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Numerical analysis of natural convection with conjugate heat transfer nseggained
porous media
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aTransport Phenomena Section, Department of Chemical Engineering, Delft University Of Technology, Delft, The Netherlands
PFluid Mechanics Section, Department of Process and Energy, Delft University Of Technology, Delft, The Netherlands

Abstract

We report numerical simulations of fluid natural convection with conjugate heat transfer in a bottom-heated, top-cooled cubic
cavity packed with relatively large (I = 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 1.2610° and 1.16x 10° and compare global heat transfer results from our present simulations to our previously
published experimental results. The interplay between convection suppression due to the solid packing, and conductive heat tran:
in the packing leads to three different regimes, each with a distinct impact of the solid packing on the flow and heat transfer. £
low Rayleigh numbers: 1P, all packings suppress convective flow. Compared to fluid only Rayle@ia®&l convection, heat
transfer is therefore reduced in low conductivity packings, whereas for high conductivity packings it is increased due to significar
conductive heat transfer. At intermediate Rayleigh numberk)’, low conductivity packings no longer suppress convection,
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 compared to fluid only RaylefgiaRl convection, even in high conductivity packings. With
a further increase of Rayleigh numbgr10?, convection starts to be the dominant heat transfer mechanism in all packings, and
convective heat transfer is close to that for fluid only Rayleigim&@d convection. The contribution of solid conduction in high
conductivity packings causes the overall heat transfer to be above that for RayfrighdBonvection.

Keywords: Natural convection, Porous media, Local temperature distribution, Local fluid flow, Structured packing,
Laminar-Oscillatory flow

1. Introduction at the pore-scale, these studies help us in understanding the
global flow and heat transfer in porous media.

The study of convective heat transfer in porous media has  Nymerical studies with both standarg] fand extended [9]
been mostly based on Darcy's model for porous media, i.eparcy models using a local thermal equilibrium assumption,
an approach in which porosity is accounted for in a volumeyhere a single equation is used to describe the temperature
averaged sense. It assumes that the porous length scales giene fluid, as well as the porous medium, discuss the effects
small compared to the flow and thermal length scales. In varigg particle size and thermal properties in heat transfer. They
ous practical applications, such as convection in gravel embanky,ggest that the critical Rayleigh number for the onset of con-
ments ], in heat exchangers [2], in packed bed reactors [3], injection predicted with the Darcy-Forscheimer model decreases
fins to enhance heat transfel or in the hearth of blast fur- - from the value predicted by the standard Darcy flow model,
naces p], however, the porous material is coarse-grained, i.as the particle diameter and/or the liquid-to-solid conductiv-
the porous length scales are not small compared to the dimegy ratio is increased. The intensity of the convective flow is
sions of e.g. hydrodynamic and thermal boundary layers ang|gq reported to depend on the Darcy numbarand the fluid
thermal plumes. Prandtl numbePr;. A Daindependent asymptotic convective

Detailed studies on the approaches and challenges in moflgat transfer regime is reported at higRes . Using separate
elling variable density flows in porous media reporteddn7]  energy equations for the solid and fluid regions have been re-
explain the use of the standard Darcy model and various exported [L0] to lead to better predictions of overall heat transfer
tended Darcy models (such as the Darcy-Forscheimer mOdeéompared to the local equilibrium approach.
which accounts for high-Reynolds number eftfects). All these \ynhereas solid conduction may play an important role in
models are based on the volume averaging approach, and, ghe nheat transfer in porous media at |&e, convective heat
though not providing information on flow and thermal featuresyransfer becomes increasingly dominant with increasing fluid
Rayleigh numbeRa; [11,12]. These experimental results cal-
culate 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

*Corresponding author
Email addressM. Chakkingal@tudelft.nl (Manu Chakkingal)

Preprint submitted to International Journal of Heat and Fluid Flow March 14, 2019

© 2019 Manuscript version made available under CC-BY-NC-ND 4.0 license https://creativecommons.org/licenses/by-nc-nd/4.0/




Nomenclature
Greek Symbols N Uc Non-dimensional heat transfer due to conduction|in
o Thermal difusivity, (1/pCp), m2/s the porous media filled cavity
B Coficient of volume expansion of fluid, & Nurs Nusselt number Rayleigh&ard convection
A Thermal conductivity, Viin.K P Pressure, Km?
v Kinematic viscosity of fluid, rfy/s Pr Prand-tl Number _ _
p Porosity Ray I;gfyf_ll?_g Number based on fluid properties,
o Density of fluid, kgm3 Tvrar
Abbreviations ! T Temperature, K
u* non-dimensional pore-scale veloci@'g T.. Reference temperaturgf‘;—-rc, K
u Pore-scale velocity, fa o L
g accel. due to gravity (acts along Z axis)/sh fo characteristic time Scalm’ S
o Non-dimensional temperaturs-?_ri Uo characteristic velocity scaleﬂ m/s
h—Tc L

Cp Specific heat capacity/kh.K X,Y,Z represents the rectangular coordinate system
d Diameter of sphere, m PP Polypropylene
Da Darcy numberK/L? RB Fluid only Rayleigh-Enard convection
E Effective heat transfex.r.t RB convection Subscripts
Econv  Effective convective heat transferr.t RB convec- € Cold

tion f Fluid
K Permeability h Hot
L Height of cavity, m n Normal to the surface
Nu;  Nusselt number based on fluid properties S Solid

convective flow in the heat transfer process. Consideralaie s fluid Prandtl numbePr; when the &ective Prandtl number of
ter in experimental data, however, is reported at modé®ate  the medium is high. Similar studies on heat transfer in metal
Visualization of the flow at the upper boundary of a porous mefoams also report the influence B andDa on heat transfer
dia filled, bottom-heated cavitylf] shows an increase in lat- [16, 17].
eral spread of the fluid velocity, suggesting an increaséén t However, in contrast to what is found id4], for porous
3-dimensionality of the flow within the pore-space at highermedia like metal foams, itis reportetl(, 18] that non-dimensional
Ra;. Indeed, our recent particle image velocimetry experimentnumbers calculated fromffective medium properties are in-
[14] in a bottom heated cavity packed with optically transpar-suficient to fully characterize natural convective heat transf
ent hydrogel beads show an increase in flow velocities withirStudies on the influence of the shape and morphology of the
the pore-space with an increaseRas. However, the results solid structures in porous media9 show that heat transfer
from the experiments are limited to a 2D plane due to the comdepends on the specific surface area of the porous medium,
plex geometry. further illustrating the need to analyse convective hemtg¥
Studies on convection in cavities filled with comparatively fer in (coarse-grained) porous media while addressingl,loca
coarse-grained porous media, such as packed b&és{ig- 3-dimensional, pore-scaldfects, rather thanfiective media
gest the use offeective (i.e. volume averaged, combined for properties alone. Such local information helps in underbta
fluid and solid) medium properties to explain the heat transing global heat transfer mechanism<], and is essential for
fer mechanism. Heat transfer measurementsfiierdint fluids the development and evaluation of Volume Averaged Navier
and in porous media consisting of beads dfetent conduc- Stokes (VANS) closure models for convective flow in such me-
tivity and size, for instance, could be adequately quaxtiiie  dia [20, 21].
terms of the #ective Prandtl number of the porous medium. At present, a detailed study accounting for pore-scale flow
The overall heat transfer is reported to be independentef thand thermal ffects in coarse-grained porous media is missing in
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the literature. In this paper, we present a detailed 3D nigaler 2.2. Numerical Method
study, resolving the local convective flow and temperatise d In order to perform numerical simulations in our present
tributions in coarse-grained porous media with conjug@®@th - complex geometry, we make use of the capabilities of the Open
transfer. This paper aims at understanding the heat tramsfe  FOAM finite volume CFD solverZ4]. We use unstructured
cess in a bottom heated cubical cavity filled with a struaure tetrahedral grids to carry out numerical simulations ferplacked
packing of relatively large spheres of varying condugfieind  hed cavities and structured grids for the reference (fluigyon
teaches that the interplay between convection suppredsien Rayleigh-Benard convection simulations (further referred to as
to the solid packing, and conductive heat transfer in th&pac R convection). The application and accuracy of OpenFOAM
ing, leads to three dierent convection regimes, each with a dis-jn ysing arbitrary tetrahedral meshes has been scrutiriized
tinct impact of the solid packing on the flow and heat transfer [25] who conclude that dierences between the solutions with
unstructured tetrahedral grid cells and non-body confogmi
2. Mathematical formulations and numerical methods cartesian grids are small, but with additional computatiaosts
for simulations with tetrahedral grids. The capability giéh-

2.1. Physical Problem .
o I . FOAM to accurately simulate momentum and mass transfer us-
Natural convection in porous media is analysed in a bottom-

heated, top-cooled cubical cavity with dimensidns L x L g #Eztgﬁsgege%rgisezzeazfssdléglfseﬁ? tﬁzjs discretized
at fluid Rayleigh numbers, in the rangel@x 10° < Ra; < S

116x 16F. The porous medium is composed of spherical beadgnd fully resolved numerical simulations are carried ost, u
’ ' P P P ing a conjugate heat transfer solver that we developed imOpe

grranged in structured I_30dy Centred Tetragonal (BCT) Pac FOAM 2.4.0 R4]. The standard solver "chtMultiRegionFoam”
l)nfgt.heTQ:virtatlf izf;r?ssg:??;e:)eer (;) ;thgub:?gﬁi tfri]rittlaeggr::an— in OpenFOAM is modified to account for the Boussinesq ap-
sions of thg'ca itv the average ' 6ros't is— 041 (as op- proximation as implemented in the standard solver "buoyant
Iosed t06 = ngg’z for avn in?init[()a BCITWackir; ) rgmd eF;ti- BoussinesqPimpleFoam”. The temperature equation foiolige s
pOs ¢ = 0. - P g . __phase is treated as a passive scalar equatiodppendix A
mating g:,ze permeability from the Koze;ny—Carm'an equatlonWe present a detailed validation study for our newly devetbp
K = ta5age [24, we getDa ~ 4 x 107, Water is used as  gqyer against two literature studie2[ 29] on conjugate heat
the fluid (Prr = 5.4). Various materials are studied as pack-yansfer in natural convection. In the simulations reptie-
ing materials, resulting in solld—to-flgld thermal conduity low, we use a 2nd order backwardfgrencing time marching
ratios between 0.3 and 198. As will be discussed later, thgcheme and a 2nd order centrafeliencing scheme defined as
cases studied in this paper lead to stationary or slighttyl-0S  »\5ckward scheme” and "limitedLinear” respectively in @pe
latory laminar flows in the porous media filled cavity. With FoaM to solve the convective and filisive terms for both
B~ 2x 10K~ and AT < 10K, it is ensured in all our  he solid and fluid phas@fl]. The pressure-velocity-coupling
simulations thapAT << 1 and thus the Boussinesq approxi- 51 each time step is handled by the iterative PISO algorithm

mation is valid. Using the Boussinesq approximatidé][we 30, The energy transport equation (E3))is solved with the
numerically solve the transient Navier-Stokes and themnal divergence-free velocity obtained in each time step.

ergy transport equations for Newtonian flow and conjugats he

transfer in and between the fluid and the solid. 2.3. Geometry and Boundary conditions

Fluid phase: We use water as the working fluid and study a range of
V-u=0 (1)  fluid Ras (1.16x 10° < Ra < 1.16 x 10°) . The material
ou 1 ) of the BCT packed beads is varied to realize a large vari@tion
5 tu-vus= —;Vp vV U+ g(Tr —Trer)  (2)  splid-to-fluid thermal conductivity ratios, vizls/As = 0.3 for
oT; polypropylene, 1.0 for hydrogel, 70 for steel and 198 forsbra
r +U-VTi = afV2Ty (3)  respectively. The coordinate system is chosen such thatgra
. g acts alongZ axis. The bottom and top walls are isothermal
Solid phase:

at temperature$;,, and T, (T > T;) respectively. All vertical
dTs 4) walls of the cavity are adiabatic. No-slip boundary corufi
ot are applied at all walls.
For used symbols, we refer to the List of Nomenclature. A grid independence study is carried out using three dif-
The solid and fluid regions are coupled via Dirichlet-Neuman ferent meshes. In all the simulations reported, the flow was
Partitioning. The fluid region is solved with the Dirichlaiind- ~ found to be in the laminar regime, with slight oscillationstee
ary conditionT; = Ts at the coupled interface, while the solid highestRa; reported. Thus the global non-dimensional heat

= Cl'sVZTS

region is solved with Neumann boundary condition: transfer at the walls, defined by the Nusselt number, was cho-
sen as the criterion to check grid independence. On the-coars

aT; oTs est mesh 1, a fixed tetrahedral grid cell sizrer d/8 ~ L/40
/lf% = /ls% (5)  was used in the solid phase and in the core of the cavity, and

consequently also at the interfaces between the fluid and the

calculated locally. The fluid and solid regions are solvedait solid spheres. Along the isothermal walls, the grid celesiz

tively.



was gradually refined thg, ~ d/16 ~ L/80. For the medium The local Nusselt numbeNu; calculated as:
mesh 2 we usetl ~ d/12 ~ L/60 andhg. ~ d/16 =~ L/80,

whereas for the finest mesh 3 we used d/16 ~ L/80 and Nus = _L (‘3_1—) (6)
hsL ~ d/32 ~ L/160. At the highest studied Rayleigh number AT\ 0Y Jwan

Ra; = 1.16 x 10, the deviation in overall Nusselt number ob- . .
tained between mesh 2 and mesh 3 is found to be less than 33%here,AT andL are the temperatureffierence and distance be-

. . .~ tween the hot and cold walls respectively, is analyzed ahthe
iCeo n;ﬁﬂfggg’etgﬁ dmsei::S f (If}fg erde]l‘i?lrezlItgqr:Lse:n(tigzs:nm:]r:a;tlo wall to understand the influence of the packing material @t he

thermal boundary layers along the isothermal walls. Therat f[ransfer. The presence of coarse-grained porous medilisresu

is in line with the recommendations /L ~ 0.75Nu;3/2 [31] in strong local variations of the (instantaneous) Nussethn

and experimentally obtained values fdu; [14], and ensures berl(;luft_al_?ng ft?ﬁ |soth|f_rmal W?”?” IdT:pend;ng Onh.thﬁ thermal
a minimum number of 5-6 cells in the wall thermal boundaryCon uctivity of the packing material (FI. For a high con-

L : - 2 .
layers. The resulting mesh consists~ob x 10° non-uniform dNuct|V|tytbrass palckmgt] at?]d lORatf ; 1.1t6 Xt lgt,hloca:]hlgh ith
tetrahedral grid cells. Because of the laminar flow charicte Ui SPOLS occur close 1o the paint of contact ot the Spheres wi

tics varying from pure steady to slightly oscillatory, arage the wall, due to the dominance of solid conduction over conve

tive time stepping is specified such that the Courant-Ficedr E'r\]/g :oeni:'gapslze(;flZc;zegcet'pgqu‘tasétﬁ;gggﬁfe;t'lél? XI 102’_
Lewy number is below 0.33. In practice, this led to a fixed sim- ‘outl vectv v

ulation time step once a quasi-steady state had been reacheddUCtion increases, and heat transfer becomes more unifodm a
higher on average.

For a low conductivity hydrogel packing and loRe; =
3. Resultsand Discussion 1.16 x 107, high Nus regions occur mostly close to the side
walls, due to the dominance of convective heat transferéaeh
regions. On average, however, heat transfer is lower thian fo
brass packing. At higheRa; = 1.16 x 10°, convective heat
transfer enhancement is no longer limited to the near wall re
gions, and heat transfer is more uniform along the entitb&e
mal wall. Although distributed diierently along the wall, at
Ras = 1.16x 1(? the average heat transfer is dominated by con-
vection and similar for both low and high conductivity pawudi

3.1. Instantaneous thermal field features
To illustrate the influence of the solid-to-fluid thermal eon
ductivity ratio on the temperature distribution in the d¢gvrig.1
shows side views of the thermal plumes (projected inXie
plane) at/tyg = 20 for a cavity packed with hydrogel (top) and
brass beads (bottom) (solid-to-fluid thermal conductivétio
of 1 and 198, respectively). The thermal plumes are idedtifie
as the isosurfaces of the instantaneous non-dimensiedd#m-
perature®* = 0.8 [hot (red)] and 0.2 [cold blue)] at t/ty = 20. :
In the brass packed cavity, Ra; = 1.16 x 10/, the thermal 32. Inst_antaneous flow featL_Jr.e analysis ) ) )
plumes are confined to a height less than the first layer thick- 1he instantaneous velocities)(are non-dimensionalized
ness of the beads. In a cavity packed with hydrogel beads, O\Hlth chgracterlstlc.velocny scal&Jp) 1 [32], such that the non-
the other hand, cold and hot plumes meandering through th&imensional velocity vectar* equals
void space in the packing result in convective flow throughou ., u
the domain. AtRa; = 1.16 x 1(®, the thermal plumes mean- u = U_o
der and penetrate the pore spaces within the bulk of the porou
medium as well as along the side walls, for both brass and hy- In Fig.4, the vertical flow in the packed cavity is visual-
drogel packings. Compared Res = 1.16x 107, we see a thin- ized by means of isosurfaces of the non-dimensional vértica
ning of the thermal plumes &a = 1.16 x 10%. Such plume Velocity w* being 0.2 (ed) and -0.2 blue) att/to = 20. At
thinning at h|gheRaf was also observed in our experimenta| Raf = 1.16)(107, vertical flow is Vil‘tua”y absentin the case of a
study [L4]. brass packed cavity, while in the hydrogel packed cavitya re
The nature of the flow structures is visible in Figshowing  tively strong vertical flow is present close to the side watlsh
instantaneous— w velocity vectors at/ty = 20, in a character- & Weaker flow in the core of the cavity. Ra; = 1.16x 10,
istic vertical plane located &/L = 0.62. AtRa; = 1.16 x 107 relatively strong vertical flows are present along the sidésv
(Fig.2), the flow is mainly localized along the side walls for @s well as in the core of the cavity, both in brass and in hyelrog
brass packing. The horizontally stratified temperaturéridis Packed cavities. The flow in the core of the cavity is stronger
bution confirms the absence of prominent flow in core of theln the case of a hydrogel packed cavity, compared to the brass
cavity. The flow structures change with the conductivityleft Packed cavity.
solid packing material. For low conductivity hydrogel pamk What was observed for the vertical velocity component, is
the flow is no longer localized along the side walls, but alsc@lso generally seen for the lateral velocity componentg.5Fi
prevalent throughout the cavity, with a comparatively warak
flow in the core of the cavity. This has a strong impact on
the temperature distribution. Ra; = 1.16 x 1 (Fig.2), on

1 The convective velocity scale is calculated as:

) . . 37
the other hand, fluid flow is present throughout the cavity for Uo = Ra ™'
both brass and hydrogel packings, as reflected in the tempera , L
ture contours. which follows from,Ug = %{f% where,5y = Ra¥2/7L
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Z

Ra; = 1.16x 10’

Hydrogel

Brass

Figure 1: A side-view of the instantaneous non-dimensiceraperature isosurfacestaty = 20, in a cavity filled with hydrogel (top) and brass (bottomate at
Ras = 1.16 x 107 (left) andRas = 1.16 x 10° (right) (©* = 0.2 Blue; ®* = 0.8,Red

shows isosurfaces of the scaled lateral velogityi.e. the ve- 3.3. Plane averaged features

locity component in th&/-direction att/t, = 20. At low Ray = In Fig.6(a) we show instantaneous scaled velocity magni-
1.16 x 10', lateral flow is almost absent in the brass packed,gesy* = (U2 + v2 + w2)°5 averaged over th¥Y-plane at

cavity, and mostly concentrated along the walls for the bydr /to = 20, as a function oZ/L, for both brass packed and hy-
gel packed cavity. At higheRa; = 1.16 x 10°, lateral flow in drogel packed cavities & = 1.16x107 andRa; = 1.16x10°.
the core of the hydrogel packed cavity has strongly inciéasep|so included are the same plane averaged velocities fa pur
compared tRa; = 1.16 x 10', resulting in significant lateral - Rayleigh-Eenard (RB) convection in a water filled cavity at the
velocities throughout the cavity. In the brass filled cavityen  came values oRas. Due to the applied scaling, scaled veloc-
at higherRay = 1.16x 1C?, lateral flows are concentrated along jties in RB convection are roughly independentRa;. In the
the walls and mostly absent in the core of the cavity. packed cavity, however, the scaled velocities stronglyedep
The increased vertical and lateral flow velocities, alorey th 5 Rar. At Ray = 1.16x 107, the scaled velocities in the hy-
walls and in the core of the cavity, as observed at hi®%&r,  grogel packed cavity are about an order of magnitude smaller
cause convective heat transfer by the fluid to dominate ceatr h compared to the RB convection, whereas they are yet another
conduction in the solid, diminishing theftirence of overall 5rqer of magnitude smaller in the brass packed cavity. This
N us forllow and high conductivity packing materials, with in- jngicates that, at low Rayleigh numbers, convective heaistr
crease irRkay. fer is small compared to that in RB convection in the hydrogel
packed cavity, whereas it is negligible in the brass paclked c
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Figure 2: Instantaneous velocity vectors and temperattit¢y & 20, in a characteristic vertical plane¥i_

(right), for a cavity packed with hydrogel (top) and brasst{bm) beads.
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Figure 3: Instantaneous Nusselt numib&w; distributions at the hot wall at/ty = 20, in a cavity packed with hydrogel (top) and brass (bottoegds, at
Ras = 1.16 x 107 (left) and 116 x 1C® (right).

ity dominated by conduction. ARas = 1.16x 10°, the average convection at the same valuesRdy. At Ras = 1.16x 107, the
velocity magnitudes in the hydrogel and brass packed eaviti plane averaged temperature in the brass packed cavitysvarie
are similar, and only a factor two lower than in RB convection almost linearly with height, again indicating the dominarcd
confirming that convection starts to dominate the overadithe solid conduction heat transfer over convection. In the bydr
transfer in packed cavities at higher Rayleigh numberss-cau gel packed cavity on the other hand, the vertical tempegatur
ing it to become independent of the packing material and t@rofile is strongly nonlinear due to the significance of canve
approach that of RB convection. tion, exhibiting thermal boundary layers at the isothermaills

In Fig.6(b) we show instantaneous normalized temperatureshat are similar to those in RB convection. In the core of the
averaged over th¥Y-plane att/ty = 20, as a function oZ/L, cavity, however, the temperature varies much more graguall
for both brass packed and hydrogel packed cavitidRaat = in the hydrogel packed cavity, compared to RB convection. At
1.16x 10" andRa; = 1.16 x 10°. Also included are the same Ra; = 1.16x 1(?, the plane averaged temperatures close to the
plane averaged temperatures for pure RayleigheéBd (RB) isothermal walls in the both packed cavities become sirdlar



Ras = 1.16x 107 Ras = 1.16x 10°

Hydrogel

Brass

Figure 4: Instantaneous normalized vertical velocity isfamesw" = 0.2 (red) andw* = —0.2 (blue) att/tg = 20, in a cavity packed with hydrogel (top) and brass

(bottom) atRas = 1.16x 10 (left) and 116 x 10° (right).

those in RB convection, whereas in the core of the cavity th&.4. The time evolution of wall-averaged heat transfer
temperature profile is still strongly influenced by the prese In Fig.7 we show the time evolution of the instantaneous,
of the solid packing. bottom wall-averaged, Nusselt number for cavities packitial w
brass, steel and hydrogel beads {ss > Asteel > Anhydroge) at
Ra; = 1.16x 10’ and 116 x 18, as well as for RB convection.
At the lowerRa; = 1.16 x 107, the solid packing suppress



Ras = 1.16x 107 Ras = 1.16x 10°

?;r,..
N S A
“D‘_ &

A
~ HES- D .\
\

Hydrogel

Brass

Figure 5: Instantaneous normalized lateral velocity isleeas,v* = 0.2 (red) andv* = —0.2 (blue) att/tp = 20, in a cavity packed with hydrogel (top) and brass
(bottom) beads aRa; = 1.16x 107 (left) and 116 x 108 (right).

all flow and thermal fluctuations and the wall heat transfer ishighly suppressed convection.

steady for all packing materials. In RB convection, on the At the higherRa; = 1.16 x 1(?, flow and heat transfer ex-
other hand, significant( 10% peak-peak) fluctuations in heat hibit oscillatory behaviour, with peak-peak oscillations2%
transfer are being observed. In the packed cavities, thk walin RB convection te- 3% in the brass bead packed cavity. In all
averaged heat transfer increases with increased soliducend cases, however, the wall-averaged heat transfer is atatigt
tivity, but is always lower than for RB convection, due to the steady. Due to the increased role of convection, heat eairsf
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Z/L Z/IL
(@ (b)
Figure 6: Instantaneous scaled velocity magnitudéga) and normalized temperatur®s (b) att/to = 20, averaged oveXY-planes as a function &/L, in RB

convection fed), hydrogel packedoue) and brass packed (black) cavitieRay =1.16x 107 (- - -) and 116 x 108(—). An example of the temperature distribution
on the surface of the solid spheres is depicted in the inset.

50 T T T | T T
i 4«— Brass i
40 Ste(;l'.‘:"—/‘= —
= 30 R _|
20
!.k' ',l 3 PLPeAY A iy s 5 :‘I"'.'" LE = )’
abiadic & K AMNIL Nl R A | Rer = 1100
10 (0
""""""""""""""""""""""""""""" " "Hydrogei
0 . | . | . | . | .
0 10 20 t/tg 30 40

Figure 7: Time evolution of instantaneous, bottom wall-agexd, Nusselt number for cavities packed with brass) (steel blue) and hydrogel ihagentibeads,
as well as for RB convection (black) By = 1.16 x 10 (dashed) and.16 x 10° (solid).

the hydrogel packed cavity is almost equal to that in RB conconductive heat transfer along with the convective heasfe,
vection. For the high conductivity brass and steel packing, results in wall-averaged Nusselt numbers which are 30%ehigh
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than for the RB convection and hydrogel packed cavities. Ra; ~ 10°, heat transfer is reduced by an order of magnitude
compared to RB convection, due to the suppression of flow and
3.5. Analysislong-term time-averaged wall heat transfecm  the absence of significant conductive heat transfer. With in
anisms creasingRa;, convective heat transfer increases and the total
To understand the influence of thermal properties of théeat transfer seems to asymptotically approach that fordkB c
solid packing on heat transfer, we focus on the analysisiéti  Vection € — 1 for Ray — o).
and wall-averaged Nusselt numbers in Bjgn which Nusselt From the above itis clear that conduction heat transfergplay
numbers obtained from the present simulations and from ou@ dominant role in high conductivity packings at low Rayteig
experiments in]4] are compared for cavities packed with dif- numbers, whereas convective heat transfer dominatestatig
ferent materials, as well as fluid only RB convection, at dif-Rayleigh numbers and in low conductivity packings. In ottder
ferentRa. In Fig8, the Nus = 0.118x Rar0'3063 correlation  More precisely quantify the relative contribution of (slaéind
obtained from our experiments for pure fluid RB convection atStagnant fluid) conduction and fluid convection to the totalth
107 < Ray < 10° is extrapolated towardRa; = 10° for com- transfer, we calculate théfective convective enhancement fac-
parison with the packed cavity resultsRéy < 107. For the  OF Econv:
RB convection, and hydrogel and brass packed cavities,éltuss NUr — N
numbers obtained from simulations are in good agreemeht wit Econv = S = e (8)
experimental results at6x 10° < Ra; < 1.16x 108, At very Nugg — 1
low Ra; ~ 1CP, heat transfer in steel and brass packed cavities Where,N is the contribution of solid and (stagnant) fluid
is higher, and in hydrogel and polypropylene (PP) packed cawconduction to the overall heat transfer in packed cavitiés,
ities is lower, than for the RB convection. As will be disceds Wwas obtained from simulations in which gravity was set tmzer
in more detail below, at this low Rayleigh number, convettio thus leaving solid and stagnant fluid conduction as the oedt h
is effectively suppressed due to wall friction in all packings, transfer mechanisms.
eliminating convective heat transfer. The addition of aniig Fig.9 shows that, at lovRa;, the contributiorEcen, of con-
cant amount of solid conduction heat transfer in steel aaddyr  vection to the total heat transfer enhancement is almostfaer
however, causes overall heat transfer in these packings to &l packings materials. This may be understood from the fact
larger than for RB convection. IncreasiRgy to 10’ causes an that convective flow is féectively suppressed due to wall fric-
onset of convection and increasing Nusselt numbers in thie lo tion in the coarse-grained packings. Thus it is concludatigh
conductivity (PP and hydrogel) packings. In the steel ams®r being larger than 1 at low &a; ~ 10° for brass and steel pack-
packings, on the other hand, convection is still suppressed ings is due to the increased thermal conduction, as compared
Ra; ~ 10°. As a result, for steel and brass the Nusselt numbethe situation for a fluid-only filled cavity.
is fully determined by solid conduction and independerRaf At Ra; ~ 10/, the contributionEcon, of convection to the
up toRas ~ 107, heat transfer enhancement is significantly less for stebbeass
Upon a further increase ®a; ~ 10°, convective heat trans- Packings, compared to PP and hydrogel packings, with the lat
fer starts to dominate the overall heat transfer in all pagkj  ter two being almost equal. This indicates that convectve fl
causing Nusselt numbers to be very similar for brass and steé very similar in PP and hydrogel packings, whereas it is al-
packings. AtRa; ~ 10°, the influence of solid conduction can most absent in the high conductivity packings. The latter ca
still be observed, causing Nusselt number in steel and bradt understood from the stabilizingfect that the high conduc-
packings to be higher, and in PP and hydrogel packings to bévity packings has on the (no-flow) stratified temperatuise d
lower than for RB convection. tribution. For brass and steel packings, even tholgh 1 at
To further study the impact of coarse-grained solid packing Ras = 1.16 x 10°, Econy is less than 1, and even lower than

on the overall heat transfer, the heat transfer enhancdamat ~ Econv fOr PP and hydrogel packings. Apparently, even at this
E, defined as: high Rayleigh number, at which convection is the dominant

_ Nuy 7 heat transfer mechanism for all packings, the relative réont
" Nugg bution of convection to the overall heat transfer is stilyistly

is used to compare the overall heat transfer in packed eatii OWer for brass and steel packings, compared to PP and hydro-

that in an RB convection. When the enhancement fadeterl, gel packings.
the coarse-grained solid packings enhances heat tramsfer ¢
pared to RB convection, whereas f6r< 1 the coarse-grained 4, Summary and Conclusion
solid packings reduces heat transfer.
For high thermal conductivity brass and steel packifgs, We performed numerical simulations of fluid natural con-
1 at lowRas ~ 10°. AtincreasedRa;, E decreases, reaching Vvection in bottom-heated, top-cooled cubical cavitieskpdc
a minimum aroundRa; = 1 - 2 x 107, after which it increases With relatively large §/L = 0.2) solid spheres of largely vary-
with increasingNu;. For both materialss appears to approach ing thermal conductivities (solid-to-fluid thermal condivity
an asymptotic value arourtel= 1.2 for largeRa;. ratios between 0.3 and 198), focusing on the pore-scale flow
For the low thermal conductivity packings PP and hydro-and heat transfer, at16 x 10° < Ra; < 1.16 x 1C%. At low
gel, E < 1 for the entire range of studig®a;. At very low  Rayleigh numbers 10°, the packings fectively suppresses
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Figure 8: Simulated and experimental long-term time-and-axadraged Nusselt numbers as a function of Rayleigh number¥6rx 10° < Ras < 1.16 x 10°
in cavities packed with polypropylene (PP), hydrogel, Isteel brass, as well as in RB convection. The solid line reprsstheNu; — Ra;s relation obtained

experimentally for RB convection and the dotted lines cotingghe symbols
materials.
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Figure 9: Heat transfer in a cavity packed with PP, hydragtekl and brass (a) scaled total heat transfer (b) scalegctire heat transfer.

convective heat transfer, irrespective of the packingsensdt
As a result, the overall heat transfer is strongly reducddvn
conductivity packings, as compared to pure Rayleigm#d
convection in a fluid-only filled cavity. For high conductiyi
solid packings, however, the overall heat transfer is asee

compared to RB convection, due to a significant contribution
of conductive heat transfer. At intermediate Rayleigh num-
bers~ 107, low conductivity coarse-grained packings no longer
suppress convection. High conductivity packings, on tieiot
hand, have a strongly stabilizingfect on the (stagnant) strati-
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fied temperature distribution that would be present in eegoz and bottom walls are adiabatic. The origin of the geometry is
gravity, and as a result, convective flow is still highly stggsed. taken at the lowest point of the fluid-solid interface. Weduse
Consequently, at intermediate Rayleigh numbers, thele@ a 100x 100 equidistant mesh spacing, with the solver and nu-
transfer is lower than for RB convection, even in high corduc merical settings as described in sectib® We used a transient
tivity packings. solver, but the flow reached a steady state after an iniaalktr

With an even further increase of Rayleigh numbed 0%, sient of approximately 15 turnover times. Time averagedites
convection starts to be the dominant heat transfer meahdnis were obtained by averaging over a period of 20 turn-overgime
packed cavities, irrespective of the packings materiala8sn-  after the steady state had been reached. Two cases, with the
sequence, convective heat transfer for all packings isedos thermal conductivity ratio of the solid wall to the fluids/ ;=1
that for RB convection, although the contribution of sol@he  andAs/A;=10, are studied for a Grashof numiggr = 10’ and
duction in high conductivity packings causes the overadithe Prandtl numberPr = 0.7. Values of non-dimensional temper-
transfer to be above that for RB convection. These results he ature @*) and non-dimensional heat flux (Q) at the left solid-
us to understand the mechanism of heat transfer in a porodkiid interface are reported in Fi§.11 and FigA.12, respec-
media filled cavity with diferent packing materials. tively, and compared to the results reported?g, 9] . We ob-

The results presented in this paper have been obtained ftain a fair agreement (fferences in temperatures less than 5%
mono-sized, relatively largel{L = 0.2) packings of solid spheresand diferences in heat flux less than 10%) with the results by
For such coarse packings, the overall flow strongly deviatesiriberSek and KuhnZ9], that were obtained with a boundary
from Darcy flow. The influence of sphere size on the trendslement method . We see a very good agreemefiie(dinces in
observed in this paper, e.g. on the Rayleigh number at whictemperatures less than 1% anéfeliences in heat flux less than
the overall heat transfer is no longer influenced by the prese  3%) with the results by KaminskRB] that were obtained with
of the solid packing, yet remains to be further studied, as i steady-state control volume based finit@edence method.
the transition from non-Darcy to Darcy behavior at shrigkin
sphere sizes. The influence of a multi-sized distributiothef
sphere sizes of the packing was also beyond the scope of the
present paper, but is a very interesting topic for furthedgt A
lower porosity, resulting from the presence of spheres of-va
ing size, close to the vertical walls might lead to a lowerthea Th
transfer, especially at low and intermediate Rayleigh nersb T\
at which the convective flow is concentrated along the valrtic
walls.
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