–63] are reported in the literature. How-

ever, unlike in the cavities with natural convection alone, the studies on the control pa-

rameters and the responses are not that extensive for mixed convection.

The heat transfer is observed to strongly depend on Pr , while the flow pattern is only

influenced by Pr at high Ri . Cavities with vertical temperature gradient show a great

sensitivity as analysed using proper orthogonal decomposition. When Ri >> 1, most

of the energy is carried by the first mode. A decrease of the energy of the first mode

and an increase in the number of energy carrying modes is observed with the onset of a

buoyancy-induced secondary flow when Ri =O(1).

In cavities with a horizontal temperature gradient, researchers have also investigated

the influence of the relative direction of forced flow w.r.t natural convection, mostly by

studying mixed convection in cavities with moving walls and temperature differences

[64–67]. In assisting mixed convection, in which buoyancy and shear forces assist each

other, the flow follows the direction of moving walls. The heat transfer increases with the

decrease in Ri and approaches the heat transfer by forced convection alone, at very low

Ri .

However, in the case of opposing mixed convection in which the buoyancy and shear

forces oppose each other, a shear cell is formed adjacent to the moving boundary, while

a buoyancy cell fills the rest of the cavity. The size of the cell depends on Ri . With the

increase in the opposing nature of the shear force, the heat transfer rate decreases until a

minimum is reached at Ri = 1. Further increase in the shear force results in the increase

of heat transfer rate due to the formation of a shear dominant regime. For Ri << 1, the

heat transfer is independent of the direction of the movement of the walls when they

move in the opposite direction (forced convection dominant), while For Ri >> 1, the

heat transfer is fully governed by natural convection.

Thus from above, we could infer that the flow and thermal features are strongly influ-

enced by the strength of forcing, the thermal properties of the fluid, geometric features

and on the relative direction of the forced and natural convection.

1.4. FLOW THROUGH POROUS MEDIA

Before we discuss convection in porous media, it is important to understand the concept

of Darcy’s law [68] which relates the superficial flow velocity (ud = φu) in porous media

to the pressure gradient.

∇P =−
µ

K
ud (1.4)

where φ= 1−
Volume of solid media

Total volume of the cavity
, P , µ, K , u, ud are the porosity, pressure, dy-

namic viscosity, permeability, average fluid velocity and superficial flow velocity, respec-

tively. However, this linear relation is only valid at low Reynolds numbers, based on pore-

scale length and superficial velocity. An increase in ud increases the form drag due to the

solid obstacles, resulting in the breakdown of the linearity. A modified form of Darcy’s

equation, the Forchheimer’s equation [69],
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∇P =−
µ

K
ud −CF K −0.5ρ f |ud|ud (1.5)

where CF and ρ f are form-drag constant and density of the fluid, was developed to ac-

count for this effect. The effect of an increase in form drag is modelled with the second

term on the right-hand side of the equation. Darcy’s equation was also modified into

the so-called Brinkman equation [70] to account for the viscous resistance by adding a

term proportional to the Laplacian of the average flow velocity [71]. However, these rela-

tions do not reduce to the fluid-only Navier-Stokes equations when φ= 1. A generalized

form of the flow and heat transfer equations in porous media satisfying the above, was

reported in [72, 73].

In this approach, the continuum equations are averaged over a representative ele-

mentary volume (REV) occupied by both solid and fluid phases.

∇· u = 0 (1.6)

∂u

∂t
+u ·∇u =−

1

ρ f
∇p +ν∇2u+gβ(Tp −Tr e f )+

1

ρ f
S (1.7)

(ρcp )e f f
∂T

∂t
+ (ρcp ) f φu ·∇T = (ρcp ) f αe f f ∇2T (1.8)

where,

• (ρcp )e f f = φ(ρcp ) f +(1−φ)(ρcp )s , with f referring to the fluid and s referring to the

solid. ρ is the density andcp is the specific heat capacity of the fluid and the solid.

• αe f f =
λe f f

(ρCp )e f f
with an effective thermal conductivity, λe f f =φλ f + (1−φ)λs .

The source term, S in Eq.(1.7) is implemented as:

S =−
µ

C0
φu−C1

1

2
ρ f φu |φu | (1.9)

For a packed bed cavity, C0 and C1 may be calculated using Ergun’s equation as:

C0 =
d 2

150

φ3

(1−φ)2
(1.10)

C1 =
3.5

d

1−φ

φ3
(1.11)

where d and φ are the diameter of the spherical beads and local porosity, respectively.
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1.5. NATURAL AND MIXED CONVECTION IN POROUS MEDIA

Natural convective heat transfer in porous media has been extensively studied owing

to its occurrence in various industrial and technological applications like greenhouses

[74], energy storage [75], solid waste treatment [76], etc. Heat transfer in porous media

gets more complex due to the influence of size [77–81], shape [79, 81–83] and thermal

properties [78, 79, 81, 84–86] of the porous media. As in fluid-only natural convection,

the global heat transfer is observed to follow a power-law correlation with Ra when Ra

and Nu are calculated using effective properties of the medium, when convection is not

dominant. When the convection is dominant, the heat transfer follows a power-law cor-

relation with both Nu and Ra calculated using fluid properties.

The global heat transfer is observed to be strongly dependent on the morphology of

the porous medium. Thus the heat transfer obtained using numerical simulations with

the REV approach [79, 85, 87–90] with uniform porosity, deviate from that obtained with

experiments. Similar to the studies on natural convection in porous media filled cavi-

ties, numerical studies on mixed convective heat transfer in porous media are also based

on Darcy/Darcy-Forchheimer [91–93] and REV approach [94–100] assuming a uniform

porosity. Thus the flow and thermal features observed closely resemble that in fluid-only

mixed convective flows. Mixed convective heat transfer has also been experimentally in-

vestigated [101–104]. Experimental results on heat transfer are reported to deviate from

simulations applying the Darcy model. Even at Ri > 10, the influence of mixed con-

vection is observed in the flow through the porous media. In cavities with a horizontal

temperature gradient, studies on the influence of assisting and opposing forced con-

vective contribution of varying strength (different Ri ) are also reported in the literature

[103–107]. Similar to that reported in fluid-only cavities the heat transfer increases with

Ra and Re in assisting mixed convection, whereas for the opposing mixed convection it

decreases with Re and reaches a minimum and then again starts to increase. It is also

observed that the pore-scale velocity [104] is dependent on the pore-density and has

important effects on the buoyancy induced secondary flows.
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1.6. RESEARCH OBJECTIVE

From the above studies on natural and mixed convective flow and heat transfer in porous

media filled enclosures it was found that the intrinsic geometric features of the porous

medium can lead to unreliable results with REV approach, when the pore-scale is com-

parable to flow and thermal length scales. The interaction between the porous media

and the flow and thermal structures is expected to be different in cavities with a vertical

and horizontal temperature gradient, due to the difference in the flow features, viz.

• formation of thermal plumes in enclosures with vertical temperature gradient,

• formation of thermal boundary layers at the vertical walls in enclosures with hori-

zontal temperature gradient.

The interaction between the porous media and thermal boundary flow structures is also

expected to vary significantly in mixed convective flows with assisting and opposing

forced convective contributions. These interactions can influence the local flow and

temperature distribution close to walls, for instance, of the blast furnace hearth and play

a significant role in the formation of hot-spots at the walls. An understanding of the

above is only possible by analyzing the flow and thermal features at the scale of the pore-

spaces in the porous media. To provide an insight into this, we carry out pore-structure

resolved numerical simulations of bottom-heated top-cooled natural convection, side-

heated side-cooled natural convection and lid-driven assisting/opposing mixed convec-

tion with horizontal temperature gradient. We carry out our numerical simulations in a

simplified geometry viz. a cubical cavity filled with spherical beads arranged in a struc-

tured packing and we address:

1. What is the influence of coarse-grained porous media on local and global heat

transfer in a natural convective flow environment?

An understanding of the regions with high local heat transfer can help us in identi-

fying the hot-spots in the hearth of the furnace. To address this issue the local flow

and temperature distribution in cavities

• fully and partially filled with spherical beads

• with different location of spherical beads w.r.t the isothermal walls

• filled with spherical beads of different thermal properties w.r.t the working

fluid

are investigated at different Rayleigh numbers. In side-heated side-cooled cavities,

we study the influence of local wall temperature distribution w.r.t the location of

the spherical beads on the local and global heat transfer. The simulations are also

compared with fluid-only simulations and porous media simulations.

2. What is the influence of coarse-grained porous media on local and global heat

transfer in a mixed convective flow environment?

In side-heated side-cooled cavities filled with spherical beads, we investigate the

influence of assisting and opposing forced convection of different strengths on the

local flow and temperature distribution. We also investigate the interaction of the
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thermal boundary layers with the spherical beads and compare it with REV sim-

ulations to better understand local and global heat transfer in a mixed convective

flow environment.

We validate our results by comparing them with experiments conducted by another

Ph.D. student in the group, Iman Ataei Dadavi [108–110]. Thus, we provide an exper-

imentally validated numerical model to our industrial partner, TATA steel. Our work

will help them to improve the understanding of the various factors influencing the heat

transfer in the hearth of the blast furnace. Based on our preliminary investigation, we

also suggest further numerical and experimental studies with double-scalar convection

to identify the locations with serious dissolution of the carbon lining in the hearth of a

blast furnace, to better understand the hot-spot formations in the hearth.

1.7. OUTLINE

We numerically investigate the flow and heat transfer due to natural convection and

mixed convection in cubical enclosures fully (partially) filled with coarse-grained porous

media. The study on natural convective heat transfer is carried out with two arrange-

ments, bottom heated and side heated arrangements. To analyze mixed convective heat

transfer we consider a side-heated cavity with moving walls. The numerical schemes,

the solvers and the geometries considered are described in each chapter.

The chapters in this thesis are self-contained and have been published in /submitted

to scientific journals. In Chapter 2 and 3 we study bottom-heated top-cooled arrange-

ments with uniform wall temperature. In Chapter 2 we discuss heat transfer in a bottom-

heated cavity filled with adiabatic beads, with different heights and locations of the pack-

ing. We compare the pore-scale flow and thermal features with the REV approach based

results. In Chapter 3 we extend our investigation to the influence of thermal properties

of the porous media on the heat transfer. As in most real-life scenarios the tempera-

tures are non-uniform, in Chapter 4 we study a side-heated cavity both with uniform-

and non-uniform wall temperatures. We compare the flow behaviour and the associ-

ated heat transfer to that in a fluid-only cavity to explain the role of pore-space on the

heat transfer mechanism. The heat transfer in a porous-media filled side-heated cavity

is further analysed with the combined effect of natural and forced convection in Chapter

5. Here we discuss the influence of the strength and direction of the mixed convective

flow on the heat transfer, local flow and temperature distribution in porous media-filled

cavities. In Chapter 6 we summarize our findings and discuss the possible application

of our findings in research at R&D TATA steel, IJmuiden and provide an outlook to future

research possibilities in this field.
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2
EFFECT OF PACKING HEIGHT AND

LOCATION OF POROUS MEDIA ON

HEAT TRANSFER IN A CUBICAL

CAVITY: ARE EXTENDED DARCY

SIMULATIONS SUFFICIENT?

We numerically investigate natural convection in a bottom-heated top-cooled cavity, fully

and partially filled with adiabatic spheres (with diameter-to-cavity-size ratio d/L = 0.2)

arranged in a Simple Cubic Packing (SCP) configuration. We study the influence of pack-

ing height and location of porous media. We carry out the simulations using water as

the working fluid with Prandtl number, Pr = 5.4 at Rayleigh number Ra = 1.16× 105,

1.16×106 and 2.31×107. The applicability and suitability of Darcy-Forchheimer assump-

tion to predict the global heat transfer is analysed by comparing it with the pore-structure

resolved simulations. We found that the heat transfer in pore-structure resolved simula-

tions is comparable to that in fluid-only cavities at high Rayleigh numbers, irrespective of

the number of layers of packing and its location. Discrepancies in heat transfer between

the Darcy-Forchheimer and the fully resolved simulations are observed when the porous

medium is close to the isothermal wall and at high Ra, while it vanishes when the porous

medium is away from the isothermal bottom wall 1.

1This Chapter is published in IJHFF with DOI: https://doi.org/10.1016/j.ijheatfluidflow.2020.108617
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NOMENCLATURE

Greek Symbols

α Thermal diffusivity,(λ/ρcp ), m2/s

β Thermal expansion coefficient, K−1

λ Thermal conductivity, W/m.K

λe f f Effective thermal conductivity, W/m.K

ν Kinematic viscosity of fluid, m2/s

φ Porosity

ρ Density, kg/m3

Other symbols and Abbreviations

u∗ non-dimensional pore-scale velocity,
u

U0

u Pore-scale velocity, m/s

δth Thermal boundary layer thickness,
L

2Nu
, m

g accel. due to gravity (acts along Z axis), m/s2

θ Non-dimensional temperature,
T −Tc

Th −Tc

θm Time- and plane- averaged temperature

cp Specific heat capacity, J/kg.K

d Diameter of sphere, m

dp Diameter of pore-space, m

Da Darcy number, K /L2

K Permeability

L Height of cavity, m

Nu Nusselt number based on fluid properties

p Pressure, N/m2

Pr Prandtl Number

Ra Rayleigh Number based on fluid properties,
gβ f ∆T L3

να

T Temperature, K

Tr e f Reference temperature,
Th +Tc

2
, K
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V
porous

T
Total volume of porous layer, m3

V
spheres

T
Volume occupied by spheres, m3

t0 characteristic time scale,
L

U0
, s

U0 characteristic velocity scale,
Ra3/7α

L
, m/s

X ,Y , Z represents the rectangular coordinate system

D-F Darcy-Forchheimer simulation with continuum approach

P-R Pore-structure Resolved simulation

Subscripts

e f f Effective

f Fluid

s Solid
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2.1. INTRODUCTION

Natural convective heat transfer in porous media packed cavities is of great importance

in various engineering and real-life applications. It is an important mechanism in re-

frigeration devices [1, 2], distribution transformers [3], nuclear waste disposal [4], air de-

humidifiers [5], catalytic reactors [6, 7], blast furnace [8] etc. It can also be of crucial im-

portance in heat exchangers [9, 10] under safety mode operation, when the forced flow is

blocked. In most of the applications mentioned above the domain may be partially filled

[11] with materials and the relative position of these materials may vary (like food kept

at the bottom or top of a refrigerator), which demands an in-depth understanding of the

heat transfer mechanism in a partially filled porous media and its relative position.

Several experimental and numerical studies on natural convection in porous me-

dia are available in literature [12]. Most of the studies are on the influence of Rayleigh

number [13], Prandtl number [14, 15], conductivity [16, 17] and size of porous media

[18–20]. Studies also report that the heat transfer in fully packed porous media filled

cavities asymptotically approach the heat transfer in a fluid-only cavity at high Rayleigh

numbers [19, 21]. All these studies concentrate on the effect of the above mentioned pa-

rameters on fully packed cavities. However, the studies on the effect of location of the

porous medium and its height are limited. Studies on partially filled porous media made

of metal foam report a positive influence of porous media on heat transfer enhance-

ment [22]. The enhancement reported is mostly due to the increased conductivity of

the medium. Experimental studies also report a non-monotonic change in heat transfer

with packing height [23, 24]. Visualization from the top of the cavity hints at the chan-

neling effect to be the reason for the non-monotonic heat transfer variation.

A variety of different cases and conditions were tested using Darcy assumption and

other more refined Darcy models [12], with most of them being 2D simulations. Semi-

analytical solution for 2-dimensional [25, 26] and 3-dimensional [27] porous media are

available for conditions at which Darcy assumption is valid. 3-dimensional numerical

simulation of layered porous structure with Darcy assumption [28] discusses the influ-

ence of the thermal properties of the layer in heat transfer. However, at comparatively

higher flow velocities, this linear relation is valid only at lower Reynolds number [12].

Extensive studies on porous-continuum representative volume (REV) based approach

[20, 29] valid at higher flow velocities, with Darcy [30, 31] and Darcy-Forchheimer [32]

terms included are reported in literature. Heat transfer in partially filled cavities, ob-

tained using REV approach with Darcy and extended Darcy assumptions show good

agreement with experiments at low Ra [33, 34]. The simulations, however, deviate up

to 15% from the experimental heat transfer measurements, when the Ra and Da are

high, and also with the change in the location and height of the packing [35].

From our literature review, we find that the literature on the effect of pore-scale phe-

nomena on heat transfer is mostly limited to fully packed cavities [36, 37] and almost

no literature is available on the effect of location and height of packing [2]. From our

previous numerical [37–39] and experimental [17, 21, 40] studies on fully-packed porous

media, we find a strong influence of pore-scale features on global and local heat transfer.

Consequently, detailed pore-structure resolved simulations can give us a better under-

standing of the effect of height and location of the packing on heat transfer as well as

the reason for deviation of REV approach based simulations from experiments. In our
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present work, we carry out 3D numerical simulations resolving the pore-structure and

compare them to the Darcy-Forchheimer (D-F) simulations. We investigate the validity

and applicability of the D-F assumption in partially filled cavities of different packing

heights and locations, by comparing it with the pore-structure resolved simulations. We

aim at providing an insight into the influence of local flow and thermal structures on the

heat transfer in these cavities and explain the discrepancy in heat transfer between the

pore-structure resolved and D-F simulations.

2.2. MATHEMATICAL FORMULATIONS AND NUMERICAL METH-

ODS

2.2.1. GEOMETRY AND BOUNDARY CONDITIONS

We study natural convection in a cubical L×L×L cavity filled with adiabatic spheres of di-

ameter, d = 0.2L at Ra = 1.16×105,1.16×106 and 2.3×107. We use water (Pr = 5.4) as the

working fluid. The gravity, g acts along the negative Z-axis of the Cartesian coordinate

system. From our previous experimental study on natural convection in fully-packed

cavity [21], we find that spherical beads of the dimensions mentioned above result in its

influence on heat transfer at low Ra, while the effect reduces with an increase in Ra. The

bottom and top walls of the cubical cavity are maintained at uniform temperatures Th

and Tc (Th > Tc ) respectively. All the other vertical walls are adiabatic. Effects of pack-

ing height and packing location are investigated carrying out fully resolved numerical

simulations and comparing with Darcy-Forchheimer simulations.

• Packing height: The domain is stacked with different number of horizontal layers

(Fig.2.1 and Table 2.1) of sphere-packing from the bottom wall to the top, arranged

in a Simple Cubic Packing (SCP) fashion

• Packing location: The domain is stacked with single layer (and 2 layers) of spheres

at different positions with respect to the bottom wall (Table 2.1) in an SCP fashion

No-slip boundary condition is applied at all the walls for both fully resolved and D-F sim-

ulations, and also at the spherical surfaces in the fully resolved packed bed simulations.

We ensure that β∆T << 1 in all our simulations such that the Boussinesq approximation

[41] is valid.

2.2.2. GOVERNING EQUATIONS AND NUMERICAL METHOD

The governing equations used for the simulations are split into two:

• Fully resolved simulations of fluid-only (Rayleigh-Bénard convection) and packed

bed cavities using open-source finite volume CFD solver Foam Extend 4.0 [42]

• Darcy-Forchheimer (D-F) simulations using commercial software, ANSYS Fluent

(v17.2)

For the fully resolved simulations using the Boussinesq approximation, we numeri-

cally solve the transient Navier-Stokes and thermal energy transport equations for New-

tonian fluids:
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Table 2.1: Packing name referred in the current work and the corresponding packing scheme.

Packing

name

Packing

Scheme

1 Layer

2 Layer

3 Layer

4 Layer

Packing

name

Packing

Scheme

5 Layer

1L Middle

1L Quarter

2L Quarter

(a) (b) (c)

Z

X Y

Figure 2.1: Geometrical representation of fluid-filled cubical cavity heated from the bottom (red) and cooled

from the top (blue) packed with (a) 1 layer (b) 2 layers (c) 5 layers of adiabatic spherical beads.

∇· u = 0 (2.1)

∂u

∂t
+u ·∇u =−

1

ρ
∇p +ν∇2u+gβ(T −Tr e f ) (2.2)

∂T

∂t
+u ·∇T =α∇2T (2.3)

To perform fully resolved numerical simulations in our complex geometry, we use

Foam Extend 4.0 (a fork of OpenFOAM). We use unstructured polyhedral grids [43, 44] to

carry out numerical simulations for the packed bed cavities and structured grids for the

reference (fluid only) Rayleigh-Bénard convection simulations. The above set of equa-

tions, Eq.(2.1)-(2.3) are discretized and fully resolved numerical simulations are carried
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out using the standard solver buoyantBoussinesqPisoFoam. The solver is validated by

comparing the heat transfer obtained at different Ra in fluid-only cavities to that re-

ported in the literature [21, 45, 46]. A detailed solver validation is also reported in [47].

The heat transfer in cavity fully-filled with adiabatic spherical beads (discussed later) at

the highest Ra reported, is compared to that obtained with glass beads, experimentally

[21]. At Ra = 2.31×107, for a cavity fully-filled with adiabatic spherical beads we obtain

a Nusselt number, Nu = 18.2. From experiments it is observed that, at the same Ra, in a

cavity filled with glass beads of the same size and packing [21] we obtain a Nusselt num-

ber Nu = 17.9 (interpolated from data). The heat transfer obtained numerically with

adiabatic beads is comparable to that obtained with glass beads (of lower conductivity)

experimentally. This confirms the suitability of the current solver for the pore-structure

resolved simulations of the packed bed.

We use the numerical schemes as listed in Table 2.2 to solve the convective and diffu-

sive terms[42] and to handle the pressure-velocity-coupling at each time step [48]. The

adaptive time-stepping is carried out by limiting the maximum cell Courant number to

0.33.

Table 2.2: Numerical schemes for fully resolved simulations using OpenFOAM.

Settings Numerical scheme

Time scheme Backward (2nd order)

Gradient scheme Gauss linear, (2nd order central)

Divergence scheme Gauss limited linear

Laplacian scheme Gauss linear corrected

Interpolation scheme Linear

Pressure velocity coupling PISO

For the D-F simulations in ANSYS-Fluent, the effect of porous medium is modelled

by including the pressure drop in a porous medium due to the viscous and inertial effects

as a source term S in the momentum equation, Eq.2.5 [20].

∇· φu = 0 (2.4)
(

∂u

∂t
+u ·∇u

)

=−
1

ρ f
∇p +ν∇2u+gβ(T −Tr e f )+

1

ρ f
S (2.5)

(ρcp )∗
∂T

∂t
+ (ρcp ) f φu ·∇T = (ρcp ) f αe f f ∇2T (2.6)

where,

• (ρcp )∗ = φ(ρcp ) f + (1−φ)(ρcp )s

• αe f f is calculated using an effective thermal conductivity, λe f f =φλ f + (1−φ)λs ,

where λ f and λs are the thermal conductivity of the fluid and solid (equal to zero

in current simulations) respectively.
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The source term, S in Eq.(2.5) is implemented as:

S =−
µ

C0
φu−C1

1

2
ρ f φu |φu | (2.7)

For a packed bed cavity C0 and C1 are calculated using Ergun’s equation as:

C0 =
d 2

150

φ3

(1−φ)2
(2.8)

C1 =
3.5

d

1−φ

φ3
(2.9)

where d and φ are the diameter of the spherical beads and local porosity, respectively.

For each packing scheme the packed bed section is substituted by a Darcy equivalent,

both in position/size and properties. The porosity, φ is calculated for the porous layer

using the porous layer height, LH (LH = 0.2L,0.4L etc. for 1 Layer packing, 2 Layer pack-

ing etc. respectively) and the diameter of the sphere d as:

φ=
V

porous
T

−V
spheres

T

V
porous

T

(2.10)

where, V
porous

T
and V

spheres
T

is the total volume of the cavity of height LH and volume

occupied by the spherical beads, respectively. The Eq. (2.4)-(2.7) in ANSYS Fluent user

manual (when re-arranged) are the same as reported in [20]. For the investigated d/L

ratio and porosity, the permeability K is equal to 1.05× 10−6 resulting in a Da varying

between 2.62×10−3 and 1.05×10−4 for packing height varying from 1 Layer to 5 Layers.

The governing equations in ANSYS-Fluent are solved using the numerical schemes

listed in Table 2.3.

Table 2.3: Numerical schemes for D-F simulations using Fluent.

Settings Numerical scheme

Time scheme 2nd order Implicit

Gradient Least square Cell based

Momentum Bounded Central differencing

Energy Bounded Central differencing

Pressure Second order

Pressure velocity coupling PISO

The time step size determined using for D-F simulations also satisfy the condition of

maximum cell Courant number ≤ 0.33.

2.2.3. MESH REQUIREMENT

The pore-structure resolved (P-R) simulations are carried out using polyhedral mesh

(Fig.2.2(b)), generated by converting a fine tetrahedral mesh (Fig.2.2(a)). The function
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(a) (b)
Figure 2.2: Cubical cavity packed with 1 layer of adiabatic spherical beads meshed using (a) tetrahedral grids

(b) polyhedral grids.

polyDualMesh available in OpenFOAM is used to carry out this conversion. The number

of mesh cells is decreased using this approach. For example, it reduces a 30 million cell

tetrahedral mesh to a polyhedral mesh with around 6 million cells. Initial estimates of

the grid requirement close to the wall and the bulk of the cavity are made based on the

correlations provided in [49] for Rayleigh-Bénard convection. Using the estimate for the

highest Ra = 2.3× 107 as a base, a grid independence study is carried out using three

different polyhedral meshes with 0.5 million, 4 million and 6 million cells for the cavity

packed with 1 layer of spherical beads. The time-averaged integral Nusselt number (de-

viation less than 4%) and time- and plane- averaged non-dimensional temperature, θm

along the vertical direction (Fig.2.3) are used to ensure that we get a grid-independent

solution. Though the volume of the packed-cavity to be meshed decreases with an in-

crease in the number of layers of spherical beads, we use ∼ 6 million polyhedral cells to

account for the increase in curved surfaces in the domain.

For the fluid-only and Darcy-Forchheimer simulations, we use structured hexahedral

grid cells, with a growth factor of 1.2 close to the horizontal isothermal walls. A grid

independence study is carried out using 323, 643 and 1283 and 1673 hexahedral cells.

The deviation of time- and wall- averaged integral Nusselt number between 1283 and

1673 cells is less than 0.5% for Ra = 2.3×107. All the reported results are thus obtained

with the 1283 hexahedral cells.

2.3. RESULTS AND DISCUSSION

The influence of Rayleigh number, packing height and location of packing of spherical

beads on the flow and heat transfer is discussed in this section. In the following sec-

tions, the ANSYS Fluent simulations with Darcy and Forchheimer terms are referred to

as Darcy-Forchheimer (D-F) simulations. All the D-F simulations are carried with grid-

size required to fully resolve the flow in the porous media free region. In the porous

region we find the flow velocities to be very low such that the Reynolds number calcu-

lated with maximum flow velocity as the velocity scale and square root of permeability
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0.5 M Cells

4 M Cells

6 M Cells

Figure 2.3: Time- and plane- averaged mean temperature variation along Z direction in a cavity filled with 1

layer of spherical adiabatic beads for different mesh sizes at Ra = 2.3×107.
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Figure 2.4: Time- and plane- averaged non-dimensional temperature for cavities filled with different layers of

spherical bead packing at (a) Ra = 1.16×105, (b) Ra = 2.3×107. Plane-averaging along planes with adiabatic

spheres results in the wavy temperature distribution. The deviation in mean temperature from θ = 0.5 for 5

layer packing indicates the need of time averaging for longer period.

p
K as the length scale is ≈ 3 within the porous region. Thus laminar models are used for

the simulations.

The pore-scale resolved simulations are compared to D-F simulations to better un-

derstand the suitability and applicability of D-F assumptions to simulate the flow and

heat transfer in fully and partially packed porous domains. The results obtained with

D-F simulations are also reported in terms of intrinsic velocity u. All the results reported

below are expressed in non-dimensional form. The instantaneous temperature is non-
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Figure 2.5: Variation of time- and wall- averaged Nusselt number with number of layers of packing at different

Rayleigh numbers. A comparison of pore-structure resolved (P-R) simulations is made with that from Darcy-

Forchheimer (D-F) simulations and fluid-only filled cavity.

dimensionalised using the temperature difference between the top and bottom wall as in

θ =
T −Tc

Th −Tc
. The instantaneous intrinsic velocities, u are non-dimensionalized with the

characteristic velocity scale U0 =
Ra f

3/7α

L
[50], such that the non-dimensional velocity

vector u∗ equals

u∗ =
u

U0
(2.11)

The time- and wall- averaged global heat transfer is expressed in terms of Nusselt

number defined as:

Nu =−
L

∆T

(

∂T

∂z

)

w al l

(2.12)
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Figure 2.6: Instantaneous Nusselt number distribution (top view) at the bottom wall, in a cavity with porous

media filled to a height equivalent to (a)1 layer (b) 5 layers of spherical beads at Ra = 2.3×107 obtained with

Darcy-Forchheimer (D-F) simulations.

2.3.1. INFLUENCE OF Ra AND PACKING HEIGHT

We compare the heat transfer and flow features in P-R cavities with 1-5 layers of spheri-

cal beads stacked from the bottom to the top. The results from P-R simulations are com-

pared with the D-F simulation results with the same local Darcy number Da and φ. We

also compare the heat transfer obtained with P-R and D-F simulations to that in a fluid-

only filled cavity. In Fig.2.4 we plot the time- and plane-averaged (averaged along XY

plane) non-dimensional temperature of pore-structure resolved (P-R) simulations with

1 Layer to 5 Layer of spherical beads. The vertical lines indicate the packing height, for

e.g. z/L = 0.2 and z/L = 1 represent the height of 1Layer packing and 5 Layer packing,

respectively. At low Ra = 1.16× 105 (Fig.2.4(a)), the temperature distribution becomes

conduction-dominated with the increase in the number of layers of spherical beads i.e.

from 1Layer to 5Layer packing. The "close to linear" temperature in fully-packed cavity

(5 Layer) indicates the absence of convection in the cavity. The flow resistance imposed

by the adiabatic spherical beads results in this behaviour.

In contrast to the above, at Ra = 2.3×107 (Fig.2.4(b)) the slope of time- and plane-

averaged temperature close to the wall (z/L = 0 and z/L = 1) is comparable to that in a

fluid-only filled cavity, indicating a convection dominated heat transfer. The presence

of multi-layered adiabatic spherical beads results in an asymmetry in the temperature

distribution, which vanishes in the cavity with 5 layers of packing.

From Fig.2.5 we observe that the inclusion of spherical beads in the cavity, adversely

affects the convective flow and thus the heat transfer is lower than in the fluid-only cav-

ity, especially at low Ra. The non-dimensional heat transfer Nu in P-R cavities and

in cavities with the D-F assumption are comparable at lower Rayleigh numbers (Ra =
1.16×105,1.16×106). At Ra = 1.16×105 the heat transfer is much lower than in a fluid-

only filled-cavity, and decreases with an increase in the number of layers of packing. At

Ra = 1.16× 106, though the heat transfer is much lower than in fluid-only cavity, it is
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Figure 2.7: Instantaneous non-dimensional temperature distribution and velocity vectors at x/L = 0.43, in a

cavity with (a) 1 layer (layer height highlighted with a box) (b) 5 layers at Ra = 2.3×107 simulated using Darcy-

Forchheimer assumption. The velocity vectors are visualized by projecting them to a 32× 32 grid along the

vertical plane. The enlarged 3D view of the temperature distribution in the porous region of cavity with 1 Layer

of packing is depicted in (c) with a different colour scale.

practically independent of the layers of packing (1 Layer-4 Layer). However, when the

spherical beads are introduced close to the top cold wall (5 Layer), the heat transfer re-

duces further.

With the increase in Ra (Ra = 2.3×107), the heat transfer in P-R cavities are slightly

lower than (1 Layer-3 Layer, 5 Layer) or comparable (4 Layer) to that in fluid-only filled

cavities, while the heat transfer obtained from simulations with D-F assumption is ob-

served to be much lower than in the fluid-only cavities. The results from the P-R simula-

tions are qualitatively similar to that obtained experimentally for partially filled [23] and

fully-filled cavities [21]. Unlike the P-R simulations, the D-F simulations cannot capture

this behaviour and thus significantly under-predict the heat transfer.

To understand the difference in heat transfer (Nu) between P-R and D-F simulations

we analyse the instantaneous local Nusselt number, local non-dimensional temperature

and the local non-dimensional velocity magnitude in cavities with 1 Layer and 5 Layer

packing, at Ra = 2.3×107.

DARCY-FORCHHEIMER SIMULATIONS

In simulations with D-F assumption, the local Nusselt number (Fig.2.6) at the bottom

hot wall significantly decreases with the increase in the height of packing. In the D-F

cavity with porous layer equivalent to the height of 1 Layer of spherical bead packing

(Fig.2.6(a)), the instantaneous heat transfer is high throughout the surface of the bottom
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Figure 2.8: Instantaneous non-dimensional velocity magnitude distribution at x/L = 0.43, in a cavity with (a)

1 layer (b) 5 layers at Ra = 2.3×107 simulated using Darcy-Forchheimer assumption. The legend of (c) has a

different scale from (a).

wall. However, when the cavity is fully filled with porous media (Fig.2.6(b)), the surface

area with high local Nusselt number is smaller when compared to that in the cavity with

1 Layer of packing.

The reason for the reduction in heat transfer with the increase in porous layer height,

becomes clear from the local non-dimensional instantaneous temperature (Fig.2.7) and

velocity magnitude (Fig.2.8) along a plane (X /L = 0.43) in the configurations with 1 Layer

and 5 Layers of packing. From Fig.2.7(a) we see that the cold thermal plumes erupting

from the top cold wall moves downward (as indicated by the velocity vectors) towards

the bottom wall. From the velocity vectors we see that the flow in the porous region is

lower when compared to the fluid-only region above the porous layer (Fig.2.7(a)). The

temperature at the interface of the fluid-only and porous region (Fig.2.7(c)) is close to

the cold fluid temperature. The fluid region above this interface thus behaves like a fluid

only cavity.

When the cavity is fully packed with porous media the asymmetry in temperature

distribution (Fig.2.7(b)) observed above, vanishes.The velocity vectors suggest the flow

velocity to be much lower than that in the cavity with 1 Layer of packing (Fig.2.7(a)). The

contours of non-dimensional velocity magnitude confirm the reduction in flow velocity

when the cavity is fully packed with porous media (Fig.2.8(b)) when compared to the

cavity with 1 Layer of packing (Fig.2.8(a)). From Fig.2.7 and Fig.2.8 we find that the con-

vective contribution to the heat transfer in the cavity decreases when the cavity is fully

packed. The fluid-only region in the partially filled cavity dictates the total heat trans-

fer thus resulting in a higher heat transfer (Fig.2.6(a)) than in the fully-packed cavities

(Fig.2.6(b)).
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PORE-STRUCTURE RESOLVED SIMULATIONS

As observed in Fig.2.5, the heat transfer obtained with pore-structure resolved simula-

tions are comparable to that in fluid-only filled cavities and is higher than in D-F sim-

ulations, at high Ra. This is also evident from the local Nusselt number distribution of

heat transfer at the bottom hot wall in P-R simulations, obtained in cavities with 1 Layer

and 5 Layer of packing (Fig.2.9). The local Nusselt number in P-R simulations (Fig.2.9)

are higher than in D-F simulations (Fig.2.6). Unlike the Nusselt number distribution

with D-F simulations, the heat transfer in P-R simulations are high in the regions close

to the pore-space and are close to 0 at regions very close to the point of contact of the

spherical beads with the bottom wall. To explain this behaviour, we look at the local flow

and temperature in the plane X /L = 0.43, where the spherical beads and the pore-space

are comparable in size. In Fig.2.10 we compare configurations with 1 Layer (Fig.2.10(a))

and 5 Layer (Fig.2.10(b)) of spherical bead packing, at Ra = 2.3×107. The instantaneous

non-dimensional temperature contours also have the non-dimensional velocity vectors

to give an indication of the direction and strength of the in-plane (ZY plane) flow. At the

top right corner of the temperature contours we have the non-dimensional out-of plane

velocity (u∗
x ) contours.

Nu
0 60

(a) (b)

Y

X

Figure 2.9: Instantaneous Nusselt number distribution (top view) at the bottom wall, in a cavity with (a)1 layer

(b) 5 layers of spherical beads at 2.3×107 obtained with pore-structure resolved (P-R) simulations.

From the temperature contours we observe that the thermal plumes erupting from

the isothermal walls are thinner than the pore-space size (discussed later in next sec-

tion), resulting in a flow-dominated heat transfer. This results in the heat transfer in

spherical bead filled cavities to be comparable to that in a fluid-only filled cavity. Unlike

the cavity with 1 Layer packing in which the flow is 3-dimensional with high value of

out of plane velocity u∗
x (Fig.2.10(a)), in the cavity with 5 Layer packing (Fig.2.10(b)), we

observe a channeled (2D planar) flow with negligible out of plane velocity. The slight in-

crease in heat transfer observed with 4 Layer packing (Fig.2.5) could be due to the dom-

inance of the channeled flow in which the thin hot and cold plumes move through the

pore-space and directly impinge on the cold and hot walls. However, a slight reduction

in heat transfer occurs when the 5th layer of spherical beads is placed close to the cold
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Figure 2.10: Instantaneous non-dimensional temperature distribution and velocity vectors at x/L = 0.43, in

a cavity with (a) 1 layer, (b) 5 layers of spherical beads at Ra = 2.3 × 107. The smaller figure to the left of

temperature contour depicts the non-dimensional out of plane velocity. The velocity vectors are visualized by

projecting them to a 32×32 grid along the vertical plane.

wall. Losing the area for the eruption of cold plumes in the cavity with 5 layers of packing

results in this reduction, the effect of which is expected to diminish at higher Ra [21, 37].

To understand the local flow in P-R simulations, we look at the frequency spectra of

thermal and kinetic energy at Ra = 2.3×107 (of vertical velocity uz ) at the probe location

(y/L = 0.5, x/L = 0.6, z/L = 0.6) in cavities with 1 Layer, 3Layer and 5 Layer packing. The

probe is far from the spherical beads in cavity with 1Layer packing, close to the beads

in 3Layer packing and within the pore-space in 5Layer packing. We also compare the

spectra with that in a fluid-only cavity (same probe location) to understand the influence

of spherical beads on local flow and thermal features.

The frequency spectra of thermal and kinetic energy at Ra = 2.3× 107 (of vertical

velocity uz ) is turbulent in a fluid-only cavity following ET (f) ∼ f−7/5 and Euz (f) ∼ f−11/5

comparable to that reported in [51] and [52], respectively. From the P-R simulations of

the spherical bead filled cavities, we observe that the temporal flow and temperature

fluctuations (Fig.2.11) dies out with the addition of layers of spherical beads. When we

increase the number of the packing layers, the flow is still turbulent and thus the energy

spectra follow the turbulent scaling for 1 Layer and 3 Layer packing, while the flow be-

comes oscillatory in the cavity with 5 Layer packing. This indicates that the flow becomes

less turbulent as the relative distance of the probe with the spherical beads decreases,

because of the increased resistance imposed by the spheres.
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Figure 2.11: Power-laws for the frequency (a) thermal energy spectra and (b) kinetic energy spectra of the

vertical velocity uz at Ra = 2.3×107, y/L = 0.5, x/L = 0.6, z/L = 0.6.

2.3.2. INFLUENCE OF SHIFT OF PACKING

In contrast to the cavities with spherical beads touching the hot wall (Fig.2.5), the sup-

pression in heat transfer is comparatively lower when the spherical beads are shifted

away from the hot wall (Fig.2.12), both in P-R and D-F simulations.

PORE-STRUCTURE RESOLVED SIMULATIONS

With P-R simulations, at Ra = 1.16× 105, for both 1 Layer and 2 Layer cases (Fig.2.12),

when the packing is away from the wall i.e for 1L/2L Quarter/Middle (P-R), the suppres-

sion in heat transfer varies significantly from that in cavities with the spherical beads

touching the wall 1L/2L Bottom (P-R), for e.g. Nu1 Layer Middle > Nu1 Layer Quarter > Nu1 Layer Bottom.

At higher Ra (Ra = 1.6×106,2.3×107), the heat transfer in porous media filled cavities

with the packing away from the isothermal walls becomes comparable to or even slightly

higher than that in fluid-only filled cavities, unlike the cavities in which the spherical

beads touch the hot wall (1L Bottom (P-R)). To understand this difference in heat trans-

fer behaviour, we look at the thermal plume (boundary layer) thickness defined as:

δth =
L

2Nu
. (2.13)

When the thermal plume sizeδth is scaled with the diameter of the pore-space dp (Fig.2.13),

we observe that the thermal plumes are thicker than the pore-space (δth/dp > 1) at low

Ra (Ra = 1.16×105). While with the increase in Ra, thermal plumes become comparable

to pore-size (Ra = 1.16×106) and even gets smaller than the pore-size (Ra = 2.31×107).

At the lowest Ra (Ra = 1.16×105), as the thermal plumes are thicker than the pore-space,

the inclusion of the spherical beads leads to a considerable suppression in heat transfer

as the thermal plumes cannot meander through the pore-space. The inclusion of spher-
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Figure 2.12: Variation of Nu with Ra in pore-structure resolved (P-R) and Darcy-Forchheimer (D-F) simula-

tions for different packing arrangement. The results are compared with heat transfer in fluid-only cavities

reported in literature [21, 45, 46]. For naming convection of packing arrangement refer to Table 2.1.

ical beads thus increases the resistance offered to the thermal plumes and even makes

them thicker (Fig.2.13).

A comparison of the cavities with 1 Layer of packing (Fig.2.12) shows that the sup-

pression in heat transfer is minimum when the porous layer is at the center of the cavity

(1L Middle (P-R)). This indicates that the influence of the packing on heat transfer de-

creases with the increase in its distance from the hot isothermal wall.

At Ra = 1.16× 106, as the thermal plume thickness of the fluid-only cavity is com-

parable to the pore-space (Fig.2.13) and thus the reduction in heat transfer with the in-

clusion of spherical beads away from the isothermal walls is minimal (Fig.2.12). This

is also evident from the small change in the δth/dp ratio in the cavities with spheri-

cal beads, when compared to the fluid-only filled cavity (Fig.2.13). With the increase

in Ra (Ra = 2.31×107), the thermal plumes become much thinner than the pore-space

(Fig.2.13). The inclusion of layers of packing irrespective of their location, thus does not

significantly obstruct the flow as the plumes meander through the pore-space. Thus at

high Ra, the heat transfer in cavities with spherical beads are comparable to that in a

fluid-only cavity (Fig.2.12).
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Figure 2.13: Ratio of boundary layer thickness to pore-size at different Ra, for pore-scale resolved simulations.

The boundary layer thickness of fluid-only cavity is also scaled with pore-size of the porous media filled-cavity

for reference.

DARCY-FORCHHEIMER SIMULATIONS

At the lowest Ra = 1.16×105, when the porous media touches the bottom hot wall, the

heat transfer with with D-F and P-R simulations are comparable, for e.g. Nu1 Layer Bottom(D-

F)≈ Nu1 Layer Bottom(P-R) (Fig.2.12).

However, the heat transfer obtained with the D-F simulations are lower than the P-R

simulations at higher Ra, for e.g. at Ra = 2.31×107, Nu1 Layer Bottom(D-F)< Nu1 Layer Bottom(P-

R). When the porous media is away from the isothermal hot wall, we observe a different

behaviour.

• At Ra = 1.16×105, Nu with D-F simulations are higher than with the P-R simula-

tions (Fig.2.12). This indicates that the flow within the pore-space of the spherical

bead packing in P-R simulations is blocked as the thermal plumes are thicker than

the pore-space (Fig.2.13). While in the D-F simulations of the cavities with porous

media not touching the isothermal walls, the convective flow is not fully choked as

in P-R simulations, thus resulting in comparatively higher heat transfer (Fig.2.12).

• At Ra = 1.16×106 and Ra = 2.31×107, the D-F and P-R simulations gives us com-

parable heat transfer, irrespective of the number of layers (Fig.2.12).

We also observe that the resistance to the convective flow imposed by the porous media

in D-F simulations is higher when it touches the isothermal wall when compared to the

cavity with the porous media located away from it, thus resulting in lower heat transfer

(Fig.2.12), i.e. Nu1 Layer Bottom(D-F)< Nu1 Layer Quarter(D-F).

To understand the difference in the behaviour of the D-F simulations when the porous

media touches the wall and when it is away from the wall, we look at the instantaneous
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Figure 2.14: Instantaneous non-dimensional velocity magnitude distribution at x/L = 0.43, in a cavity with 2

layers of spherical beads at Ra = 2.3×107 in Darcy-Forchheimer (a1,b1) and pore-structure resolved (a2,b2)

simulations. (a1,a2) has porous media from z/L = 0 to 0.4 and (b1, b2) has porous media from z/L = 0.2 to 0.6.

non-dimensional velocity magnitude and temperature distribution along the plane, X /L =
0.43 in cavities with 2 Layer of porous media packing touching the isothermal wall (Fig.2.14(a1),

Fig.2.15(a1)) and away from it (Fig.2.14(b1), Fig.2.15(b1)). We also compare it with the

P-R simulations of the respective cavities (Fig.2.14(a2,b2), Fig.2.15(a2,b2)).

Since the thermal boundary layer is thinner than the pore-space at Ra = 2.31×107

(Fig.2.13), the pore-space flow velocity in the P-R simulation of the cavity with 2 Layer

packing touching the bottom wall (Fig.2.14(a2)), is less influenced by the spherical beads,

resulting in hot thermal plumes at high velocity meandering through the pore-space

(Fig.2.15(a2)). In the cavities with porous media touching the isothermal hot wall, the

flow velocity in the porous region obtained with D-F simulation (Fig.2.14(a1)) is much
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Figure 2.15: Instantaneous non-dimensional temperature distribution and velocity vectors at x/L = 0.43, in a

cavity with 2 layers of spherical beads at Ra = 2.3×107 in Darcy-Forchheimer (a1,b1) and pore-scale resolved

(a2,b2) simulations. (a1,a2) has porous media from z/L = 0 to 0.4 and (b1, b2) has porous media from z/L = 0.2

to 0.6.

lower than with the P-R simulation (Fig.2.14(a2)). We also observe that in the simu-

lation with D-F assumption, hot thermal plumes of comparatively lower temperature

(Fig.2.15(a1)) erupt from the bottom hot wall. Unlike the D-F simulation, the tempera-

ture and flow velocity of the hot thermal plumes (erupting from the bottom wall) within

the pore-space is higher in the P-R simulation (Fig.2.15(a2)). The combined effect of the

thermal plume temperature and flow velocity results in lower convective heat transfer in

the simulation with D-F assumption (Fig.2.5).

However, in the D-F simulation with porous-media defined away from the wall (Fig.2.14(b1)),
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the flow velocity close to the isothermal walls is less influenced by the porous media and

is comparable to that in the P-R simulation (Fig.2.14(b2)). Thus, comparable flow veloc-

ity close to the isothermal walls results in comparable heat transfer with D-F (2L Quarter

(D-F)) and P-R (2L Quarter (P-R)) simulations (Fig.2.12).

2.4. SUMMARY AND CONCLUSION

A detailed study on the validity and applicability of Darcy-Forchheimer assumption to

simulate convective heat transfer in flow dominated porous media filled-cavity is re-

ported. The Darcy-Forchheimer simulations of cavities with porous media touching the

isothermal walls and away from them are compared with the pore-structure resolved

simulations at different Ra. Major findings of this work can be summarized as:

(i) In cavities with porous media touching the isothermal wall, the heat transfer in

simulations with Darcy-Forchheimer assumption is comparable to that in pore-

structure resolved simulations at low Ra. With an increase in Ra, the Darcy- Forch-

heimer simulations under-predict the heat transfer. At high Ra, the temperature

and velocity of the thermal plumes impinging the hot wall are higher in the pore-

structure resolved simulations resulting in heat transfer comparable to fluid-only

cavities.

(ii) In cavities with porous media not touching the isothermal wall, Darcy-Forchheimer

simulations and pore-structure resolved simulations report comparable heat trans-

fer irrespective of the number of layers of packing and its location, for Ra ≥ 1.16×
106. However, at low Ra = 1.16×105 D-F simulations over-predict the heat trans-

fer. This shows that the laminar model for porous-media simulations predicts heat

transfer comparable to the pore-structure resolved simulations, when the non-

porous regions are fully resolved.

(iii) Heat transfer in a porous medium filled-cavity decreases when the porous medium

is close to the isothermal walls. A slight enhancement in heat transfer with porous

media over the fluid-only cavity occurs when the channeling effect dominates over

the effect due to the reduction in the area available for plume impingement when

the packings are away from the isothermal walls.

(iv) From pore-structure resolved simulations, we observe that when the thermal bound-

ary layer thickness (thermal plume size) is larger than the pore-space (of a pore-

structure resolved cavity), the location and the number of layers of packing influ-

ence the heat transfer (Ra = 1.16×105) for all packing configurations. However, it is

practically independent of the porous packing when the boundary layer thickness

is considerably smaller than the pore-size and when the porous media does not

touch the wall ((Ra = 2.31×107). When the porous media touches the isothermal

wall, the heat transfer is however reduced by the adiabatic spherical beads close to

the wall. The reduction in heat transfer compared to fluid-only cavity is due to the

comparatively lower flow velocity close to the wall.
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3
PORE-SCALE ANALYSIS OF HEAT

TRANSFER IN A PACKED BED CAVITY

HEATED FROM THE BOTTOM AND

COOLED FROM THE TOP

We report numerical simulations of fluid natural convection with conjugate heat trans-

fer in a bottom-heated, top-cooled cubical cavity packed with relatively large (d/L = 0.2)

solid spheres in a Body Centered Tetragonal (BCT) configuration. We study largely varying

solid-to-fluid thermal conductivity ratios between 0.3 and 198, for a fluid Prandtl number

of 5.4 and fluid Rayleigh numbers between 1.16×106 and 1.16×108 and compare global

heat transfer results from our present simulations to our previously published experimen-

tal results. The interplay between convection suppression due to the solid packing, and

conductive heat transfer in the packing leads to three different regimes, each with a dis-

tinct impact of the solid packing on the flow and heat transfer. At low Rayleigh numbers

≈ 106, all packings suppress convective flow. Compared to fluid only Rayleigh-Bénard

convection, heat transfer is therefore reduced in low conductivity packings, whereas for

high conductivity packings it is increased due to significant conductive heat transfer. At

intermediate Rayleigh numbers ≈ 107, low conductivity packings no longer suppress con-

vection, whereas flow is still suppressed in high conductivity packings due to the thermal

stratification imposed on the fluid by the solid. Consequently, heat transfer is lower com-

pared to fluid only Rayleigh-Bénard convection, even in high conductivity packings. With

a further increase of Rayleigh number & 108, convection starts to be the dominant heat

transfer mechanism in all packings, and convective heat transfer is close to that for fluid

only Rayleigh-Bénard convection. The contribution of solid conduction in high conduc-

tivity packings causes the overall heat transfer to be above that for Rayleigh-Bénard con-

vection 1.

1This Chapter is published in IJHFF with DOI: https://doi.org/10.1016/j.ijheatfluidflow.2019.03.008
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NOMENCLATURE

Greek Symbols

α Thermal diffusivity,(λ/ρcp ), m2/s

β Coefficient of volume expansion of fluid, K−1

λ Thermal conductivity, W/m.K

ν Kinematic viscosity of fluid, m2/s

φ Porosity

ρ Density of fluid, kg/m3

Other symbols and Abbreviations

u∗ non-dimensional pore-scale velocity,
u

U0

u Pore-scale velocity, m/s

g accel. due to gravity (acts along Z axis), m/s2

Θ
∗ Non-dimensional temperature,

T −Tc

Th −Tc

cp Specific heat capacity, J/kg.K

d Diameter of sphere, m

Da Darcy number, K /L2

E Effective heat transfer w.r.t RB convection

Econv Effective convective heat transfer w.r.t RB convection

K Permeability

L Height of cavity, m

Nu f Nusselt number based on fluid properties

Nuc Non-dimensional heat transfer due to conduction in the porous media filled cavity

NuRB Nusselt number Rayleigh-Bénard convection

p Pressure, N/m2

Pr Prandtl Number

Ra f Rayleigh Number based on fluid properties,
gβ f ∆T L3

ν f α f

T Temperature, K

Tr e f Reference temperature,
Th +Tc

2
, K
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t0 characteristic time scale,
L

U0
, s

U0 characteristic velocity scale,
Ra f

3/7α

L
, m/s

X ,Y , Z represents the rectangular coordinate system

PP Polypropylene

RB Fluid only Rayleigh-Bénard convection

Subscripts

c Cold

f Fluid

h Hot

n Normal to the surface

s Solid
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3.1. INTRODUCTION

The study of convective heat transfer in porous media has been mostly based on Darcy’s

model for porous media, i.e. an approach in which porosity is accounted for in a volume-

averaged sense. It assumes that the porous length scales are small compared to the flow

and thermal length scales. In various practical applications, such as convection in gravel

embankments [1], in heat exchangers [2], in packed bed reactors [3], in fins to enhance

heat transfer [4] or in the hearth of blast furnaces [5], however, the porous material is

coarse-grained, i.e. the porous length scales are not small compared to the dimensions

of e.g. hydrodynamic and thermal boundary layers and thermal plumes.

Detailed studies on the approaches and challenges in modelling variable density

flows in porous media reported in [6, 7] explain the use of the standard Darcy model and

various extended Darcy models (such as the Darcy-Forscheimer model, which accounts

for high-Reynolds number effects). All these models are based on the volume averaging

approach, and, although not providing information on flow and thermal features at the

pore-scale, these studies help us in understanding the global flow and heat transfer in

porous media.

Numerical studies with both standard [8] and extended [9] Darcy models using a

local thermal equilibrium assumption, where a single equation is used to describe the

temperature in the fluid, as well as the porous medium, discuss the effects of particle size

and thermal properties in heat transfer. They suggest that the critical Rayleigh number

for the onset of convection predicted with the Darcy-Forscheimer model decreases from

the value predicted by the standard Darcy flow model, as the particle diameter and/or

the liquid-to-solid conductivity ratio is increased. The intensity of the convective flow is

also reported to depend on the Darcy number Da and the fluid Prandtl number Pr f . A

Da independent asymptotic convective heat transfer regime is reported at higher Ra f .

Using separate energy equations for the solid and fluid regions have been reported [10]

to lead to better predictions of overall heat transfer compared to the local equilibrium

approach.

Whereas solid conduction may play an important role in the heat transfer in porous

media at low Ra f , convective heat transfer becomes increasingly dominant with increas-

ing fluid Rayleigh number Ra f [11, 12]. These experimental results calculate the thermal

boundary layer thickness from the Nusselt number. The increase in Nusselt number with

the thinning of thermal boundary layer hints at the increased contribution of convective

flow in the heat transfer process. Considerable scatter in experimental data, however, is

reported at moderate Ra f . Visualization of the flow at the upper boundary of a porous

media filled, bottom-heated cavity [13] shows an increase in lateral spread of the fluid ve-

locity, suggesting an increase in the 3-dimensionality of the flow within the pore-space

at higher Ra f . Indeed, our recent particle image velocimetry experiments [14] in a bot-

tom heated cavity packed with optically transparent hydrogel beads show an increase in

flow velocities within the pore-space with an increase in Ra f . However, the results from

the experiments are limited to a 2D plane due to the complex geometry.

Studies on convection in cavities filled with comparatively coarse-grained porous

media, such as packed beads [15], suggest the use of effective (i.e. volume averaged,

combined for fluid and solid) medium properties to explain the heat transfer mecha-

nism. Heat transfer measurements in different fluids and in porous media consisting of
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beads of different conductivity and size, for instance, could be adequately quantified in

terms of the effective Prandtl number of the porous medium. The overall heat transfer is

reported to be independent of the fluid Prandtl number Pr f when the effective Prandtl

number of the medium is high. Similar studies on heat transfer in metal foams also re-

port the influence of Ra f and Da on heat transfer [16, 17].

However, in contrast to what is found in [15], for porous media like metal foams, it

is reported [10, 18] that non-dimensional numbers calculated from effective medium

properties are insufficient to fully characterize natural convective heat transfer. Studies

on the influence of the shape and morphology of the solid structures in porous media

[19] show that heat transfer depends on the specific surface area of the porous medium,

further illustrating the need to analyse convective heat transfer in (coarse-grained) porous

media while addressing local, 3-dimensional, pore-scale effects, rather than effective

media properties alone. Such local information helps in understanding global heat trans-

fer mechanisms [12], and is essential for the development and evaluation of Volume Av-

eraged Navier Stokes (VANS) closure models for convective flow in such media [20, 21].

At present, a detailed study accounting for pore-scale flow and thermal effects in

coarse-grained porous media is missing in the literature. In this paper, we present a

detailed 3D numerical study, resolving the local convective flow and temperature distri-

butions in coarse-grained porous media with conjugate heat transfer. This paper aims

at understanding the heat transfer process in a bottom heated cubical cavity filled with

a structured packing of relatively large spheres of varying conductivity, and teaches that

the interplay between convection suppression due to the solid packing, and conductive

heat transfer in the packing, leads to three different convection regimes, each with a dis-

tinct impact of the solid packing on the flow and heat transfer.

3.2. MATHEMATICAL FORMULATIONS AND NUMERICAL METH-

ODS

3.2.1. PHYSICAL PROBLEM

Natural convection in porous media is analysed in a bottom-heated, top-cooled cubical

cavity with dimensions L×L×L at fluid Rayleigh numbers, in the range 1.16×106 ≤ Ra f ≤
1.16×108. The porous medium is composed of spherical beads arranged in structured

Body Centred Tetragonal (BCT) Packing. The ratio of the diameter of the beads, d to the

length of the cavity, L is chosen to be 0.2. Due to the finite dimensions of the cavity, the

average porosity is φ = 0.41 (as opposed to φ = 0.302 for an infinite BCT packing) and

estimating the permeability from the Kozeny–Carman equation, K = φ3d2

180(1−φ)2 [22], we

get Da ∼ 4×10−5. Water is used as the fluid (Pr f = 5.4). Various materials are studied

as packing materials, resulting in solid-to-fluid thermal conductivity ratios between 0.3

and 198. As will be discussed later, the cases studied in this paper lead to stationary or

slightly oscillatory laminar flows in the porous media filled cavity. With β∼ 2×10−4K−1

and ∆T < 10K, it is ensured in all our simulations that β∆T << 1 and thus the Boussinesq

approximation is valid. Using the Boussinesq approximation [23], we numerically solve

the transient Navier-Stokes and thermal energy transport equations for Newtonian flow

and conjugate heat transfer in and between the fluid and the solid.
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Fluid phase:

∇· u = 0 (3.1)

∂u

∂t
+u ·∇u =−

1

ρ
∇p +ν∇2u+gβ(T f −Tr e f ) (3.2)

∂T f

∂t
+u ·∇T f =α f ∇2T f (3.3)

Solid phase:

∂Ts

∂t
=αs∇2Ts (3.4)

For used symbols, we refer to the List of Nomenclature.

The solid and fluid regions are coupled via Dirichlet–Neumann Partitioning. The fluid

region is solved with the Dirichlet boundary condition T f = Ts at the coupled interface,

while the solid region is solved with Neumann boundary condition:

λ f

∂T f

∂n
=λs

∂Ts

∂n
(3.5)

calculated locally. The fluid and solid regions are solved iteratively.

3.2.2. NUMERICAL METHOD

In order to perform numerical simulations in our present complex geometry, we make

use of the capabilities of the OpenFOAM finite volume CFD solver [24]. We use unstruc-

tured tetrahedral grids to carry out numerical simulations for the packed bed cavities

and structured grids for the reference (fluid only) Rayleigh-Bénard convection simu-

lations (further referred to as RB convection). The application and accuracy of Open-

FOAM in using arbitrary tetrahedral meshes has been scrutinized in [25], who conclude

that differences between the solutions with unstructured tetrahedral grid cells and non-

body conforming cartesian grids are small, but with additional computational costs for

simulations with tetrahedral grids. The capability of OpenFOAM to accurately simulate

momentum and mass transfer using unstructured grids are also discussed in [26, 27].

The above set of equations, Eq.(3.1)-(3.4) are thus discretized and fully resolved nu-

merical simulations are carried out, using a conjugate heat transfer solver that we de-

veloped in OpenFOAM 2.4.0 [24]. The standard solver "chtMultiRegionFoam" in Open-

FOAM is modified to account for the Boussinesq approximation as implemented in the

standard solver "buoyantBoussinesqPimpleFoam". The temperature equation for the

solid phase is treated as a passive scalar equation. In the simulations reported below, we

use a 2nd order backward differencing time marching scheme and a 2nd order central

differencing scheme defined as "backward scheme" and "limitedLinear" respectively in

OpenFOAM to solve the convective and diffusive terms for both the solid and fluid phase

[24]. The pressure-velocity-coupling at each time step is handled by the iterative PISO al-

gorithm [28]. The energy transport equation (Eq.(3.3)) is solved with the divergence-free

velocity obtained in each time step.
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3.2.3. GEOMETRY AND BOUNDARY CONDITIONS

We use water as the working fluid and study a range of fluid Ra f (1.16×106 ≤ Ra f ≤ 1.16×
108) . The material of the BCT packed beads is varied to realize a large variation in solid-

to-fluid thermal conductivity ratios, viz. λs /λ f = 0.3 for polypropylene, 1.0 for hydrogel,

70 for steel and 198 for brass, respectively. The coordinate system is chosen such that

gravity, g acts along Z axis. The bottom and top walls are isothermal at temperatures

Th and Tc (Th > Tc ) respectively. All vertical walls of the cavity are adiabatic. No-slip

boundary conditions are applied at all walls.

A grid independence study is carried out using three different meshes. In all the sim-

ulations reported, the flow was found to be in the laminar regime, with slight oscillations

at the highest Ra f reported. Thus the global non-dimensional heat transfer at the walls,

defined by the Nusselt number, was chosen as the criterion to check grid independence.

On the coarsest mesh 1, a fixed tetrahedral grid cell size h ≈ d/8 ≈ L/40 was used in the

solid phase and in the core of the cavity, and consequently also at the interfaces between

the fluid and the solid spheres. Along the isothermal walls, the grid cell size was grad-

ually refined to hBL ≈ d/16 ≈ L/80. For the medium mesh 2 we used h ≈ d/12 ≈ L/60

and hBL ≈ d/16 ≈ L/80, whereas for the finest mesh 3 we used h ≈ d/16 ≈ L/80 and

hBL ≈ d/32 ≈ L/160. At the highest studied Rayleigh number Ra f = 1.16×108, the de-

viation in overall Nusselt number obtained between mesh 2 and mesh 3 is found to be

less than 3%. Consequently, the mesh 3 is used for all presented simulations, i.e. with

a base grid size h ≈ d/16, refined to hBL ≈ d/32 in the thermal boundary layers along

the isothermal walls. The latter is in line with the recommendation hBL/L ≈ 0.75Nu−3/2
f

[29] and experimentally obtained values for Nu f [14], and ensures a minimum number

of 5-6 cells in the wall thermal boundary layers. The resulting mesh consists of ∼ 5×106

non-uniform tetrahedral grid cells. Because of the laminar flow characteristics varying

from pure steady to slightly oscillatory, an adaptive time stepping is specified such that

the Courant-Friedrichs-Lewy number is below 0.33. In practice, this led to a fixed simu-

lation time step once a quasi-steady state had been reached.

3.3. RESULTS AND DISCUSSION

3.3.1. INSTANTANEOUS THERMAL FIELD FEATURES

To illustrate the influence of the solid-to-fluid thermal conductivity ratio on the temper-

ature distribution in the cavity, Fig.3.1 shows side views of the thermal plumes (projected

in the X Z -plane) at t/t0 = 20 for a cavity packed with hydrogel (top) and brass beads

(bottom) (solid-to-fluid thermal conductivity ratio of 1 and 198, respectively). The ther-

mal plumes are identified as the isosurfaces of the instantaneous non-dimensionalized

temperature Θ
∗ = 0.8 [hot (red)] and 0.2 [cold (blue)] at t/t0 = 20. In the brass packed

cavity, at Ra f = 1.16×107, the thermal plumes are confined to a height less than the first

layer thickness of the beads. In a cavity packed with hydrogel beads, on the other hand,

cold and hot plumes meandering through the void space in the packing result in con-

vective flow throughout the domain. At Ra f = 1.16×108, the thermal plumes meander

and penetrate the pore spaces within the bulk of the porous medium as well as along the

side walls, for both brass and hydrogel packings. Compared to Ra f = 1.16×107, we see a

thinning of the thermal plumes at Ra f = 1.16×108. Such plume thinning at higher Ra f
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Figure 3.1: A side-view of the instantaneous non-dimensional temperature isosurfaces at t/t0 = 20, in a cavity

filled with hydrogel (top) and brass (bottom) beads at Ra f = 1.16 × 107 (left) and Ra f = 1.16 × 108 (right)

(Θ∗ = 0.2,Blue; Θ∗ = 0.8,Red)

was also observed in our experimental study [14].

The nature of the flow structures is visible in Fig.3.2, showing instantaneous u − w

velocity vectors at t/t0 = 20, in a characteristic vertical plane located at Y /L = 0.62.

At Ra f = 1.16× 107 (Fig.3.2), the flow is mainly localized along the side walls for brass

packing. The horizontally stratified temperature distribution confirms the absence of

prominent flow in core of the cavity. The flow structures change with the conductiv-

ity of the solid packing material. For low conductivity hydrogel packing, the flow is no

longer localized along the side walls, but also prevalent throughout the cavity, with a
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Figure 3.2: Instantaneous velocity vectors and temperatures at t/t0 = 20, in a characteristic vertical plane at

Y /L = 0.62 at Ra f = 1.16×107 (left) and Ra f = 1.16×108 (right), for a cavity packed with hydrogel (top) and

brass (bottom) beads.

comparatively weaker flow in the core of the cavity. This has a strong impact on the

temperature distribution. At Ra f = 1.16×108 (Fig.3.2), on the other hand, fluid flow is

present throughout the cavity for both brass and hydrogel packings, as reflected in the

temperature contours.
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Figure 3.3: Instantaneous Nusselt number Nu f distributions at the hot wall at t/t0 = 20, in a cavity packed

with hydrogel (top) and brass (bottom) beads, at Ra f = 1.16×107 (left) and 1.16×108 (right).

The local Nusselt number, Nu f calculated as:

Nu f =−
L

∆T

(

∂T

∂y

)

w al l

(3.6)

where, ∆T and L are the temperature difference and distance between the hot and cold

walls respectively, is analyzed at the hot wall to understand the influence of the packing

material on heat transfer. The presence of coarse-grained porous media results in strong

local variations of the (instantaneous) Nusselt number Nu f along the isothermal walls,

depending on the thermal conductivity of the packing material (Fig.3.3). For a high con-
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ductivity brass packing and low Ra f = 1.16×107, local high Nu f spots occur close to the

point of contact of the spheres with the wall, due to the dominance of solid conduction

over convective heat transfer in these points. At higher Ra f = 1.16×108, the contribu-

tion of convective heat transfer relative to solid conduction increases, and heat transfer

becomes more uniform and higher on average.

For a low conductivity hydrogel packing and low Ra f = 1.16×107, high Nu f regions

occur mostly close to the side walls, due to the dominance of convective heat transfer

in these regions. On average, however, heat transfer is lower than for brass packing. At

higher Ra f = 1.16×108, convective heat transfer enhancement is no longer limited to the

near wall regions, and heat transfer is more uniform along the entire isothermal wall. Al-

though distributed differently along the wall, at Ra f = 1.16×108 the average heat transfer

is dominated by convection and similar for both low and high conductivity packing.

3.3.2. INSTANTANEOUS FLOW FEATURE ANALYSIS

The instantaneous velocities (u) are non-dimensionalized with characteristic velocity

scale (U0) 2 [30], such that the non-dimensional velocity vector u∗ equals

u∗ =
u

U0

In Fig.3.4, the vertical flow in the packed cavity is visualized by means of isosurfaces

of the non-dimensional vertical velocity w∗ being 0.2 (red) and -0.2 (blue) at t/t0 = 20. At

Ra f = 1.16×107, vertical flow is virtually absent in the case of a brass packed cavity, while

in the hydrogel packed cavity a relatively strong vertical flow is present close to the side

walls, with a weaker flow in the core of the cavity. At Ra f = 1.16×108, relatively strong

vertical flows are present along the side walls as well as in the core of the cavity, both in

brass and in hydrogel packed cavities. The flow in the core of the cavity is stronger in the

case of a hydrogel packed cavity, compared to the brass packed cavity.

What was observed for the vertical velocity component, is also generally seen for the

lateral velocity components. Fig.3.5 shows isosurfaces of the scaled lateral velocity v∗,

i.e. the velocity component in the Y -direction at t/t0 = 20. At low Ra f = 1.16×107, lateral

flow is almost absent in the brass packed cavity, and mostly concentrated along the walls

for the hydrogel packed cavity. At higher Ra f = 1.16×108, lateral flow in the core of the

hydrogel packed cavity has strongly increased compared to Ra f = 1.16×107, resulting

in significant lateral velocities throughout the cavity. In the brass filled cavity, even at

higher Ra f = 1.16×108, lateral flows are concentrated along the walls and mostly absent

in the core of the cavity.

The increased vertical and lateral flow velocities, along the walls and in the core of the

cavity, as observed at higher Ra f , cause convective heat transfer by the fluid to dominate

over heat conduction in the solid, diminishing the difference of overall Nu f for low and

high conductivity packing materials, with increase in Ra f .

2The convective velocity scale is calculated as:

U0 =
Ra f

3/7α

L

which follows from, U0 =
gβ∆Tfδ

2
θ

ν f
where, δθ = Ra−2/7

f
L
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Figure 3.4: Instantaneous normalized vertical velocity isosurfaces, w∗ = 0.2 (red) and w∗ = −0.2 (blue) at

t/t0 = 20, in a cavity packed with hydrogel (top) and brass (bottom) at Ra f = 1.16×107 (left) and 1.16×108

(right).

3.3.3. PLANE AVERAGED FEATURES

In Fig.3.6(a) we show instantaneous scaled velocity magnitudes U∗ = (u∗2+v∗2+w∗2)0.5

averaged over the X Y -plane at t/t0 = 20, as a function of Z /L, for both brass packed and

hydrogel packed cavities at Ra f = 1.16× 107 and Ra f = 1.16× 108. Also included are

the same plane averaged velocities for pure Rayleigh-Bénard (RB) convection in a wa-

ter filled cavity at the same values of Ra f . Due to the applied scaling, scaled velocities

in RB convection are roughly independent of Ra f . In the packed cavity, however, the
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Figure 3.5: Instantaneous normalized lateral velocity isosurfaces, v∗ = 0.2 (red) and v∗ =−0.2 (blue) at t/t0 =
20, in a cavity packed with hydrogel (top) and brass (bottom) beads at Ra f = 1.16×107 (left) and 1.16×108

(right).

scaled velocities strongly depend on Ra f . At Ra f = 1.16× 107, the scaled velocities in

the hydrogel packed cavity are about an order of magnitude smaller compared to the

RB convection, whereas they are yet another order of magnitude smaller in the brass

packed cavity. This indicates that, at low Rayleigh numbers, convective heat transfer is

small compared to that in RB convection in the hydrogel packed cavity, whereas it is

negligible in the brass packed cavity dominated by conduction. At Ra f = 1.16×108, the

average velocity magnitudes in the hydrogel and brass packed cavities are similar, and
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Figure 3.6: Instantaneous scaled velocity magnitudes U∗ (a) and normalized temperatures Θ∗ (b) at t/t0 = 20,

averaged over X Y -planes as a function of Z /L, in RB convection (brown), hydrogel packed (pink) and brass

packed (black) cavities at Ra f =1.16×107 (· · ·) and 1.16×108(—). An example of the temperature distribution

on the surface of the solid spheres is depicted in the inset.

only a factor two lower than in RB convection, confirming that convection starts to dom-

inate the overall heat transfer in packed cavities at higher Rayleigh numbers, causing it

to become independent of the packing material and to approach that of RB convection.

In Fig.3.6(b) we show instantaneous normalized temperatures, averaged over the

X Y -plane at t/t0 = 20, as a function of Z /L, for both brass packed and hydrogel packed

cavities at Ra f = 1.16×107 and Ra f = 1.16×108. Also included are the same plane aver-

aged temperatures for pure Rayleigh-Bénard (RB) convection at the same values of Ra f .

At Ra f = 1.16× 107, the plane averaged temperature in the brass packed cavity varies

almost linearly with height, again indicating the dominance of solid conduction heat

transfer over convection. In the hydrogel packed cavity on the other hand, the vertical

temperature profile is strongly nonlinear due to the significance of convection, exhibit-

ing thermal boundary layers at the isothermal walls that are similar to those in RB con-

vection. In the core of the cavity, however, the temperature varies much more gradually

in the hydrogel packed cavity, compared to RB convection. At Ra f = 1.16×108, the plane

averaged temperatures close to the isothermal walls in the both packed cavities become

similar to those in RB convection, whereas in the core of the cavity the temperature pro-

file is still strongly influenced by the presence of the solid packing.

3.3.4. THE TIME EVOLUTION OF WALL-AVERAGED HEAT TRANSFER

In Fig.3.7 we show the time evolution of the instantaneous, bottom wall-averaged, Nus-

selt number for cavities packed with brass, steel and hydrogel beads (λbr ass > λsteel >
λhydr og el ) at Ra f = 1.16×107 and 1.16×108, as well as for RB convection.

At the lower Ra f = 1.16×107, the solid packing suppress all flow and thermal fluctu-

ations and the wall heat transfer is steady for all packing materials. In RB convection, on
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Figure 3.7: Time evolution of instantaneous, bottom wall-averaged, Nusselt number for cavities packed with

brass (red), steel (blue) and hydrogel (magenta) beads, as well as for RB convection (black) at Ra f = 1.16×107

(dashed) and 1.16×108 (solid).

the other hand, significant (∼ 10% peak-peak) fluctuations in heat transfer are being ob-

served. In the packed cavities, the wall-averaged heat transfer increases with increased

solid conductivity, but is always lower than for RB convection, due to the highly sup-

pressed convection.

At the higher Ra f = 1.16×108, flow and heat transfer exhibit oscillatory behaviour,

with peak-peak oscillations ∼ 12% in RB convection to ∼ 3% in the brass bead packed

cavity. In all cases, however, the wall-averaged heat transfer is statistically steady. Due

to the increased role of convection, heat transfer in the hydrogel packed cavity is almost

equal to that in RB convection. For the high conductivity brass and steel packing, the

conductive heat transfer along with the convective heat transfer, results in wall-averaged

Nusselt numbers which are 30% higher than for the RB convection and hydrogel packed

cavities.

3.3.5. ANALYSIS LONG-TERM TIME-AVERAGED WALL HEAT TRANSFER MECH-

ANISMS

To understand the influence of thermal properties of the solid packing on heat transfer,

we focus on the analysis of time and wall-averaged Nusselt numbers in Fig.3.8, in which

Nusselt numbers obtained from the present simulations and from our experiments in

[14] are compared for cavities packed with different materials, as well as fluid only RB

convection, at different Ra f . In Fig.3.8, the Nu f = 0.118×Ra0.3063
f

correlation obtained

from our experiments for pure fluid RB convection at 107 < Ra f < 108 is extrapolated

towards Ra f = 106 for comparison with the packed cavity results at Ra f < 107. For

the RB convection, and hydrogel and brass packed cavities, Nusselt numbers obtained



3.3. RESULTS AND DISCUSSION

3

63

from simulations are in good agreement with experimental results at 1.16×107 ≤ Ra f ≤
1.16×108. At very low Ra f ≈ 106, heat transfer in steel and brass packed cavities is higher,

and in hydrogel and polypropylene (PP) packed cavities is lower, than for the RB convec-

tion. As will be discussed in more detail below, at this low Rayleigh number, convection

is effectively suppressed due to wall friction in all packings, eliminating convective heat

transfer. The addition of a significant amount of solid conduction heat transfer in steel

and brass, however, causes overall heat transfer in these packings to be larger than for RB

convection. Increasing Ra f to 107 causes an onset of convection and increasing Nusselt

numbers in the low conductivity (PP and hydrogel) packings. In the steel and brass pack-

ings, on the other hand, convection is still suppressed at Ra f ≈ 107. As a result, for steel

and brass the Nusselt number is fully determined by solid conduction and independent

of Ra f up to Ra f ≈ 107.

Upon a further increase to Ra f ≈ 108, convective heat transfer starts to dominate the

overall heat transfer in all packings, causing Nusselt numbers to be very similar for brass

and steel packings. At Ra f ≈ 108, the influence of solid conduction can still be observed,

causing Nusselt number in steel and brass packings to be higher, and in PP and hydrogel

packings to be lower than for RB convection.
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Figure 3.8: Simulated and experimental ([14]) long-term time-and-wall-averaged Nusselt numbers as a func-

tion of Rayleigh number for 1.16×106 ≤ Ra f ≤ 1.16×108 in cavities packed with polypropylene (PP), hydrogel,

steel and brass, as well as in RB convection. The solid line represents the Nu f −Ra f relation obtained experi-

mentally for RB convection and the dotted lines connecting the symbols represent the asymptotic behavior of

Nu f with increase in Ra f for different packing materials.

To further study the impact of coarse-grained solid packings on the overall heat trans-

fer, the heat transfer enhancement factor E , defined as:

E =
Nu f

NuRB
(3.7)
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Figure 3.9: Heat transfer in a cavity packed with PP, hydrogel, steel and brass (a) scaled total heat transfer (b)

scaled convective heat transfer.

is used to compare the overall heat transfer in packed cavities to that in an RB convec-

tion. When the enhancement factor E > 1, the coarse-grained solid packings enhances

heat transfer compared to RB convection, whereas for E < 1 the coarse-grained solid

packings reduces heat transfer.

For high thermal conductivity brass and steel packings, E > 1 at low Ra f ≈ 106. At

increased Ra f , E decreases, reaching a minimum around Ra f = 1−2×107, after which it

increases with increasing Nu f . For both materials, E appears to approach an asymptotic

value around E = 1.2 for large Ra f .

For the low thermal conductivity packings PP and hydrogel, E < 1 for the entire range

of studied Ra f . At very low Ra f ≈ 106, heat transfer is reduced by an order of magnitude

compared to RB convection, due to the suppression of flow and the absence of signifi-

cant conductive heat transfer. With increasing Ra f , convective heat transfer increases

and the total heat transfer seems to asymptotically approach that for RB convection

(E → 1 for Ra f →∞).

From the above it is clear that conduction heat transfer plays a dominant role in high

conductivity packings at low Rayleigh numbers, whereas convective heat transfer dom-

inates at higher Rayleigh numbers and in low conductivity packings. In order to more

precisely quantify the relative contribution of (solid and stagnant fluid) conduction and

fluid convection to the total heat transfer, we calculate the effective convective enhance-

ment factor, Econv :

Econv =
Nu f −Nuc

NuRB −1
(3.8)

where, Nuc is the contribution of solid and (stagnant) fluid conduction to the overall

heat transfer in packed cavities. Nuc was obtained from simulations in which gravity

was set to zero, thus leaving solid and stagnant fluid conduction as the only heat transfer

mechanisms.
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Fig.3.9 shows that, at low Ra f , the contribution Econv of convection to the total heat

transfer enhancement is almost zero for all packings materials. This may be understood

from the fact that convective flow is effectively suppressed due to wall friction in the

coarse-grained packings. Thus it is concluded that E being larger than 1 at low at Ra f ≈
106 for brass and steel packings is due to the increased thermal conduction, as compared

to the situation for a fluid-only filled cavity.

At Ra f ≈ 107, the contribution Econv of convection to the heat transfer enhancement

is significantly less for steel and brass packings, compared to PP and hydrogel packings,

with the latter two being almost equal. This indicates that convective flow is very similar

in PP and hydrogel packings, whereas it is almost absent in the high conductivity pack-

ings. The latter can be understood from the stabilizing effect that the high conductivity

packings has on the (no-flow) stratified temperature distribution. For brass and steel

packings, even though E > 1 at Ra f = 1.16×108, Econv is less than 1, and even lower than

Econv for PP and hydrogel packings. Apparently, even at this high Rayleigh number, at

which convection is the dominant heat transfer mechanism for all packings, the relative

contribution of convection to the overall heat transfer is still slightly lower for brass and

steel packings, compared to PP and hydrogel packings.

3.4. SUMMARY AND CONCLUSION

We performed numerical simulations of fluid natural convection in bottom-heated, top-

cooled cubical cavities packed with relatively large (d/L = 0.2) solid spheres of largely

varying thermal conductivities (solid-to-fluid thermal conductivity ratios between 0.3

and 198), focusing on the pore-scale flow and heat transfer, at 1.16×106 ≤ Ra f ≤ 1.16×
108. At low Rayleigh numbers ≤ 106, the packings effectively suppresses convective heat

transfer, irrespective of the packings material. As a result, the overall heat transfer is

strongly reduced in low conductivity packings, as compared to pure Rayleigh-Bénard

convection in a fluid-only filled cavity. For high conductivity solid packings, however,

the overall heat transfer is increased compared to RB convection, due to a significant

contribution of conductive heat transfer. At intermediate Rayleigh numbers ≈ 107, low

conductivity coarse-grained packings no longer suppress convection. High conductivity

packings, on the other hand, have a strongly stabilizing effect on the (stagnant) strati-

fied temperature distribution that would be present in e.g. zero gravity, and as a result,

convective flow is still highly suppressed. Consequently, at intermediate Rayleigh num-

bers, the total heat transfer is lower than for RB convection, even in high conductivity

packings.

With an even further increase of Rayleigh number > 108, convection starts to be the

dominant heat transfer mechanism in packed cavities, irrespective of the packings ma-

terial. As a consequence, convective heat transfer for all packings is close to that for RB

convection, although the contribution of solid conduction in high conductivity packings

causes the overall heat transfer to be above that for RB convection. These results help us

to understand the mechanism of heat transfer in a porous media filled cavity with differ-

ent packing materials.

The results presented in this paper have been obtained for mono-sized, relatively

large (d/L = 0.2) packings of solid spheres. For such coarse packings, the overall flow

strongly deviates from Darcy flow. The influence of sphere size on the trends observed
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in this paper, e.g. on the Rayleigh number at which the overall heat transfer is no longer

influenced by the presence of the solid packing, yet remains to be further studied, as is

the transition from non-Darcy to Darcy behavior at shrinking sphere sizes. The influence

of a multi-sized distribution of the sphere sizes of the packing was also beyond the scope

of the present paper, but is a very interesting topic for further study. A lower porosity,

resulting from the presence of spheres of varying size, close to the vertical walls might

lead to a lower heat transfer, especially at low and intermediate Rayleigh numbers at

which the convective flow is concentrated along the vertical walls.
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4
INFLUENCE OF NON-UNIFORM

WALL TEMPERATURE ON HEAT

TRANSFER IN A POROUS MEDIA

FILLED DIFFERENTIALLY HEATED

CAVITY

We report numerical simulations of natural convection and conjugate heat transfer in

a differentially heated cubical cavity packed with relatively large hydrogel beads (d/L =
0.2) in a Simple Cubic Packing configuration. We study the influence of a spatially non-

uniform, sinusoidally varying, wall temperature on the local flow and heat transfer, for

a solid-to-fluid conductivity ratio of 1, a fluid Prandtl number of 5.4, and fluid Rayleigh

numbers between 105 and 107. We present local and overall flow and heat transfer results

for both sphere packed and water-only filled cavities, when subjected to variations of the

wall temperature at various combinations of the amplitude and characteristic phase an-

gle of the imposed wall temperature variations. It is found that imposing a sinusoidal

spatial variation in the wall temperature may significantly alter the local flow and heat

transfer, and consequently the overall heat transfer. At identical average temperature dif-

ference, applying a spatial variation in wall temperature at well-chosen phase angle can

lead to significant heat transfer enhancement when compared to applying uniform wall

temperatures. However, this is achieved at the cost of increased entropy generation, thus

requiring a higher energy input to maintain the sinusoidal wall temperature 1.

1This Chapter is published in IJHMT with DOI: https://doi.org/10.1016/j.ijheatmasstransfer.2019.119168
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Greek Symbols

α Thermal diffusivity,(k/ρcp ), m2/s

β Coefficient of volume expansion of fluid, K−1

ν Kinematic viscosity of fluid, m2/s

φ Porosity

ρ Density of fluid, kg/m3

ζ Fraction of maximum non-dimensional temperature, θmax

k Thermal conductivity, W/m.K

Other symbols and Abbreviations

<>V f Averaged over volume of fluid

< Nu f > Area-weighted average of the local Nusselt number on the left and right walls.

u∗ Non-dimensional pore-scale velocity,
u

U0

u Pore-scale velocity, m/s

∆T Mean temperature difference between the left and right walls Tr −Tl , K

g Accel. due to gravity (acts along Z axis), m/s2

T Spatial mean temperature, K

Φph Phase angle of the non-dimensional sinusoidal wall temperature at the left wall

Ψ Irreversibility coefficient,
νρTr e f

k

(

α

L(Tr −Tl )

)2

θ Non-dimensional temperature,
T −Tl

Tr −Tl

θ
amp

l
Amplitude of non-dimensional sinusoidal wall temperature at the left wall

θm Non-dimensional volume-averaged temperature of fluid

cp Specific heat capacity, J/kg.K

d Diameter of sphere, m

L Height of cavity, m

Nu f Local Nusselt number based on fluid properties, −
L

∆T

(

∂T

∂y

)

w al l

p Pressure, N/m2
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Ra f Rayleigh Number based on fluid properties,
gβ f ∆T L3

ν f α f

RMT D Root mean sq.deviation of temperature.

T Temperature, K

Tr e f Average temperature between the walls
Tr +Tl

2
, K

V ol ( f )C D Cumulative distribution of fraction of fluid volume

Ṡθ Total volumetric non-dimensional entropy generation representation

U0 Characteristic velocity scale,
Ra f

1/2α

L
, m/s

X ,Y , Z Represents the rectangular coordinate system

CWT Constant wall temperature

SWT Sinusoidal wall temperature

Subscripts

f Fluid

l Left wall

m Volume-weighted average

r Right wall

s Solid
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4.1. INTRODUCTION

Natural convective heat transfer in porous-media is extensively studied owing to its oc-

currence in various industrial and technological applications like packed-bed reactors

[1–3], solar air heaters [4], greenhouses [5], energy storage [6], solid waste treatment

[7] etc. In most of these applications, the temperature distribution at the walls is non-

uniform. For example, in green houses and solar collectors, the angle at which the sun

rays fall at the surface can result in non-uniform wall temperature. This can influence

the convective flow and thus the effective heat transfer.

Several studies have been carried out to investigate the influence of non-uniform

wall temperature on natural convection in fluid-only and porous-media filled cavities.

Numerical simulations of bottom heated - top cooled fluid-only [8] and porous media-

filled [9] cavities with non-uniform wall temperatures report an increase in heat transfer

with increase in the magnitude of the non-uniformity of the wall temperature. Simi-

larly, an enhancement in heat transfer occurs in a side-heated fluid-only filled-cavity

with non-uniform wall temperature [10] along with a significant change in the flow pat-

tern. Similar studies with porous media filled side-heated cavities also report changes in

flow patterns and consequent change in Nusselt number with the change in amplitude

[11, 12] and wavelength of sinusoidal wall temperature variations [13, 14]. The phase

difference between the sinusoidal temperature variations at the hot and cold walls is ob-

served to significantly affect the temperature distribution [15], especially at large wave-

lengths in the wall temperature variation. However, in contradiction to the above litera-

ture, a non-uniform heating of the bottom wall and cooling of the side walls in fluid-only

[16] and porous-media filled-cavities [17] result in the lowering of overall heat transfer

rate when compared to cavities with constant wall temperature.

To understand and quantify the loss and degradation of energy under various heat-

ing arrangements, various researchers have turned to use entropy generation [18] as a

guiding pathway. Studies on entropy generation to optimize the heat transfer process

in porous-media filled-cavities with different thermal boundary conditions [16, 19], sug-

gest that heating at discrete locations is an effective strategy for optimal thermal pro-

cessing of materials. Studies on temperature distribution and heat transfer optimization

in fully and partially filled porous-media [20–22] indicate the strong influence of non-

uniform temperature in entropy generation and pore-scale temperature distribution.

All the studies above on porous-media filled cavities are based on the Darcy assump-

tion where one assumes that the porous length scales are small compared to flow and

thermal scales, such that the detailed morphology of the porous medium does not in-

fluence the large scale flow and temperature distribution. However, in many real-life

applications such as the ones reported above, the porous length scales are not small

compared to their flow and thermal counterparts. Also, the variation in temperature dis-

tribution and the associated change in heat transfer demands for an in depth analysis of

the influence of non-uniform temperature at the boundaries in systems where the flow

and thermal scales are comparable to the pore-scale.

In our earlier work [23–25] we reported on the local flow and heat transfer in bottom-

heated, top-cooled cavities with isothermal walls and filled with coarse grained porous

media. In these studies we quantified the influence of material, packing, and size of

coarse-grained porous-media on local flow and heat transfer at different Rayleigh num-
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ber.

In the present work, we report detailed CFD simulations of a differentially heated

coarse-grained porous-media filled-cavity with sinusoidal spatial variations in the wall

temperature at different phase angles, to understand its influence on the local flow and

temperature distribution and on entropy generation. We compare the flow and temper-

ature distributions to those in a cavity with uniform wall temperatures. We also compare

the results with water-only filled differentially heated cavities under similar conditions,

to understand the influence of coarse-grained porous-media in enhancing/suppressing

heat transfer.

4.2. MATHEMATICAL FORMULATIONS AND NUMERICAL METH-

ODS

4.2.1. PHYSICAL PROBLEM

We analyze natural convection in a porous-media filled L×L×L cubical cavity, with side-

heated and side-cooled vertical walls. Water is used as the fluid (Pr f = 5.4). The coarse-

grained porous-media is composed of relatively large spherical hydrogel beads arranged

in structured Simple Cubic Packing (SCP), resulting in a porosity, φ= 0.48. A Simple Cu-

bic Packing has pores that are geometrically similar to connected vertical and horizontal

channels, facilitating flow channelling even at lower Rayliegh numbers and thus increas-

ing the impact of the morphology of the coarse-grained packing on the thermal and flow

behaviour. We choose the ratio of the diameter of the beads, d to the length of the cavity,

L to be 0.2. The use of hydrogel beads results in a solid-to-fluid thermal conductivity ra-

tio ks /k f = 1. The flow in differentially heated cavities at the Rayleigh numbers discussed

later, is steady and laminar in nature. We numerically solve the steady-state incompress-

ible Navier-Stokes equations and the energy equation for the fluid, and the energy equa-

tion for the solid. The heat transfer between the solid and the fluid domain results in a

conjugate heat transfer problem. With the Boussinesq approximation (β∆T << 1)[26],

all fluid properties are taken to be constant, except for the fluid density in the body-force

term included in the Navier-Stokes equations.

Fluid phase:

∇· u = 0 (4.1)

u ·∇u =−
1

ρ
∇p +ν∇2u+gβ(T −Tr e f ) (4.2)

u ·∇T f =α f ∇2T f (4.3)

Solid phase:

αs∇2Ts = 0 (4.4)

For used symbols, refer to the List of Nomenclature.
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Figure 4.1: Geometrical representation of the differentially heated water filled cavity with hydrogel beads. The

left wall has a sinusoidal non-dimensional temperature, θr = 1, with θl = 0 and θ
amp

l
= 1.

4.2.2. NUMERICAL METHOD

For our porous media filled cavity simulations the above set of equations, Eq.(4.1)-(4.4) is

discretized and steady-state numerical simulations [27] are carried using the conjugate

heat transfer solver, "conjugateHeatSimpleFoam" available in foam-extend-4.0 [27], a

fork of the OpenFOAM open source library for Computational Fluid Dynamics. We use

unstructured tetrahedral grids to simulate the packed bed cavities. The capability of

OpenFOAM to simulate flow using arbitrary tetrahedral meshes is discussed in [28–30].

The fluid temperature Eq.(4.3) and the solid temperature Eq.(4.4) of the conjugate heat

transfer problem are combined into a combined matrix equation, by the method of block

coupling [31, 32]. Thus the fluid flow equation is solved in the fluid region only, and the

energy equation, discretised separately on the fluid and solid regions, is solved in a sin-

gle linear solver call. This ensures a strong coupling between the solid and fluid regions.

For water-only filled cavities we solve Eq.(4.1)-(4.3) using the OpenFOAM solver "Buoy-

antBoussinesqSimpleFoam", which is validated against the results reported in [33]. Here

we use structured grids.

For both water-only and porous-media filled-cavities, a 2nd order central differenc-

ing scheme, defined as "limitedLinear 1" in OpenFOAM, is used for the convective and

diffusive terms [27]. The pressure-velocity-coupling at each iteration is handled by the

iterative SIMPLE algorithm [34]. The energy transport equation Eq.(4.3), is solved with

the divergence-free velocity obtained in each iteration.
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Figure 4.2: Variation of Nusselt number with phase angle at different Rayleigh numbers (Ra f = 105,106,107)

and different amplitudes, θ
amp

l
= 0(CWT), 1 in water-only (a) and porous media filled (b) cavity.

4.2.3. GEOMETRY AND BOUNDARY CONDITIONS

The simulations are carried out at Ra f varying from 105 to 107. To analyze the data, the

temperature and velocity are expressed in non-dimensionalized form (refer Nomencla-

ture). The right wall of the cavities is maintained at a constant non-dimensional temper-

ature, θr = 1. The left wall of the cavity is maintained at:

1. a constant temperature (CWT), θl = 0, or

2. a sinusoidally varying wall temperature (SWT):

θl (z) = θ
amp

l
sin

(

2πz

L
+Φph

)

(4.5)

with a mean temperature, θl = 0. The phase angle Φph varies from −180◦ to 180◦ (see

Fig.4.1).

The influence of the amplitude of the sinusoidal temperature variation is studied by

using two non-dimensional amplitudes, θ
amp

l
= 0.5 and 1. The phase angle, Φph of the

sinusoidal wall temperature variation is also varied. The system with CWT can also be vi-

sualized as a system with SWT, where θ
amp

l
= 0. All the other vertical and horizontal walls

of the cavity are adiabatic. No-slip boundary condition is applied at all solid surfaces.

Grid independence studies are carried out using three different unstructured tetrahedral

grids with 1.9×106 (uniform grid size, ∆≈ d/16), 5×106 (non-uniform grid size, ∆≈ d/16

in the core and ∆≈ d/32 at the walls of the cavity) and 1.03×107 cells (non-uniform grid

size, ∆ ≈ d/16 in the core and ∆ ≈ d/64 at the walls of the cavity), at Ra f = 107. Com-

paring the two finest meshes, a deviation in < Nu f > of ∼ 1% is observed for the case
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with maximum < Nu f > and a difference of ∼ 0.8% in the case with minimum < Nu f >.

Therefore, the simulations at Ra f = 106 and Ra f = 107 are carried out with 5×106 and

1.9× 107 cells respectively. We also confirm the quality of the mesh by comparing the

degree of uniformity of temperature distribution RMT Dm (as defined later in Eq.4.8) in

the porous-media-filled cavity with the highest Nusselt number (Ra f = 107,θ
amp

l
= 1,

Φph = −45◦) in which RMT Dm changes by 2.2% when the mesh is refined from 5×106

to 1.9×107 cells. For the water-only filled cavity simulations, a grid independence study

is carried out using 3 different structured grids; 323, 643 and 1283 with a grid expansion

ratio of 1.2. The deviation in maximum Nusselt number and RMT Dm obtained with 643

and 1283 are ∼ 0.15% and ∼ 0.5% respectively. Thus, the water-only filled-cavity simula-

tions are carried out with the finest grid, 1283.

@ A

Figure 4.3: Variation of Nusselt number with phase angle at Ra f = 107 and different amplitudes, θ
amp

l
(0,

0.5, 1) of cold wall temperature variation in a differentially heated water-only cavity (D) and porous media

filled-cavity (P).

4.3. RESULTS AND DISCUSSION

The heat transfer, flow and temperature distributions in the porous-media filled-cavities

are compared to the results from water-only filled-cavities with CWT and SWT arrange-

ments at various phase angles Φph , three different Ra f = (105,106,107) and temperature

variation amplitudes θ
amp

l
={0.5,1}.
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4.3.1. WALL AVERAGED HEAT TRANSFER

(a) Water only BCD EFGFHI fJKKLM

0 NO

QHf

40

Figure 4.4: Nusselt number contour on the right wall in a water-only (a) and porous media filled (b) cavity, with

constant temperature of θl = 0 and θr = 1, at Ra f = 107. The contours are represented using a linear scale with

30 contour levels.

To understand the influence of a sinusoidal wall temperature variation and its phase

angle at different Ra f , we focus on the wall averaged Nusselt numbers, < Nu f > (Fig.4.2).

The wall-averaged Nusselt number is defined as the area-weighted value of the local

Nusselt Number on the left and right walls.

The Nusselt numbers in water-only and porous-media filled cavities with SWT at

θ
amp

l
= 1 and different phase angles, are compared with the cavities at CWT. For both

CWT and SWT, the Nusselt number in water-only filled-cavity (Fig.4.2(a)) and porous-

media filled-cavity (Fig.4.2(b)) increases with an increase in Ra f . The wall-averaged

Nusselt numbers obtained for water-only filled cavities with CWT follow the correlations

[33]:

Nu f =
{

0.136×Ra f
0.305 700 < Ra f ≤ 106

0.236×Ra f
0.265 106 > Ra f

with less than 2% deviation. Lower heat transfer is found in porous media filled CWT

cavities.

With SWT non-uniform wall temperatures, the Nusselt number not only depends

on Ra f , but also on the amplitude θ
amp

l
and the phase change Φph of the sinusoidal

temperature variations. In water-only filled cavities (Fig.4.2(a) and Fig.4.3), an ampli-

tude θ
amp

l
= 1 leads to a maximum heat transfer enhancement of approximately 30%

at Φph = −45◦ for Ra f = 105 −106, and at Φph = 0◦ for Ra f = 107. This maximum heat

transfer enhancement decreases with decreasing θ
amp

l
(Fig.4.3). At some values of the

phase changes Φph , the application of varying wall temperatures may lead to a decrease

in heat transfer, for instance at Ra f = 107 , θ
amp

l
= 0.5 and Φph = 180◦ (Fig.4.3). In

porous medium filled cavities, (Fig.4.2(b) and Fig.4.3), an amplitude θ
amp

l
= 1 leads to
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Figure 4.5: Nusselt number contour at the right wall in a water-only (top row) and porous media filled (bottom

row) cavity, with the left wall having sinusoidal temperature distribution of amplitude θ
amp

l
= 1 and varying

phase angle Φph , at Ra f = 107. The contours are represented using a linear scale with 30 contour levels.

a maximum heat transfer enhancement of approximately 60% at Φph = −45◦ for Ra f =
105 −107. Again, this maximum heat transfer enhancement decreases with decreasing

θ
amp

l
(Fig.4.3). A decrease in heat transfer due to the application of non-uniform wall

temperatures is not observed for porous medium filled cavities.

4.3.2. LOCAL NUSSELT NUMBER DISTRIBUTION

At first, we analyze the local Nu f distribution at the right wall of both fluid-only and

porous-media filled cavities (Fig.4.4) with CWT. The maximum heat transfer in a water-

only cavity (Fig.4.4(a)) is uniformly distributed along the horizontal direction at the bot-

tom of the right wall. In a porous-media filled cavity (Fig.4.4(b)) the maximum heat

transfer is limited to the pore-space close to the bottom of the right wall resulting in a

non-uniform heat transfer along the horizontal direction.

The heat transfer at the right wall in the porous-filled cavity is very low over a large

fraction of the wall area, with heat transfer at the top being close to that due to pure

conduction. The hydrogel beads obstructing the flow result in lower flow velocities in the

porous-filled cavity (Fig.4.6(b)) when compared to the fluid-only cavity (Fig.4.6(a)). The

obstructed flow at the top of the porous-filled cavity results in a conduction dominated

temperature distribution near the top of the right wall, unlike the water-only filled cavity

in which the temperature distribution is governed by convection.

To understand the influence of varying temperature distribution, a sinusoidal wall

temperature with θ
amp

l
= 1 and different phase angle, Φph is applied at the left wall.

We analyze its influence on the Nu f distribution at the right wall (which has a constant

wall temperature θr = 1) of water-only filled cavities and porous-media filled cavities in
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Fig.4.5.

In both the cavities, the Nusselt number distribution at the right wall is influenced by

the phase angle of the sinusoidal left wall temperature. In water-only cavities (Fig.4.5(D1-

D4)), the maximum increase in heat transfer is observed at Φph = 0◦ (D2) while a maxi-

mum heat transfer in porous-media filled cavities is observed atΦph =−45◦ (Fig.4.5(P1)).

Similar to the porous-media filled cavities with CWT (Fig.4.4), the Nusselt number distri-

bution at the top of the right wall in porous-media filled cavities with SWT (Fig. 4.7(P1-

P4)) is low owing to the hydrogel beads obstructing the flow, which again results in a

conduction dominated temperature distribution near the top of the right wall.

4.3.3. LOCAL THERMAL AND FLOW FEATURES

The difference in local heat transfer between CWT and SWT, and its dependence on the

phase angle in the latter, hints at variations in local temperature and flow features, which

are further discussed in this section. The flow velocities u are non-dimensionalized with

a characteristic velocity scale, U0 (refer nomenclature) [35], such that:

u∗ =
u

U0
(4.6)

Similarly, the temperature is non-dimensionalized with the right wall and average left

wall temperature (refer nomenclature). In Fig.4.6 we analyze the flow and temperature

distribution at Ra f = 107, in a characteristic vertical plane at X /L = 0.41, in a water-only

and porous medium filled-cavity at CWT. In the water-only cavity, large flow velocities

are found in the thin boundary layers adjacent to the vertical walls. In the porous media

filled cavity, the flow velocity is low resulting in comparatively thicker thermal boundary

layers.

(a) Sater only TUV Xorous filled

10
θ

0.5

Figure 4.6: Non-dimensional temperature contours and velocity vectors in a vertical plane at X /L = 0.41 in a

water-only (a) and porous media filled (b) cavity, with constant temperature θl = 0 and θr = 1, at Ra f = 107.

The contours are represented using a linear scale with 30 contour levels.

When a sinusoidal temperature distribution at different phase angles is applied at the
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left wall, the flow and temperature distributions change considerably (Fig.4.7) varying

from stable temperature stratification with virtually no flow at the top of the cavity for

Φph = −45◦ (Fig.4.7 (D1,P1)) to flow penetrating into the core of the cavities at Φph =
90◦ and 180◦ (Fig.4.7(D3-D4, P3-P4)). In the water-only cavity (Fig.4.7(D3-D4)), a large

difference in the flow along the left and right wall is observed. However, no significant

enhancement in heat transfer is obtained owing to the fluid impinging the right wall

at a higher temperature (when compared to Fig.4.6(a)). In a porous media filled cavity

(Fig.4.7(P1)), the colder fluid moving down the left wall is deviated to the right wall by the

porous media, resulting in fluid at lower temperature to impinge the right wall and thus

leading to an enhanced heat transfer when compared to the cavity at CWT, as observed

in Fig.4.2(b). However, the heat transfer is lower than in a fluid-only cavity with similar

wall temperature distribution (Fig.4.2(b)) owing to a lower flow velocity. The current

observation indicates that the combined effect of variations in local porosity close to the

wall and the local wall temperature can result in strong local and overall variations in

heat transfer.

As discussed earlier, the integral heat transfer varies with the wall temperature dis-

tribution in both the water-only (Fig.4.2(a)) and porous media (Fig.4.2(b)) filled cavities.

To understand this behaviour, we look at the local pore-scale temperature and horizon-

tal flow velocity in both water-only and porous-media filled cavities close to the right

wall, at Ra f = 107. We already see from the Nusselt number contours that the maximum

heat transfer from the right wall occurs at the bottom, and varies with the local temper-

ature distribution at the left wall. The local pore-scale temperature along the vertical

line Y /L = 0.8 in the plane X /L = 0.41 in both water-only (Fig.4.8(a)) and porous media

filled (Fig.4.8(b)) cavties, close to the bottom of the right wall also varies strongly with

the change in φph of the SWT distribution. In the water-only filled cavities, the tempera-

ture at the bottom is lower in cavities with SWT than in the cavity with CWT (Fig.4.8(a)).

The non-dimensional horizontal velocity u∗
y , with which the fluid impinges on the right

wall, is higher in the cavity with SWT at φph =−45◦ (Fig.4.9(a)), resulting in higher heat

transfer (among the cases considered in the line plot) followed by the cavities with SWT

at φph = 90◦ and CWT. While in the porous media filled cavities, the combination of

lower fluid temperature (Fig.4.8(b)) and higher non-dimensional horizontal velocity u∗
y

(Fig.4.9(b)) (with which the fluid impinges on the right wall) is observed in the cavity

with SWT at φph = −45◦ followed by the cavities with SWT at φph = 90◦ and CWT. Thus

the combined effect of local temperature and velocity of the fluid results in the variation

in heat transfer in both water-only and porous media filled cavities. Since the influence

of the packing varies with the location of the plane, the effect of the variation in the lo-

cal wall temperature of the left wall can be better understood from the domain averaged

features.

4.3.4. DOMAIN AVERAGED THERMAL AND FLOW FEATURES

To understand the reason for the variation in heat transfer with amplitude and phase

angle of SWT in the water-only and porous-media-filled cavity, we focus on volume-

averaged temperature as discussed in the literature [36, 37]. The volume-averaged tem-
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Figure 4.7: Non-dimensional temperature contours and velocity vectors in a vertical plane at X /L = 0.41 in

a water-only (top row) and porous media filled (bottom row) cavities, with the left wall having a sinusoidal

temperature distribution with amplitude θ
amp

l
= 1 and varying phase angle Φph , at Ra f = 107. The contours

are represented using a linear scale with 30 contour levels.

perature of the fluid region θm defined as:

θm =
∫∫∫

θ f dΩ f
∫∫∫

dΩ f

(4.7)

varies in water-only and porous media filled cavities with Ra f (Fig.4.10). In water-only

filled-cavities and porous media-filled cavities at constant wall temperature θm = 0.5

(Fig.4.10(D1,P1)) for all Ra f . However, with a sinusoidal wall temperature, a variation in

θm occurs with the change in phase angle and Rayleigh number, with a strong variation

in porous-media filled cavities (Fig.4.10(P1)). The degree of uniformity of temperature

distribution in the cavities is quantified by calculating < RMT D >m defined as:

RMT Dm =

√

√

√

√

∫∫∫

(θ f −θm)2dΩ f
∫∫∫

dΩ f

(4.8)

The value of RMT Dm ranges between 0 and 1, with a low of RMT Dm indicating higher

degree of uniformity in the fluid temperature.

In a water-only filled-cavity with constant wall temperature (θ
amp

l
= 0), the RMT Dm

(Fig.4.10(D2)) decreases with an increase in Ra f . When a sinusoidal wall temperature is

applied at the left wall, a variation in the RMT Dm with phase angle Φph , is observed. We

observe the highest degree of temperature non-uniformity at Φph = 0◦, and the smallest
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Figure 4.8: Non-dimensional temperature along the vertical line Y /L = 0.8, in a vertical plane at X /L = 0.41

in water-only (a) and porous media filled (b) cavities, with the left wall having a sinusoidal temperature distri-

bution with amplitude θ
amp

l
= 1 at φph = 90◦ (red) and −45◦ (black), at Ra f = 107. The results are compared

with the respective cavities at constant wall temperature (blue).

at Φph = 180◦. The minimum is less than the value in the cavity with constant wall tem-

perature, indicating an increase in temperature uniformity with SWT at Φph = 180◦ over

the uniformity with constant wall temperature.

Unlike in a water-only cavity, in a porous-media filled-cavity with constant wall tem-

perature, we observe a decrease in thermal uniformity with an increase in Ra f . The in-

creased flow close to the wall of the cavity results in a higher temperature difference be-

tween the regions close to the wall and core of the porous-media filled-cavity, eventually

resulting in the increase in thermal non-uniformity with an increase in Ra f . Strong vari-

ation in thermal uniformity with phase angle and Rayleigh number is visible in porous

media filled cavities (Fig.4.10(P2)). The RMT Dm in porous-media filled cavities at differ-

ent phase angles and Rayleigh numbers are always higher than in a cavity with constant

wall temperature.

The RMT Dm gives an indication of uniformity in the cavities, but still doesn’t com-

pletely explain the trend we observe in the Nusselt number (Fig.4.2). We can better un-

derstand the trend from the cumulative distribution of the fluid-volume of the cavity

with the non-dimensional temperature ranging between θr = 1 and θl = 0 (Fig.4.11) at

a SWT amplitude of 1 and Ra f = 107. In water-only cavities (Fig.4.11(a)) the fraction of

fluid volume at temperatures close to 1 (right wall temperature) is higher at φph = 0◦ and

−45◦ and so is the fluid at temperatures below 0 (mean left wall temperature). While

in the cavity with SWT at φph = 180◦ and in the cavity with CWT, the fraction of fluid-
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Figure 4.9: Non-dimensional horizontal velocity (u∗
y ) along the vertical line Y /L = 0.8, in a vertical plane at

X /L = 0.41 in water-only (a) and porous media filled (b) cavities, with the left wall having a sinusoidal temper-

ature distribution with amplitude θ
amp

l
= 1 at φph = 90◦ (red) and −45◦ (black), at Ra f = 107. The results are

compared with the respective cavities at constant wall temperature (blue).

volume with temperature close to 1 is comparatively lower and no fraction of fluid vol-

ume has a temperature below 0. We obtain higher heat transfer in cavities with higher

fraction of volume at temperature close to 1 and below 0 (φph = 0◦ and −45◦), and heat

transfer comparable to cavity at constant wall temperature in the cavity with SWT at

φph = 180◦. Similar behaviour is observed in porous media filled cavities (Fig.4.11(b)).

However, the heat transfer in the cavity at φph = 180◦ is greater than in the cavity with

CWT (Fig. 4.2(b)), due to the increased fraction of fluid at temperature lower than 0.

The increased values in RMT Dm indicate the presence of strong temperature gra-

dients which can result in the production of thermal entropy and thus increased ther-

modynamic irreversibility. In the current study the irreversibility coefficient Ψ, the ratio

between the viscous and thermal irreversibilities [18] defined as:

Ψ=
νρTr e f

k

(

α

L(Tr −Tl )

)2

(4.9)

is << 1. Thus, unlike cases where the contribution by the viscous dissipation is signifi-

cant (as for example [38, 39]) the contribution of viscous dissipation to the total entropy

generation is very low and is thus neglected in our analysis.

The local thermal entropy generated in the fluid, Ṡ′′′
T is calculated as:
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Figure 4.10: Variation of non-dimensional volume-averaged mean temperature (D1, P1) and RMT Dm (D2,

P2) of the fluid, with phase angle at different Rayleigh numbers (Ra f −105,106,107) and different amplitudes

(0, 1) of sinusoidal wall temperature in a water-only (top row) and porous media filled (bottom row) cavity.

The dotted lines are only to guide the eyes.

Ṡ′′′
T =

k f

T 2
f

∇T f ·∇T f (4.10)

It is scaled as:
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Figure 4.11: Cumulative distribution (discrete) of the fraction of fluid volume where θ ≤ ζθmax , in water-only

(a) and porous media filled (b) cavities, with the left wall having a sinusoidal temperature distribution with

amplitude θ
amp

l
= 1 at φph = −45◦ (black), φph = 0◦ (red), φph = 180◦ (blue) at Ra f = 107. The results are

compared with the respective cavities at constant wall temperature (green).

Ṡ′′′
θ =

Ṡ′′′
T

k f

T 2
r e f

(

∆T
L

)2
(4.11)

for our visualizations reported in Fig.4.12 and Fig.4.13.

To compare the total entropy generated in the fluid region for different thermal con-

figurations, we also define the total thermal entropy generated in the cavities as:

ṠT =
∫∫∫

Ṡ′′′
T dΩ f (4.12)

where, the integration is carried out over the fluid volume only.

It is scaled as:

Ṡθ =
ṠT

k f

T 2
r e f

(

∆T
L

)2
L3

(4.13)

for the comparison of the different configurations reported in Fig.4.14.

In Fig.4.12(a, b), we observe that the non-dimensional thermal entropy generated in

both fluid-only and porous medium filled cavities is higher close to the bottom and top

of the vertical walls, where the temperature gradient is higher. The presence of spherical

beads results in a comparatively higher temperature gradient at the core of the cavity

(Fig.4.12(b)) than in a water-only cavity (Fig.4.12(a)), resulting in higher entropy genera-

tion. However, the flow of fluid "close to saturated temperature" (Fig.4.6(b)), redirected
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Figure 4.12: Entropy generated due to temperature gradient in the fluid region (log scale) in a characteristic

vertical plane at X /L = 0.41 in a water-only (a) and porous media filled (b) cavity, with constant temperature

left wall θl = 0 and right wall temperature θr = 1, at Ra f = 107.

(D1) ϕ ph
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Figure 4.13: Entropy generated in the fluid region due to temperature gradient in a characteristic vertical plane

at X /L = 0.41 in a water-only (top row) and porous media filled (bottom row) cavity, with the left wall having

sinusoidal temperature distribution with amplitude θ
amp

l
= 1 and varying phase angle Φph , at Ra f = 107.

by the porous beads, results in lower temperature gradients at the pore-space close to

the horizontal walls resulting in lower entropy generation (Fig.4.12(b)).

As expected, the influence of SWT on the local temperature distribution results in a

change in entropy generated in both the cavities. The entropy generation in cavities with

sinusoidal wall temperature variation (Fig.4.13(D1-D4, P1-P4)) is higher than in cavities
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with constant wall temperature (Fig.4.12(a, b)). In a water-only filled-cavity with SWT

at Φph =−45◦, a decrease in the temperature gradient (Fig.4.7(D1)) close to the bottom

and top of the cavity results in a lower entropy generation at these locations than in the

cavity with constant wall temperature. However, the temperature gradient close to the

vertical walls and in the core of the cavity increases, resulting in higher entropy gener-

ation at these locations than in the case with constant wall temperature. A shift in the

regions with a lower entropy generation is evident from Fig.4.13(D1-D4). Close to the

left wall of the water-only filled-cavity, we observe streaks of higher entropy generation

which increase in size with increasing phase angle. With the change in phase angle, Φph

the locations at which maximum entropy is generated also changes. The presence of

porous-media also results in an increase in entropy generation at all the phase angles

(Fig.4.13(P1-P4)), when compared to the water-only cavities. The long streaks of en-

tropy generation observed in the water-only cavities close to the left wall vanishes in the

porous-media filled cavities.

Figure 4.14: Variation of non-dimensional entropy generation of fluid due to temperature gradient with phase

angle at Ra f = 107, with SWT (θ
amp

l
= 1) and CWT (θ

amp

l
= 0) in a water-only (D) and porous media filled (P)

cavity.

The spherical beads suppress and redirect the flow (Fig.4.7(P1-P4)), resulting in shorter/no

streaks with high values of entropy generation. Instead of longer streaks of high en-

tropy generation in the water-only cavity, the presence of spherical beads results in an

increased entropy generation in the core of the cavity.

In Fig.4.14 we compare the average volumetric entropy generation (averaged over



4.4. SUMMARY AND CONCLUSION

4

89

fluid volume) at Ra f = 107, with constant wall temperature and sinusoidal wall temper-

ature at different phase angles. The average volumetric entropy generation, < Ṡθ >V f

in all the thermal configurations is scaled with the average volumetric entropy gener-

ated in a water-only filled-cavity with constant wall temperature, < ṠθD(0) >V f . From

Fig.4.14, we observe that the total volumetric entropy generation in a water-only filled-

cavity with sinusoidal wall temperature is roughly a factor 2 higher than in the water-only

filled-cavity with constant wall temperature. The influence of the phase angle results in

the maximum entropy generation at Φph ≈ ±135◦ and a minimum entropy generation

at Φph ≈ 0◦. In a porous-media filled-cavity we see a similar effect of non-uniform wall

temperatures on entropy production, but with an even larger increase.

4.4. SUMMARY AND CONCLUSION

We studied the influence that applying a spatially varying wall temperature to one of

the thermally active vertical walls has on the flow and heat transfer in a differentially

heated, water-filled, cubical cavity packed with relatively large spherical hydrogel beads.

We showed that the phase angle and amplitude of sinusoidal wall temperature variations

strongly influence the fluid flow and temperature distributions, and consequently the

local and overall heat transfer. At identical average temperature difference, applying a

spatial variation in wall temperature at well-chosen phase angle can lead to significant

heat transfer enhancement when compared to applying uniform wall temperatures at

the cost of increased entropy generation.

Both the presence of the sphere packing and the nature of the spatial temperature

variations along the vertical walls were found to have a large impact on the velocity and

temperature of the fluid impinging on the hot and cold walls. This indicates that a vari-

ation in the arrangement of the sphere packing and in the diameter of the spheres can

result in different local and overall heat transfer. Also, the spatial distances at which we

obtain maximum and minimum local heat transfer will vary with the amplitude, wave

length and phase angle arrangement of the wall temperature variations, especially w.r.t

the location of large porosity regions close to the wall.

A study on the influence of the spatial frequency of the sinusoidal wall temperature

variations on the local flow and temperature distribution, and hence on the heat transfer,

is recommended for future investigation. We expect that cavities with sinusoidal wall

temperature variations will behave like the cavities with constant wall temperature in

the limit of high spatial temperature variation frequencies, where the formation of local

jet formation due to the interaction of the downward and upward flow close to the wall

is expected to disappear.
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5
ASSISTING AND OPPOSING MIXED

CONVECTION WITH CONJUGATE

HEAT TRANSFER IN A

DIFFERENTIALLY HEATED CAVITY

FILLED WITH COARSE-GRAINED

POROUS MEDIA

We report numerical simulations of assisting and opposing mixed convection in a side-

heated, side-cooled cavity packed with relatively large solid spheres. The mixed convec-

tion is generated by imposing a movement on the isothermal vertical walls. For a fluid

Prandtl number of 5.4 and fluid Rayleigh numbers of 106 and 107, we varied the modified

Richardson number from 0.025 to 500. As in fluids-only mixed convection, we find that

the mutual interaction between forced and natural convection, leading to a relative heat

transfer enhancement in assisting - and a relative heat transfer suppression in opposing

- mixed convection, is most prominent at a Richardson number of approximately one,

when the Richardson number is modified with the Darcy number Da and the Forcheimer

coefficient C f = 0.1 as Rim = Ri ×Da1/2/C f . We found that the ratio between the thermal

boundary layer thickness at the isothermal walls and the average pore size plays an im-

portant role in the effect that the grain and pore size have on the heat transfer. When this

ratio is relatively large, the thermal boundary layer is locally disturbed by the solid objects

and these objects cause local velocities and flow recirculation perpendicular to the walls,

resulting in significant differences in the wall-averaged heat transfer. 1.

1This Chapter is published in ICHMT with DOI: https://doi.org/10.1016/j.icheatmasstransfer.2019.104457
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NOMENCLATURE

Greek Symbols

α Thermal diffusivity,(k/ρcp ), m2/s

β Coefficient of volume expansion of fluid, K−1

λ Thermal conductivity ratio of solid to fluid, ks /k f

ν Kinematic viscosity of fluid, m2/s

φ Porosity

ρ Density of fluid, kg/m3

Other symbols and Abbreviations

∆T Temperature difference between the left and right walls, K

g accel. due to gravity (acts along Z axis), m/s2

u∗ non-dimensionalized velocity

uw moving wall velocity, m/s

u Pore-scale velocity, m/s

θ Non-dimensional temperature,
T −Tc

Th −Tc

cp Specific heat capacity, J/kg.K

D Darcy only

d Diameter of sphere, m

D +F Darcy and Forchheimer

Da Darcy number, K /L2

FC Forced convection

K Permeability

k Thermal conductivity, W/m.K

km Stagnant thermal conductivity of porous medium, km = 0.6 for water-hydrogel bead

system, W/m.K

L Height of cavity, m

MC Mixed convection

NC Natural convection

Nu f Nusselt number based on fluid properties, −
L

∆T

(

∂T

∂y

)

w al l
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Nue f f Relative strength of mixed convective heat transfer to that in natural and forced

convection

p Pressure, N/m2

Pr f Prandtl Number based on fluid properties

Prm Modified porous medium Prandtl Number, Pr f Da−1/2C f × (k f /km)

Ra f Rayleigh Number based on fluid properties,
gβ f ∆T L3

ν f α f

Ram Porous medium Rayleigh Number, Ra f Da(k f /km)

Rem Reynolds number porous medium,
uw L

ν f

p
Da

Ri Richardson number,
Ra f

Pr f Re2
L

Rim Modified Richardson number,
Ram

PrmRe2
m

T Temperature, K

Tp Combined temperature of the porous and fluid medium in Darcy simulation, K

Tr e f Reference temperature,
Th +Tc

2
, K

V AM volume averaged method

t0 characteristic time scale,
L

U0
, s

U0 characteristic velocity scale,
Ra f

1/2α

L
, m/s

X ,Y , Z represents the rectangular coordinate system

Subscripts

a Assisting

c Cold

f Fluid

h Hot

n Normal to the surface

o Opposing

s Solid
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5.1. INTRODUCTION

In many real-life applications with forced convective heat transfer, the simultaneous ef-

fect of natural convection cannot be neglected. Several reported studies on this so-called

mixed convection demonstrated the importance of considering natural convection ef-

fects along with imposed forced convection in the laminar [1, 2], laminar-turbulent tran-

sition and turbulent flow [3] regimes. The heat transfer mechanism of mixed convection

differs from that of natural convection and forced convection because of the strong cou-

pling between the externally imposed flow and the flow induced by density gradients as

a result of temperature gradients. Thus, in addition to the fluid’s Prandtl number (Pr ),

mixed convection heat transfer is generally governed by two dimensionless numbers,

viz. the Rayleigh number (Ra) – which is a measure for the strength of natural convec-

tion heat transfer - and the Péclet number (Pe) – which is a measure for the strength of

forced convection heat transfer. The ratio between the strengths of these two heat trans-

fer mechanisms is determined by the so-called Richardson (Ri = RaPr 2/Pe2) number,

and mixed convection phenomena are particularly relevant for 0.1 < Ri < 10.

In addition to numerous studies on mixed convection flow and heat transfer in fluid-

only situations, mixed convective heat transfer in porous media is widely studied be-

cause of its practical relevance in for instance nuclear reactors [4], heat exchangers [5, 6],

solar collectors [7, 8], geophysical systems [9] and electronic cooling [10]. Compared

to fluid-only configurations, the presence of the porous medium significantly alters the

flow and corresponding heat transfer [11–13]. An additional dimensionless parameter

which now comes into play is the Darcy number, characterizing the permeability of the

porous medium.

In literature, the great majority of experimental and numerical studies on pure natu-

ral [11, 14, 15] and forced [16–18] convection in porous media focus on the average flow

and heat transfer features. A detailed collection of literature on mixed convective heat

transfer in porous media is reported in [19, 20]. Most of the reported modelling studies

were performed using a so-called Volume Averaging Method (VAM) approach to solve

the large scale flow and temperature distributions in fine-grained porous media, apply-

ing Darcy and extended Darcy-type models for the flow and energy equations [21, 22].

Such VAM-based numerical studies of so-called assisting mixed convection (i.e. mixed

convection in which the induced natural convection flow is in the same direction as the

imposed forced convection flow) in fine-grained porous media revealed a continuous

enhancement of heat transfer with both increasing Rayleigh and Péclet numbers [23, 24].

In contrast, for opposing forced convection, heat transfer initially decreases when Péclet

number is increased at fixed Rayleigh number, followed by a gradual increase of heat

transfer when Péclet is further increased [23].

Parametric studies of non-Darcy mixed convection in a vertical channel filled with a

porous medium were performed in [25–27]. It was shown that the resulting heat transfer

was enhanced when the Rayleigh and-/or Darcy numbers were increased. Effects of the

conductivity ratio between the solid and the fluid, as well as different values of Darcy

number were investigated in [28–34]. In most of the studies reported the contribution

by forced convection is induced by moving the walls [35–37]. Though the flow close to

the walls would differ from that in a cavity with a velocity inlet and an outlet (with zero

flow velocity at the walls) , a lid-driven cavity displays different phenomena like corner
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eddies, vortices, transition etc. in a comparatively simpler geometry [38], which makes

it suitable to understand these phenomena observed in various real-life engineering ap-

plications like the ones listed above.

Modelling based on Darcy and extended Darcy-type of equations in combination

with a form of the VAM does not suffice for situations characterized by relatively large

pore scales. In particular, in numerous industrial and technological applications, such

as gravel embankments [39], packed bed reactors [40], and the hearth of blast furnaces

[41], the porous medium is coarse-grained, which means that the characteristic pore

length scales are comparable to flow and thermal length scales [13]. For these situations,

detailed insights into the local flow and temperature distributions are of crucial impor-

tance to understand local wall heat transfer phenomena, such as hot spots. Such in-

sights, which can be obtained from modelling studies that fully resolve the geometrical

structure of the coarse-grained porous medium, will reveal basic mechanisms for effi-

cient flow and heat transfer control and potential optimizations. In our recent work on

pure natural convection in coarse-grained porous media, we have attempted to explain

the integral heat-transfer behaviour in terms of the local velocities and temperature dis-

tributions [12, 13, 42]. We observe the heat transfer to be dependent on the material

of packing at low Rayleigh numbers, the effect of which decreases with the increase in

Rayleigh number. However, what is still lacking in literature is insight in local, pore scale,

flow and heat transfer mechanisms in mixed convection in coarse-grained porous me-

dia. In the current work, we study combined effect of forced convection induced by the

motion of the cavity walls and natural convection due to the density difference induced

by a horizontal temperature gradient in a porous media filled cavity. The current work

aims at understanding the difference in heat transfer between coarse-grained simula-

tions and Darcy/ extended-Darcy simulations in a generic mixed convective environ-

ment, like that in a lid-driven cavity and explain the difference based on local flow and

temperature distribution.

5.2. MATHEMATICAL FORMULATIONS AND NUMERICAL METH-

ODS

5.2.1. PHYSICAL PROBLEM

We analyze mixed convection in a differentially heated cubical cavity with dimensions

L×L×L, filled with water (Pr f = 5.4) and packed with a coarse-grained porous medium

(Fig.5.1), at fluid Rayleigh numbers, Ra f = 106 and 107. Spherical beads made of hy-

drogel (and thus having the same thermal properties as the fluid), are arranged in struc-

tured Body Centered Tetragonal (BCT) packing inside the cavity, to model a porous me-

dia filled cavity. The properties of the beads are chosen to be that of the fluid to avoid the

complexity associated with the calculation of effective conductivity of the medium for

Darcy and extended-Darcy simulations discussed below [43], which is out of the scope

of current work. The ratio of the diameter of the beads, d to the length of the cavity, L is

chosen to be 0.2. Finite dimensions of the cavity results in an average porosity of φ= 0.41

(as opposed to φ= 0.302 for an infinite BCT packing). The Darcy number, Da = K /L2 =
φ3

180(1−φ)2

(

d

L

)2

estimated using Kozeny–Carman equation is Da ∼ 4×10−5 [14].
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g

Th

uwhouwha

Tc

uwcauwco

X

Y

Z

Figure 5.1: Schematic representation of a hydrogel bead filled side heated cavity with the side walls at temper-

ature Tc and Th . The arrows show the direction of moving wall.

The coordinate system is chosen such that gravity, g acts in the direction of the neg-

ative Z axis. The left and right walls are at isothermal temperatures Th and Tc (Th > Tc )

respectively. All the other walls of the cavity are adiabatic. No-slip boundary conditions

are applied at all walls. The hot and cold walls are given equal and opposite velocities in

the vertical direction to induce forced convection, which assists or opposes the natural

convection, depending on the direction of the wall velocities:

Th

uwha uwca Th Tc

Tc uwho uwco

(a) (b)
Figure 5.2: 2D representation of (a) assisting (b) opposing mixed convection in a hydrogel bead filled side

heated cavity with the side walls at temperature Tc and Th . In (a) solid arrows show the net flow due to forced

and natural convection; in (b) dashed arrows and solid arrows show the direction of flow induced by forced

convection and natural convection respectively.
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1. Assisting flow: When the left hot wall moves in the upward direction (uwha) and

the right cold wall moves in the downward direction (uwca) as shown by the solid

vertical arrows, the forced convection assists the flow due to natural convection

(Fig.5.2a).

2. Opposing flow: When the left hot wall moves in the downward direction (uwho)

and the right cold wall moves in the upward direction (uwco) as shown by the solid

vertical arrows, the forced convection opposes the flow due to natural convection

(Fig.5.2b).

The relative strength of natural convection over forced convection is expressed in

terms of a modified Richardson number, Rim , based on a modified Rayleigh number,

Ram , a modified Prandtl number Prm and a modified Reynolds number, Rem , as intro-

duced in [44] and defined in the Nomenclature of the present paper

Rim =
Ram

PrmRe2
m

(5.1)

A pre-multiplication factor, C f = 0.1 is used in the calculation of Prm as discussed in

[44]. For Rim << 1 forced convection is dominant, whereas for Rim >> 1 the flow is

dominated by natural convection.

In all studied cases, β∆T << 1, and thus we ensure that the Boussinesq approxi-

mation [45] is valid. Thus assuming all the fluid properties, except the fluid density in

the body forcing term of the Navier-Stokes (N-S) equations to be constant, the tran-

sient Navier-Stokes Eq.(5.2),(5.3) and thermal energy transport equations Eq.(5.4),(5.5)

are solved numerically. The solid and fluid regions are thermally coupled at the inter-

face using Dirichlet–Neumann Partitioning, to account for the conjugate heat transfer

between the solid and the fluid region.

Fluid phase:

∇· u = 0 (5.2)

∂u

∂t
+u ·∇u =−

1

ρ f
∇p +ν∇2u+gβ(T f −Tr e f ) (5.3)

∂T f

∂t
+u ·∇T f =α f ∇2T f (5.4)

Solid phase:

∂Ts

∂t
=αs∇2Ts (5.5)

At the coupled interface, we use Dirichlet and Neumann boundary conditions

T f = Ts (5.6)

to solve the fluid region.
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k f

∂T f

∂n
= ks

∂Ts

∂n
(5.7)

to assure continuity of both the temperature and the heat flux at the fluid-solid interface.

The results from fully resolved coarse-grained media simulations are compared with

Darcy-type VAM simulations (relative velocity resistance formulation). Here, the porous

medium is modelled by taking the porosity, φ into account and by adding a momentum

source term to the N-S equation [46]. A single thermal equation is used to model the

energy transport.

∇· u = 0 (5.8)

∂φu

∂t
+u ·∇u =−

1

ρ f
∇p +ν∇2u

+gβ(Tp −Tr e f )+
1

ρ f
S (5.9)

(ρcp )∗
∂Tp

∂t
+ (ρcp ) f φu ·∇Tp = km∇2Tp (5.10)

where, (ρcp )∗ =φ(ρcp ) f +(1−φ)(ρcp )s . The source term, S is given by the Darcy-Forchheimer

equation for homogeneous porous media:

S =−(µD +
1

2
ρ f

∣

∣φu
∣

∣F )φu (5.11)

The first and second terms in S account for the viscous and inertial loss, respectively. In

the present work, we use Ergun’s equation [47] used for packed bed reactors giving:

D =
150(1−φ)2

d 2φ3
(5.12)

F =
3.5

d

(1−φ)

φ3
(5.13)

In addition to comparing results from fully resolved coarse grained media simulations

to those obtained with the Darcy-Forchheimer model (Eq.(5.8)-(5.13)), we also compare

our results to Darcy model (Eq.(5.8)-(5.12)) by setting the Forchheimer term (Eq.(5.13))

to zero.

5.2.2. NUMERICAL METHOD

The open-source, finite volume CFD solver OpenFOAM 2.4.0 [48] is used to carry out our

simulations. Because of the complex nature of the geometry in the fully resolved simu-

lations, making it difficult to use structured grids, the sphere packed cubical cavities are

meshed with body-conforming unstructured tetrahedral grids. With all the flows studied

in this paper being either stationary or slowly oscillatory, the use of unstructured grids is

reported in literature to be justified in terms of accuracy. Finn and Apte [49] report that
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OpenFOAM simulations of packed beds using unstructured meshes are comparable in

accuracy to those on non-body-conforming cartesian grids, but with added computa-

tional costs. Similar studies on the acuracy of OpenFOAM simulations with unstructured

grids are also reported in [50, 51].

The above set of equations, Eq.(5.2)-(5.5) are discretized and simulations are carried

out using a modified version [13] of the standard conjugate heat transfer solver "cht-

MultiRegionFoam". The energy equation for the fluid region in the solver is modified

as in "buoyantBoussinesqPimpleFoam" to account for the Boussinesq approximation.

We treat the temperature equation for the solid phase as a passive scalar equation. A

detailed solver validation is reported in [13].

The Darcy and Darcy-Forcheimer simulations Eq.(5.8)-(5.13) are solved by adding a

porous zone to the "buoyantBoussinesqPimpleFoam" as discussed in [52].

In contrast to the fully resolved simulations, the Darcy simulations are carried out us-

ing a relatively coarse mesh consisting of hexahedral grid cells. The numerical schemes

(available in OpenFOAM [48]) used to solve our equations are listed below:

1. Time stepping-backward scheme (2nd order backward differencing scheme).

2. Convective and diffusive terms (Eq.(5.3)-(5.10))-limitedLinear (2nd order central

differencing scheme ).

The pressure-velocity-coupling at each time step is handled by the iterative PISO algo-

rithm [53]. We solve the energy transport equation (Eq.(5.4)) using the divergence-free

velocity obtained in each time step.

For the fully resolved simulations, a grid independence study is carried out using

three different unstructured tetrahedral grids with 1.2×106, 5.1×106 and 1.12×107 grid

cells, respectively. In all the simulations reported, 9 probes were inserted at random lo-

cations in the pore-space to monitor the time dependence of the flow and temperature.

We place 3 probes each close to the isothermal walls at different heights with one at the

central plane and the other two close to the front and back walls, while the remaining

3 probes are placed at the central plane with one in the pore-space close to the center

of the cavity and the other 2 close to the top and bottom walls. In all cases, the flow

and temperature was steady or slowly oscillating and in the laminar regime. Thus, we

choose the overall Nusselt number to be the criterion to check the grid independence.

At Ra f = 107 and Rim = 0.4 the deviation in overall Nusselt number obtained between

the 5.1× 106 and 1.12× 107 grids is less than 3%. Consequently, the base grid cells for

the presented simulations is set as 5.1×106 grid cells. This mesh is obtained by using a

roughly uniform grid size h ≈ d/16 ≈ L/80 in the solid phase and in the core of the cavity.

The same mesh size is used at the interfaces between the solid and fluid regions. Near

the hot and cold walls the grid size is gradually refined to hBL ≈ d/32 ≈ L/160.

A grid independence study for Darcy simulations is carried using 323, 643and 1283

hexahedral grid cells with an expansion factor of 1.2 close to the hot and cold walls. At

Ra f = 107 and Rim = 0.4, the deviation in overall Nusselt number obtained between the

643 and 1283 hexahedral grid cells is less than 2%. Thus 1283 hexahedral grid cells are

used for our Darcy simulations.

An adaptive time stepping, with CFL number = 0.33, is used in all the simulations

reported. The time steps are observed to be constant throughout a simulation at fixed
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Ra f , once the flow attains a (quasi) steady state.

5.3. RESULTS AND DISCUSSION

We study the combined effect of natural convection and forced convection in a cavity

filled with a coarse-grained porous media, and compare results of fully resolved simu-

lations to those of Darcy and Darcy-Forchheimer based volume averaged simulations.

The temperature and velocities which are discussed below, are expressed in the non-

dimensional form, such that the non-dimensional temperature, θ:

θ =
T −Tc

Th −Tc

and non-dimensional velocity, u∗:

u∗ =
u

U0

where, U0 =
Ra f

1/2α

L
is the natural convection characteristic velocity scale defined as

[54].

5.3.1. ANALYSIS: HEAT TRANSFER AT THE ISOTHERMAL WALLS

To understand the influence of the direction of the wall motion on the mixed convec-

tive heat transfer in a bead-filled cavity, we analyze the time and wall- averaged Nusselt

number, Nu f , as well as the scaled effective heat transfer (discussed below) in both as-

sisting (Fig.5.3) and opposing (Fig.5.4) mixed convection, for Ra f = 106 and 107 and

0.025 ≤ Rim ≤ 500. The heat transfer results from the coarse-grained porous media sim-

ulations are compared with the results from Darcy simulations.

In assisting mixed convection (Fig.5.3(a)), Nusselt numbers at Rim >> 1 approach

that for pure natural convection alone (indicated as Rim → ∞), as expected. At fixed

Ra f , heat transfer increases with decreasing Rim , i.e. increasing forced convection. For

Rim << 1, heat transfer is dominated by forced convection and indeed Nu f scales as

Nu f ∼ Ri−0.33
m ∼ Re0.66

m , in agreement with what was found for forced convection heat

transfer in a lid driven cavity [20, 55]. Thus, heat transfer is dominated by natural convec-

tion at Rim >> 1, whereas it increases with decreasing Rim due to the combined contri-

bution of natural convection and forced convection, and approaches that of pure forced

convection for Rim << 1. At Ra f = 106, in the simulations at Rim > 10, the heat transfer

in a coarse-grained porous media filled cavity is lower than that with Darcy assump-

tion. The heat transfer due to natural convection alone exhibits the same behavior at

Ra f = 106. At Rim < 10, the heat transfer in coarse-grained simulations becomes higher

than that in Darcy simulations. Unlike Ra f = 106, at Ra f = 107 and at all Rim , the heat

transfer due to natural and assisting mixed convective flow in a coarse-grained porous

media filled cavity is higher than that with Darcy assumption.

To quantify the range of Rim where natural convection and forced convection are of

comparable strength, we define the effective heat transfer, Nue f f as:
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Figure 5.3: Heat transfer and thermal boundary layer thickness variation in a coarse-grained porous media

filled cavity with assisting mixed convection, at different Ra f and Rim . Solid dash indicate the heat transfer

in the hydrogel bead filled cavity with natural convection at Ra f = 106(red), Ra f = 107(blue) (a) total heat

transfer (b) scaled effective heat transfer (c) boundary layer thickness in coarse-grained filled cavity.

Nue f f =
NuMC

NuFC +NuNC −1
(5.14)

with NuMC the observed mixed convection Nusselt number, NuFC the Nusselt number

for forced convection only, and , NuNC the Nusselt number for natural convection only.

Nue f f quantifies the total heat transfer in mixed convection to the combined effect in

natural convection alone and forced convection alone. We subtract 1 from the denomi-

nator to ensure that the effect of conduction is taken into account only once.

In assisting mixed convection Fig.5.3(b), at both studied values of Ra f , the effective
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heat transfer reaches a maximum at Rim ≈ 1, i.e. when both natural and forced convec-

tion contribute equally to the heat transfer process. For Rim << 1 and Rim >> 1, heat

transfer is dominated by forced convection and natural convection respectively, result-

ing in Nue f f approaching 1.

Comparing the fully resolved simulations (indicated by (C) in Fig.5.3(a)), to those

using Darcy-based and Darcy-Forchheimer based VAM models (indicated by (D) and

(D+F) respectively), we observe that at Ra f = 106 the heat transfer for natural convec-

tion dominated flows (i.e. large Rim , including pure natural convection at Rim → ∞)

in a coarse-grained porous medium filled cavity is lower than that obtained with the

Darcy assumption, whereas at low Rim the heat transfer in coarse-grained simulations

becomes higher than that in Darcy simulations. The cross-over is observed at Rim ≈ 10.

At Ra f = 107 such a cross-over is not observed, and the heat transfer in a coarse-grained

porous medium filled cavity is higher than that with the Darcy assumption at all Rim .

To understand this difference in behaviour at different Ra f , we look at the relative

thickness of the thermal boundary layers δ [11] compared to the radius d/2 of the beads:

2δ

d
=

L/d

Nu f
(5.15)

From Fig.5.3(c) it is observed that at Ra f = 106 the Darcy and Darcy-Forchheimer

simulations under predict heat transfer when the thermal boundary layer thickness at

the isothermal walls is significantly smaller than the radius of the beads. With the thin-

ning of thermal boundary layer at higher Ra f = 107, 2δ/d is always less than 1, and Darcy

simulations always under predict heat transfer.

We now move from assisting to opposing mixed convection (Fig.5.4). As in assist-

ing mixed convection, opposing mixed convection Nusselt numbers (see Fig.5.4(a)) ap-

proach those in pure natural convection at high Rim , as expected. In deviation from as-

sisting mixed convection, Nusselt decreases with decreasing Rim , i.e. increasing forced

convection, and attains a minimum at 1 ≤ Rim ≤ 10. With a further decrease in Rim ,

a change in the trend occurs and the Nusselt number increases, as heat transfer is now

dominated by forced convection. In opposing mixed convection, the effective heat trans-

fer (Fig.5.4(b)), calculated as in Eq.5.14, reaches a minimum at Rim ≈ 1, representing the

region where natural and forced convection are of equal strength and opposite to each

other.

Comparing the fully resolved simulations (indicated by (C) in Fig.5.4(a)), to those us-

ing Darcy-type VAM models (indicated by (D) and (D+F)), we observe that at Ra f = 106

the heat transfer for high Rim natural convection dominated flows in a coarse-grained

porous medium is lower than that obtained with the Darcy and Darcy-Forchheimer as-

sumptions, whereas for low Rim forced convection dominated flows it becomes higher

than that in Darcy-type simulations. At Ra f = 107 the heat transfer in a coarse-grained

porous medium filled cavity is lower than that with the Darcy and Darcy-Forchheimer as-

sumptions for intermediate values of Rim , and approaches that of a Darcy-type medium

for high Rim . This can again be understood by comparing the relative thickness of the

thermal boundary layers to the radius of the beads. From Fig.5.4(c) it is observed that at

Ra f = 106, the Darcy and Darcy-Forchheimer simulations over-predict the heat transfer
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Figure 5.4: Heat transfer and thermal boundary layer thickness variation in a coarse-grained porous media

filled cavity with opposing mixed convection, at different Ra f and Rim . Solid dash indicate the heat transfer

in the hydrogel bead filled cavity with natural convection at Ra f = 106(red), Ra f = 107(blue) (a) total heat

transfer (b) scaled effective heat transfer (c) boundary layer thickness in coarse-grained filled cavity.

when the thermal boundary layer thickness is significantly larger than the bead size and

under-predict it when the boundary layer thickness is significantly smaller. At Ra f = 107,

the thermal boundary layer thickness is larger than the bead size for all simulated 0.4 <
Rim < 10, in agreement with the range of Rim for which the coarse grained medium has

a lower heat transfer than the Darcy-type medium.

To understand how the local heat transfer varies with the direction of the forced con-

vection (i.e. of the moving wall), we compare the local instantaneous Nusselt number at

the hot wall at Ra f = 107 (Fig.5.5). Compared to pure natural convection (Fig.5.5(N1)),

in assisting mixed convection (Fig.5.5(A1,A2)) the overall heat transfer is increased and
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the regions of higher heat transfer extend further up along the hot wall.

On the other hand, in opposing mixed convection (Fig.5.5(O1,O2)), the overall heat

transfer is lower than that in natural convection, and with decreasing Rim , the regions

where maximum heat transfer occurs shift to the top of the hot wall. This shows the

change in the mode of heat transfer from natural convection to forced convection. The

anti-clockwise motion of the fluid induced by the moving isothermal walls results in the

change in the region of maximum heat transfer from the bottom to the top.

A comparison of heat transfer at the wall in coarse-grained porous media with Darcy

simulations is reported in Fig.5.6. As observed with coarse-grained media simulations,

the simulations with Darcy assumption also show an increased overall heat transfer in

assisting mixed convection and a change in the location of maximum heat transfer in op-

posing mixed convection. The heat transfer is observed to be uniform along the horizon-

tal direction in Darcy simulations Fig.5.6(A1,O1,N1), unlike the coarse-grained media

simulations where the maximum heat transfer is limited to the pore-space Fig.5.6(A2,N2,O2).

5.3.2. SPATIAL TEMPERATURE AND FLOW FEATURES AT DIFFERENT Rim

To understand the spatial variations in heat transfer we analyze the local temperature

and velocity fields from both fully resolved and Darcy simulations. The nature of the

flow structures at Ra f = 107 is visible in Fig.5.7, showing instantaneous uy −uz velocity

vectors in a characteristic vertical plane at X /L = 0.79. The flow field has reached a quasi

steady-state, not changing over a period of 30t0, and the velocity field is interpolated on

a 32-32 uniform grid for visualization purposes.

In pure natural convection (Fig.5.7(N1,N2)), the temperature distribution and flow

in coarse-grained and Darcy simulations are quite similar, but the flow velocities along

the isothermal walls are a bit higher in the free pore spaces of the coarse-grained porous

medium, because of the locally higher porosity and permeability. More importantly, and

for similar reasons, higher velocities are observed in the free pore spaces along the hori-

zontal adiabatic walls, causing cold fluid to impinge on the lower part of the hot wall, and

hot fluid to impinge on the top part of the cold wall. Together this explains the slightly

higher average Nusselt number observed for the coarse grained medium, as compared

to the Darcy medium, shown in Fig.5.3(a), as well as the increased local Nusselt number

of the lower part of the hot wall, shown in Fig.5.6(N2).

In assisting mixed convection (Fig.5.7(A1,A2)), the velocities close to the isothermal

walls increase compared to pure natural convection, leading to thinner thermal bound-

ary layers. In the coarse grained medium, hot fluid impinges on the upper part of the

cold wall with increased velocity, as does cold fluid on the lower part of the hot wall, ex-

plaining the 30% higher average Nusselt number for the coarse grained medium, shown

in Fig.5.3(a), and the increased local Nusselt number of the lower part of the hot wall,

shown in Fig.5.6(A2).

When the forced convection induced by the moving vertical walls is in the opposite

direction w.r.t that in natural convection Fig.5.7(O1,O2), we observe a change in the di-

rection of flow close to the walls. The fluid close to the walls moves in the direction of

the moving wall with the convective flow induced by natural convection in the opposite

direction. The opposing nature of the flow results in thickening of the thermal boundary

layer in both Darcy and coarse-grained media cavities.
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Figure 5.5: Instantaneous Nusselt number Nu f distributions at the hot wall in a cavity packed with hydrogel

beads, at Ra f = 107, at different Rim in assisting mixed convection (top row), natural convection (center)

and opposing mixed convection (bottom row). The Nu f distributions reported are at t/t0 = 30, after a quasi

steady-state has been reached.

In opposing mixed convection (Fig.5.7(O1,O2)) we observe a flow direction rever-

sal within the thermal boundary layers, resulting in two circulation zones extending

from the bottom to the top of the cavity, close to the isothermal walls. Very close to

the walls, the fluid moves in the direction of the moving wall, whereas a bit further

away from the wall the flow is in the opposite direction due to buoyancy. This flow re-

circulation results in thickening of the thermal boundary layers and reduced average

heat transfer (Fig.5.3(a)), in both Darcy and coarse-grained medium. However, in the

coarse-grained porous medium (Fig.5.7(O2)), the opposing nature of forced and natu-

ral convection results in a local rotational flow in the pore-spaces close to the vertical
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Figure 5.6: Instantaneous Nusselt number Nu f distributions at the hot wall at Ra f = 107, Rim = 1.3 in assisting

mixed convection (top row), natural convection (center) and opposing mixed convection (bottom row), with

Darcy (D) assumption (left column) and coarse-grained (C) porous media filled cavity (right column). The

Nu f distributions reported are at t/t0 = 30, after a quasi steady-state has been reached.

walls. Due to increased mixing this leads to thick thermal boundary layers of uniform

thickness, unlike the developing boundary layers in natural and assisting mixed convec-

tion (Fig.5.7(N2,A2)), explaining the 40% lower average Nusselt number for the coarse
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grained medium, as shown in Fig.5.3(a), and the decreased and more uniform local

Nusselt number on the hot wall, as shown in Fig.5.6(A2), both compared to the Darcy

medium.

5.3.3. LOCAL TEMPERATURE AND FLOW FEATURES AT DIFFERENT Rim

From the above discussion it is clear that important differences in overall and local heat

transfer between coarse-grained and Darcy-type simulations are due to differences in

the local flow and temperatures. In the following sections we take a closer look at the

local velocities and temperatures in the coarse-grained medium.

Fig.5.8 shows the non-dimensional vertical velocity, u∗
z along the horizontal line at

Z /L = 0.5 and X /L = 0.4, at Ra f = 107 for different Rim . In assisting mixed convec-

tion (Fig.5.8(a)), a transition from a natural convection boundary layer with a velocity

extremum away from the wall, to a forced convection boundary layer with a velocity

extremum at the wall, is observed for decreasing Rim (corresponding to an increasing

Rem). In opposing mixed convection (Fig.5.8(b)), on the other hand, the local circulating

flow induced by the opposing effects of wall motion and natural convection as discussed

in Fig.5.7(O1,O2), results in secondary extrema in the vertical velocities close to the first

layer of hydrogel beads near the vertical walls.

Fig.5.9 shows the local non-dimensional temperature, θ, both in the fluid and the

hydrogel beads, along the horizontal line at Z /L = 0.5 and X /L = 0.4, at Ra f = 107 for

different Rim . In assisting mixed convection (Fig.5.9 (a)), the temperature distribution

exhibits clear and relatively thin thermal boundary layers for all Rim ≥ 0.4, indicating the

dominance of (either forced or natural) convective heat transfer. With increased contri-

bution of forced convection (i.e. decreased Rim), the boundary layers get thinner and

the local extrema close to isothermal walls become more prominent. In opposing mixed

convection (Fig.5.9(b)), on the other hand, the dominant mode of heat transfer switches

from natural convection at high Rim to forced convection at low Rim via a "conduction

only" mode at Rim ∼ 1.

5.4. SUMMARY AND CONCLUSION

We performed numerical simulations of assisting and opposing mixed convection in a

side-heated, side-cooled lid driven cavity, packed with relatively large hydrogel beads,

over a range of Richardson numbers, at fluid Rayleigh numbers 106 and 107. We focused

on explaining overall heat transfer from local flow and temperature variations. The re-

sults are compared with Darcy and Darcy-Forchheimer simulations to understand the

influence of the coarse-grained nature of the medium on the heat transfer. As in fluids-

only mixed convection, in assisting mixed convection for a given Rayleigh number we

find a maximum scaled effective heat transfer (and in opposing mixed convection we

similarly find a scaled minimum effective heat transfer) at a Richardson number of ap-

proximately one, when the Richardson number is modified with the Darcy number Da

and the Forchheimer coefficient C f = 0.1 as Rim = Ri ×Da1/2/C f .

In assisting mixed convection we found a maximum heat transfer increase of 40−50%

for Rayleigh numbers between 106 and 107, compared to the summated heat transfer ef-

fects of natural and forced convection alone. In opposing mixed convection we found
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a maximum heat transfer decrease by a factor 3-10, for Rayleigh numbers between 106

and 107, compared to the summated heat transfer effects of natural and forced convec-

tion alone. We found that the ratio between the thermal boundary layer thickness at

the isothermal walls and the average pore and sphere size plays an important role in

the heat transfer mechanism and in the effect that the grain size has on the heat trans-

fer. When this ratio is relatively large (i.e. at large solid object dimensions and/or high

Rayleigh numbers), the thermal boundary layer is locally disturbed by the solid objects

and these objects cause local velocities and flow recirculation perpendicular to the walls.

As a result, for a coarse grained medium we not only find strong local variations in heat

transfer, but also significant differences in the wall-average heat transfer. Our ongoing

experimental study on mixed convection in porous-media filled cavities with an inlet

and outlet also hints at the influence of coarse-grained porous media on local and in-

tegral heat transfer. For such coarse grained media, either fully resolved simulations,

or simulations applying more sophisticated VAM models than Darcy-type models, are

needed to predict both local and average heat transfer. From our previous work on nat-

ural convection with similar packing, we find a strong influence of material properties

on heat transfer at low Rayleigh numbers which decreases with the increase in Rayleigh

number. It would also be interesting to investigate the influence of material properties

on the flow and heat transfer in coarse-grained porous media filled cavities under mixed

convection. As observed in the current work, we expect a transition from heat transfer

dominated by natural convection to that by forced convection to occur in assisting and

opposing cases, but at different Richardson numbers depending on the thermal proper-

ties of the porous media.
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Figure 5.7: Instantaneous velocity vectors and temperatures in a characteristic vertical plane, X /L = 0.79 at

Ra f = 107, Rim = 1.3 in assisting mixed convection (top row), natural convection (center) and opposing mixed

convection (bottom row) with Darcy (D) assumption (left column) and coarse-grained (C) porous media filled

cavity (right column). The instantaneous data reported is at t/t0 = 30, after a quasi steady-state has been

reached.
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(b)

Figure 5.8: Non-dimensional vertical velocity, u∗
z along

the line at Z /L = 0.5 in the plane X /L = 0.4, at Ra f =
107 in (a) assisting mixed convection (b) opposing

mixed convection at different Rim . The instantaneous

vertical velocity reported is at t/t0 = 30, after a quasi

steady-state has been reached.

pqr

θ
θ

(b)

Figure 5.9: Non-dimensional temperature along the

line at Z /L = 0.5 in the plane X /L = 0.4, at Ra f = 107 in

(a) assisting mixed convection (b) opposing mixed con-

vection at different Rim . The instantaneous tempera-

ture reported is at t/t0 = 30, after a quasi steady-state

has been reached.
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6
CONCLUSION AND OUTLOOK

6.1. CONCLUSIONS

Heat transfer in porous media with porous length scales comparable to flow and thermal

length scales are common in various industrial and daily life applications. This thesis

numerically investigates the influence of such coarse-grained porous media on natural

convection and mixed convection heat transfer in cavities. The open-source finite vol-

ume solver package OpenFOAM is used in our research. We look into flow situations

over a wide range of relative sizes of the flow and thermal scales w.r.t the pore-scale. The

influence of the location of the porous media and its material properties under different

flow situations are also investigated.

In Chapter 2, we investigate the influence of the presence, location and thickness

of a layer of coarse-grained porous medium on the heat transfer in a bottom-heated,

top-cooled cavity. This is relevant for applications in for instance in electronic devices,

nuclear reactors, blast furnace, etc. We compare the heat transfer as calculated from -

computationally expensive - fully resolved simulations to that obtained with a - compu-

tationally less expensive - so-called Representative Elementary Volume (REV) approach

using the Darcy-Forchheimer model. The latter approach can be seen as modelling

the coarse grained porous medium as a fine-grained medium with the same average

porosity and permeability, while neglecting local variations in porosity and permeabil-

ity. When the porous medium layer touches an isothermal wall, the heat transfer at

low Rayleigh numbers is adversely affected by the presence of the porous medium, and

further decreases with increasing porous medium layer thickness. However, the heat

transfer reduction due to the presence of the porous layer, and its dependence on the

porous layer thickness, both vanish at high Rayleigh numbers, where heat transfer in

coarse-grained porous medium filled cavities approaches that in fluid-only cavities. For

all studied geometries with the porous media touching the isothermal walls, the Darcy-

Forchheimer REV approach predicts heat transfer close to that obtained in fully resolved

coarse-grained simulations at low Rayleigh numbers, whereas it under-predicts heat

transfer at high Rayleigh numbers. We attribute this observation to the fact that the thick

119
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thermal plumes at low Rayleigh numbers are equally obstructed by fine grained and

coarse grained porous media, whereas the thinner thermal plumes at higher Rayleigh

are still being obstructed by fine grained porous media, whereas they can freely pene-

trate coarse pore-spaces, resulting in heat transfer comparable to that in fluid-only filled

cavities. Unlike in cavities in which the porous medium touches an isothermal wall,

the inclusion of a porous layer away from the isothermal walls does not significantly

reduce the heat transfer. Though we observe a deviation in heat transfer between Darcy-

Forchheimer and coarse-grained simulations at low Rayleigh number, they predict heat

transfer that is comparable to the coarse-grained simulations at high Rayleigh numbers.

The observation that the flow through the pore-spaces becomes unobstructed at re-

duced length scales of the flow structures is further confirmed in Chapter 3. In this chap-

ter, we investigate the influence of the thermal properties of the porous material on the

heat transfer at different Rayleigh numbers. The results are validated against experi-

ments conducted in our group. The total heat transfer is due to the combined effect of

conductive heat transfer in the solid porous medium and convective heat transfer in the

flowing fluid. At lower Rayleigh numbers, when the flow length scales are larger than the

pore-scale, the flow and thus convective heat transfer are suppressed due to the pres-

ence of the porous medium. Consequently, heat transfer is dominated by conduction

and strongly dependent on the thermal properties of the porous material. With increas-

ing Rayleigh number, the flow length scales become smaller and the flow is no longer

obstructed by the porous medium. Then, heat transfer is dominated by convection, be-

comes independent of the properties of the porous material, and approaches that in a

fluid-only filled cavity.

With the gained understanding of pore-scale flow phenomena in relation to the length

scales of flow phenomena, in Chapter 4 we extend our studies to situations with non-

uniform wall temperatures. Thus, we closer approach more realistic situations, such as

in the industrial application of our interest, viz. the hearth of a blast furnace. We gen-

eralize non-uniform thermal boundary conditions at the walls by studying sinusoidal

wall temperature distributions around a constant average wall temperature difference.

Variations in the amplitude and phase shift of this sinusoidal distribution lead to an en-

hancement or reduction of the overall heat transfer. Though a similar behaviour is ob-

served in fluid-only filled cavities, maximum and minimum heat transfer in fluid only

filled cavities are observed for different phase shifts in the sinusoidal wall temperature

distribution as compared to porous medium filled cavities. This is attributed to the im-

portance of the location of pore spaces with respect to hot and cold parts of the walls.

Such local effects cannot be accounted for in REV type simulations.

In Chapter 5, we further extend our research to understand mixed convection flow

and heat transfer in a differentially heated, lid driven cavity filled with a coarse grained

porous medium. The mixed convection flow is induced by the combined effect of nat-

ural convection and forced flow due to the movement of the isothermal walls, where

the latter may assist or oppose the natural convection depending on the direction in

which the walls are moved. As observed in Chapter 2 for natural convection, the heat

transfer obtained in fully resolved coarse-grained simulations is higher compared to that

obtained with REV simulations when the thermal boundary layers are thinner than the

pore size. This is particularly the case in cavities with assisting mixed convection, where
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the presence of the coarse grained porous medium leads to local rotational flows in the

pore-spaces close to the walls, resulting in higher heat transfer. Local variations in wall

heat transfer strongly depend on the locations of the near wall pores, and on the rela-

tive strength and direction of the forced and natural convection flows. All these effects

cannot be accounted for in REV type simulations.

From all the observations above, we conclude that the length scales of the flow and

thermal structures in natural and mixed convection, with respect to the length scales

of the pores, have a determining effect on the heat transfer in coarse grained porous

media. When length scales of thermal plumes or thermal boundary layers decrease, for

instance at higher Rayleigh numbers, the flow obstruction due to the porous medium

vanishes and the flow and heat transfer approach that in a fluid-only situation. The

Rayleigh number at which the thermal boundary layers (in side heated situations) or

the thermal plumes (in bottom heated situations) become thinner than the pore-space

may vary with the geometry and material of the porous material. However, at suffi-

ciently high Rayleigh numbers, the thermal boundary layers or plumes become so thin

that they no more feel the porous medium. Under these conditions, the use of an REV

simulation approach (based on e.g. Darcy or extended-Darcy models) will result in an

under-prediction of heat transfer. The influence of the presence of a porous medium on

flow and heat transfer diminishes when this porous medium is away from the isothermal

walls. In such situations, REV simulations based on Darcy or Darcy-Forchheimer models

may be sufficient to accurately determine the global heat transfer.

6.2. FUTURE WORK

The studies addressed in the present thesis were limited to coarse grained porous pack-

ings consisting of mono-disperse, spherical, non-permeable particles with uniform ther-

mal properties. This clearly suggests three interesting directions for follow-up research:

6.2.1. PACKINGS OF POLY-DISPERSE AND NON-SPHERICAL PARTICLES

The numerical simulation studies presented in this thesis investigated the influence of

the presence of a packed bed made of mono-disperse, spherical beads on natural and

mixed convection flow and heat transfer in cubical cavities. For natural convection in

cavities with a vertical temperature gradient, the flow is found to be dominant close to

the verticals walls, and heat transfer is found to no longer be influenced by the presence

of the packing at high Rayleigh numbers. An interesting topic for further studies would

be the difference between mono-disperse spherical packings, and poly-disperse, non-

spherical packings.

In the literature, studies on hydrodynamics [1] and forced convective heat transfer in

cylindrical cavities with mono-disperse [2] and poly-disperse particles of different sizes

and shapes [3] report that the highest flow velocities occur close to the cavity walls, where

the local porosity is the highest. In such cavities, the radial distribution of local velocity

scales with the radial distribution of local porosity. It is also observed that, depending

on the shape of the poly-disperse particle, there may be large local variations in the con-

tact surface between the cavity walls and the particles, resulting in radial variations in

porosity, and thus the local flow velocity.
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Combining our own findings with those reported in literature, we expect important

differences between natural convection in cubical cavities filled with poly-disperse or

differently shaped particles, compared to mono-disperse spherical particles, due to de-

creased near-wall porosity. At low Rayleigh numbers, heat transfer is therefore expected

to decrease compared to that in cavities with a spherical packed bed of mono-disperse

particles. At higher Rayleigh numbers these differences are expected to disappear, but

the Rayleigh number at which the heat transfer approaches that of an empty cavity is

expected to be higher than in the case of mono-disperse spherical particles. The above

expectations should be verified by further studies on cavities filled with poly-disperse

and non-spherical particles.

6.2.2. PACKINGS WITH LOCAL VARIATIONS IN THERMAL PROPERTIES

Our studies on natural convection in bottom-heated, top-cooled porous media-filled-

cavities show that the thermal conduction properties of the porous medium have a strong

impact on the convective heat transfer, with a high thermal conductivity leading to re-

duced convection.

Many applications, like catalytic reactors, prefer isothermal operating conditions [4].

This could either be achieved by enhancing convective heat transfer, or by using packing

material with a high thermal conductivity. The latter, however, counteracts the first.

We expect that the above conundrum can be circumvented by applying a radial vari-

ation in the thermal conductivity of the packing material. Our studies indicate that that

the convective heat transfer will be triggered earlier when a low conductivity packing

material is put close to the isothermal walls. At the same time, a packing material of

higher conductivity can thus be utilized to enhance conduction in the core of the reac-

tor, where convection is less dominant. The above expectations should be verified by

further studies on cavities filled with packings of varying thermal conductivities.

6.2.3. PACKINGS OF PERMEABLE SOLID PARTICLES

The current work investigated packed beds consisting of non-permeable solid particles.

However, in many applications, such as in the food industry, in catalytic reactors, etc.,

the particles themselves are permeable (with a low porosity). Forced convection in such

permeable packed beds has been studied in literature [3], but no information is avail-

able on flow and heat transfer in such systems under natural and mixed convection

conditions. A variable 3D porosity field approach, as discussed in [3], can be utilized

to study the combined effect of natural or mixed convection flow within the perme-

able particles and in inter-particle spacing. This can alternatively be analysed by using

an REV approach, solving Volume Averaged Navier-Stokes equations within the perme-

able solids, while solving the fully resolved Navier-Stokes equations in the inter-particles

pore-spaces.
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6.3. OUTLOOK

The studies presented in the present thesis were limited to natural and mixed convection

in very simple geometries (viz. cubical cavities), filled with coarse grained porous pack-

ings. However, our studies were motivated by an interest in, and relevant for, such flows

in real-life and industrially applied complex geometries. Moreover, the simulation tools

developed in this thesis are relevant for the study of the flow in such complex geometries.

This is discussed below.

6.3.1. BLAST FURNACE HEARTH MODELLING

The hearth of the blast furnace can be visualized as an enclosure filled with a coarse

grained packing, with an inlet at the top and an outlet at the cooled sidewalls. Within

the hearth, depending on the stage of operation, natural or forced convection may occur

and we may find regions with stable or unstable vertical temperature gradients, regions

with horizontal temperature gradients, etc. as all addressed in this thesis. Furthermore,

dissolution of the carbon lining at the walls [5] may result in so called hot-spots, i.e. re-

gions with locally very high temperatures. 2D simulations and experiments on geome-

tries similar to the blast furnace hearth [6, 7] report the influence of locally high flow

velocities and flow recirculation close to the wall to be responsible for the wear of the

carbon lining and thus the hot spot formation.

Inspired by the above, the current work aimed at numerically analysing flow and

heat transfer in coarse-grained solid packings, using the OpenFOAM simulation envi-

ronment. To this end, we integrated the Boussinesq natural convection solver with the

conjugate heat transfer solver, as were both individually, but non-simultaneously, avail-

able within OpenFOAM. Furthermore, a volume-averaged solver was developed within

OpenFOAM, allowing for REV type simulations. Both novel solvers were validated against

experiments conducted simultaneously and within the same research group by PhD stu-

dent Iman Ataei Dadavi [8–10]. Both solvers can now be used by TATA steel R&D IJ-

muiden, Netherlands, to carry out simplified simulations of e.g. the blast furnace hearth,

in combination with water-model experiments for further validation. In these studies,

the following aspects deserve special attention:

From our 3D numerical simulations we observe that the increased porosity close to

the walls results in locally high flow velocities. We also find that the near-wall tempera-

ture is strongly influenced by the thermal properties and local configuration of the pack-

ing material. A larger pore-space close to the wall results in the fluid to impinge at the

wall at a higher temperature. The vertical downward flow through the pore-space along

cooled walls results in local circulation zones, both in natural and mixed convective flow.

The formation of these recirculation zones becomes even more prominent when there

are local variations in the wall temperature.

Studies of the influence of carbon concentration gradients, due to double diffusion

effects, will help to understand the combined effect of carbon dissolution and thermal

convection flow on the hot-spot formation at the walls. We also suggest to carry out

experimental studies on effect of the dissolution of wall coating alone on hot-spot for-

mation. For example, we suggest to evaluate the feasibility of using an ethyl-cellulose

coated wall and study its dissolution in methanol filled bottom or side-heated cavity

with a methanol resistant solid packing [11].
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In order to simulate the expected turbulent flows at the very high Rayleigh numbers

encountered in real-size blast furnaces, we suggest to investigate the possibility of in-

cluding the turbulent closure terms in a VANS model based REV approach, similar to

that reported in [12], and to carry out transient simulations [13, 14].

6.3.2. REFRIGERATION AND TEMPERATURE CONTROL IN BUILT ENVIRON-

MENTS

The storage and transportation of medicines, processed food, vegetables, etc., demand

proper temperature [15, 16] and moisture conditions to keep them fresh. Air tempera-

ture and moisture content distributions also play an important role in human comfort

[17–19] in the built environments.

Studies on the combined heat and moisture transfer in fluid-only filled enclosures

are widely available in the literature, e.g. [20, 21]. However, our studies as presented

in this thesis point at the importance of considering the influence of the stored objects

themselves, as well as other obstructions, on the moisture and temperature distribution

in e.g. storage spaces.

We find the positioning of the objects within the enclosure to play a role in the tem-

perature and moisture content. We also observe an influence of the thermal properties

of the stored objects on local flow and temperature. We reported the convective flow to

be wall dominated at low Rayleigh numbers, resulting in larger thermal non-uniformities

within the enclosure. These non-uniformities decrease at higher Rayleigh numbers. The

temperature and flow distribution within the enclosure were also found to be influenced

by the local wall temperature distribution w.r.t the pore-spaces close to the wall, possi-

bly resulting in stagnant regions with high or low temperatures.

6.3.3. ELECTRONIC COOLING

Most electronic devices require precise temperature control to ensure efficient opera-

tion. Most of these are cooled by forced convection, but in applications where vibrations,

noise, etc. can adversely influence the performance, manufacturers resort to natural

convective cooling or a combination of forced and natural convection cooling [22–24].

From our current work, we find that - although the presence of conductive obstructions

close to isothermal walls increases the effective surface area for heat transfer - stacking

them together may result in reduced natural convection at low or intermediate Rayleigh

numbers. This may even result in a reduction of the total heat transfer. The cooling can

be optimized by properly placing the components such (e.g. staggered high conduc-

tive and low conductive blocks) that convective heat transfer is enhanced even at low

Rayleigh number.
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A
THEORETICAL AND ANALYTICAL

RELATIONS

A.1. RELATION BETWEEN THERMAL BOUNDARY LAYER THICK-

NESS AND NUSSELT NUMBER

In a bottom- heated top-cooled cavity with the isothermal walls at a distance L and a

temperature difference ∆= Th −Tc (Fig.A.1), the temperature drops by ≈∆/2 in the ther-

mal boundary layer attaining a Tm(z) temperature. Thus, in the thermal boundary layer:

Qtot al ≈Qcond ≈α
∆/2

δth
(A.1)

where Qtot al , Qcond , α and δth are the total heat flux, conductive heat flux, thermal dif-

fusivity and thermal boundary layer thickness respectively. The Nusselt number, Nu can

be expressed as:

Nu ≈
Qtot al

Qcond
≈

Qtot al

α∆/L
≈

L

2δth
(A.2)

Thus the thermal boundary layer thickness can be expressed in terms of Nu as:

δth =
L

2Nu
(A.3)
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Tm(z)

Tc 0
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Z
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(z

)

δth Lδth

Figure A.1: Calculation of thermal boundary layer thickness from mean temperature profile for RBC convec-

tion. T (z) denotes the X−Y plane averaged temperature 〈T 〉x y at different height along the direction of gravity.



B
THERMAL PROPERTIES OF MOLTEN

IRON AND POROUS MEDIA

Table B.1: Thermal properties of molten iron and coarse-grained coke particles [1, 2]. Some of the properties∗

are obtained from TATA IJmuiden, The Netherlands

Property Molten iron Coarse-grain

Viscosity, kg /(m.s) 7.15×103 -

Density, kg /m3 7000 400−2200∗

Heat Capacity, J/(kg .K ) 850 300−500∗

Thermal conductivity, W /(m.K ) 16.5 2-5

Coefficient of volume expansion, K −1 1.4×10−4 -
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C
REV EQUATIONS FOR POROUS

MEDIA

The momentum equation in ANSYS Fluent Manual differs in its representation from that

in literature [1]. However it seems to be consistent with that in literature, after some re-

arrangements.

C.1. EQUATION IN ANSYS FLUENT

∂u

∂t
+u ·∇u =−

1

ρ f
∇p +ν∇2u+gβ(T −Tr e f )+

1

ρ f
SANSYS (C.1)

(C.2)

The source term in ANSYS Fluent is given as:

SANSYS =−
µ

C0
ud −C1

1

2
ρ f ud | ud | (C.3)

implemented as a source term in the momentum equation (Eq.C.1). For a packed bed

cavity C0 and C1 are calculated using Ergun’s equation as:

C0 =
d 2

150

φ3

(1−φ)2
(C.4)

C1 =
3.5

d

1−φ

φ3
(C.5)

C.2. EQUATION IN LITERATURE

In literature [1] the momentum equation is expressed in terms of Darcy velocity. Re-

writing Eq.C.1 in terms of Darcy velocity defined as ud=φu:
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1

φ

∂ud

∂t
+

1

φ
ud ·∇

ud

φ
=−

1

ρ f
∇p +

ν

φ
∇2ud +gβ(T −Tr e f )+

1

ρ f
SLIT (C.6)

The source term in literature is given as:

SLIT =−Aud −Bud | ud | (C.7)

Using Ergun’s correlation the constants A and B is given by:

A = 150
(1−φ)2

φ3

µ

d 2
(C.8)

B = 1.75
ρ f

d

1−φ

φ3
(C.9)

We could see that A = µ
C0

and B =C1
1
2
ρ f . Thus both Eq.C.1 and Eq.C.6 are the same.

In some literature the source term SLIT is re-written in terms of the permeability K =
d2

150
φ3

(1−φ)2 (same as C0). If we substitute K in A and B we get:

A =
µ

K
(C.10)

B = 1.75×
ρ f

d
×

1−φ

φ3

=
1.75
p

150
×
ρ f

d
×
p

150
1−φ

φ3

=
1.75
p

150
×

ρ f

φ3/2
×

√

150

d 2
×

(1−φ)2/2

φ3/2

=
1.75
p

150
×

ρ f

φ3/2
×

√

150

d 2
×

√

(1−φ)2

φ3

=
1.75
p

150
×

ρ f

φ3/2

1
p

K
(C.11)

Some literature also simplify Eq.C.11 as:

B =
1.75

√

150φ5
×
φρ fp

K
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