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Abstract— A model of three-dimensional natural convection in a confined porous medium with internal heat
generation was developed. The governing equations were reduced to one parabolic and one elliptic differential
equation. Experiments were performed on cooling model material, representing agricultural products, at
different rates of heat generation (0-235 Wm ™3} in a closed container {0.76 m x 0.76 m x 0.50 m) with
isothermal walls. Compared with conduction only, natural convection accelerated cooling, gave a lower
average temperature and moved the location of the maximum temperature from the centre of the container
upwards. Measured and calculated cooling curves could be brought into good agreement by introduction ofa
wall heat transfer coefficient in the model equations.

NOMENCLATURE

Cp heat capacity at constant pressure
kg™ 'K™'];

ds acceleration of gravity [ms~?];

o, vorticity vector [s~'];

P, pressure [Pa];

Q. rate of heat generation [Wm™3];

Ry, Ry, R;, container dimensions [m];

L, time [s];

T, temperature [°C];

To» outside temperature [°C];

7., initial temperature [°C];

v, velocity [ms™17;

vV, velocity potential [m3s™'7;

X, ¥, Z, distance coordinates [m].

Greek symbols

o, heat transfer coefficient [Wm 2K ~17;

B, thermal expansion coefficient K ~17:

A dimensionless temperature, (T — T,)/
(L-T);

bo, dimensionless temperature, (T — T;)A/
OR3;

K, permeability [m?];

A, bulk thermal conductivity
[Wm™'K™'];

o, density [kgm ~3];

s dynamic viscosity [kgm !5~ 1];

v, vector potential [m2s~1].

* Present address: AVEBE Research, K1, Nieboerweg 12,
9607 PN Foxhol, The Netherlands.

+ Present address : Unilever Research Laboratories, Olivier
van Noortlaan 120, 3133 AT Vlaardingen, The Netherlands.

Subscripts
a, air;
m, medium ;
T, reference value;
swW, side wall.
Superscript
., average value,
INTRODUCTION

NATURAL convection in porous media with internal
heat generation is of interest in such situations as post
accident heat removal in nuclear power reactors and
the geophysical problems arising during the storage of
nuclear waste in the earth [1, 2]. We are interested in
quite another field where this kind of natural
convection occurs, namely during the storage of
agricultural products. Agricultural products are stored
to be available over longer periods. During storage,
agricultural products generate heat as a result of
metabolism of the products. Storage at about 0°C
normally gives the longest optimal storage time. Thus,
when harvested products go into store it is usually
necessary to cool them down to about 0°C.

When cooling air is blown around a container with
products, whereas the container wall is impervious to
air flow, heat is transported by conduction in the
container to the wall (conductive cooling). As a
consequence of the resulting temperature differences in
the container, natural convection occurs. The air flow
in the container is directed downwards at the wall and
upwards in the central part of the container. When
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cooling air is blown through a container with products
or bulk stored products (convective cooling), natural
convection occurs too. We have discussed this
elsewhere [3].

In the calculation of cooling rates and temperature
distributions in closed containers [ 4, 5] for the purpose
of the design of cold storage facilities. the influence of
natural convection is always neglected. However,
natural convection will occur. Therefore this study
aims to investigate the influence of natural convection
on cooling rates and temperature distributions during
the storage of agricultural products in closed
containers.

As with convective cooling [3], the products in the
container are considered to behave as a porous
medium. Several studies on natural convection in
porous media with internal heat generation have been
performed. The literature deals with the onset of
natural convection [1,6,7], the acceleration of heat
transfer [8,9] and the stability of different kinds of fluid
flow [7, 107. However all authors describe horizontally
infinite layers, whereas we are interested in natural
convection in a confined porous medium. A confined
porous medium has been discussed in the description of
natural convection caused by a temperature difference
between top and bottom [11-14].

We have analysed natural convection in a
rectangular porous medium with internal heat
generation theoretically, starting from the work of
Holst and Aziz[11] and Tveitereid [ 7]. The validity of
the model developed is tested by comparing measured
and calculated temperatures during the cooling ol a
model material.

MODEL EQUATIONS

In the derivation of the model equations the general
equations for continuity, momentum and energy are
simplified by neglectinginertia forces in the momentum
equation and viscous heating by fluid flow in the energy
equation. The Boussinesq approximation is applied.
The Darcy term is used to represent the viscous term in
the momentum equation. Heat generation is assumed
to be uniformly distributed in the porous medium. The
energy equation is derived for a one-phase model.

With these assumptions the governing equations are

Continuity equation.
Vv =0 H
Equation of motion.
cv o )
Pes = —VP+p,[1 =T —T)g—(u/rxv. (2)
0
Energy equation.

)

T ~ 2
(PCp)m e +(pc,)v VT = 2V T+ Q. (
é

(98]

Aziz and Hellums [15] showed that in a fluid-filled
parallelepiped the elimination of pressure in the
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equation of motion leads to a set of equations which are
solved more easily than the original set of equations.
Holst and Aziz [ 16] showed that this elimination muy
also be applied for a porous medium. Pressure is
eliminated by the vector potential-vorticity method
Vector potential () and vorticity {O} ure defined by

v=V X i, ey
O=Vxyv i

The vector potential may be looked upon as the 3-dini.
extension of the 2-dim. stream function. Hirasaki and
Hellums [16] showed that. when v is solenotdal
(Vv = 0), ¢ exists and is solenoidal. The equation of
continuity shows that v is solenoidal and therefore y is
solenoidal. This property of the vector potential
combined with the definition of the vorticity leads te

Vi, )

Analysis of equations (2) and (3) showed that vetocity
attained the steady state much faster than temperature.
Therefore, being interested in the temperature course.
the time derivative of vmay be neglected inequation (2,
This yields

O=Vxv=Vx(Vxy)=

Ly . -
Ve VP —p 1 BT - T)lg;. {74
Because V x VP = 0, the vorticity 13

0="Vxpll—fT-T)g~ - Vxinilg.
L i

i8)
Combination ol equations (6} and (8) with g =
(0,0, —¢g) yields

5 Ko -

Vi = — - publ. {91
wv

o Ko N

Vi, - pyBT. (10
: Hex

Vi = 0.

The boundary conditions of this set of equations are
given by the system : a rectangular parallelepiped with
the walls which are impervious to fluid How (Fig. 1)

2R

- |

Fic;. 1. The rectangular parallelepiped.
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Because of the symmetry in the parallelepiped the
governing equations need only to be solved in a quarter
of the parallelepiped. The quarter of interest is
indicated in Fig. 1. The centre of the coordinate system
is located in the centre of the parallelepiped. The
bottom, right side, back and top are rigid and therefore
the fluid velocity is zero at these walls. At the left side
and front, fluid flow is possible.

Hirasaki and Hellums [16] derived the boundary
conditions of the vector potential on the walls without
fluid flow,

N
szb a‘zxﬁy:lﬁz:o, (12}
0
y=R23 l)bx= (;/;y =l/Iz=0a (13)
g
= —RyRy Yomdy =m0 (4

Equation {11) with boundary condition (14) gives
¥, =0 (15)

The boundary conditions of . and i, are completed
with the symmetry conditions

Oy
x =0, a—=0, ¥, =0, (16)
0
y=0, yo=0, Pr_y (17
ay
The initial condition of ¥ is
(=0, Y=y, =0, (18)

Of course, initial and boundary conditions for the
temperature are required too. We assumed symmetry
around the x, z-plane and y, z-plane and described heat
transfer at the walls with a constant overall heat
transfer coefficient. In the overall heat transfer
coefficient both the influence of inside and outside wall
heat transfer coefficient and of heat conduction through
the wall are summarized. The initial temperature
distribution is assumed to be uniform. This yelds

t=0VY(x,y2), T=T, (19)
oT
t>0Y(nz), x=0, — =0, (20)
ax
oT
Yz, x=R, —A=o (T=Ty) ()
Ox
oT
Vix,z), y=0 —=0, (22)
dy
oT
Vix,z)y y=R,, —)«5}]- =0 {T—T) (23)
oT
V(x,y), z=Rjy, —/15-2* =o(T—Ty), (29
oT
V{x,y), z= —Rjs, ).—5; =a(T—Ty). (25}
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By solving the coupled differential equations (3),(9) and
(10) with appropriate boundary conditions, the
temperature and velocity at different times and different
locations in the container may be calculated. However
this set of equations contains two elliptic differential
equations of which the numerical solution is very
computer-time consuming. Tveitereid [7,17] intro-
duced the velocity potential (¥), which reduced the two
elliptic differential equations to one. He defined the
velocity potential only in terms of velocity

v 9
U = oxar
v
=7 7
Y= Gver @7
2V v
S LA | 2
0, (axz ; W) %)

There exist, of course, relations between velocity
potential and vector potential

av
l[lx = E’ (29)
oV
Yy = — P (30)

With these relations equations (9) and (10) may be
reduced to
ViV =

(T-T).

_ pgBx 31
U

The boundary conditions of V are derived from those

of ¥

t=0, YVix,y,2, V=0, (32)

ov
t>0, Y(y,2, x=0,R;, — =0, (33)

Jx

oV

V s L)y :OsRy """‘:()y
(2 y=0R o (4
Yi{x,y), z=—R3R,;, V=0 (35)

The equations (3} and (31) are both solved with an
Alternative Direction Implicit Procedure [18]. Further
details are given elsewhere [19].

To calculate the driving force of natural convection
in the container the reference air density (p,) should be
calculated from the average temperature in the
container (T;). We used

35315 y
b= B3+ T) (36)

EXPERIMENTAL

The geometrical and climatological conditions in
our experiments are based on those occurring during
the storage of agricultural products. We used a brass
container (.76 m x 0.76 m x 0.50 m) with isothermal
walls, filled with a model material. The wall
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P}/C wall

Resistance 12 3 <{};

~Methyl cellulose
solution

F16. 2. Construction of the model material, developed at the
Sprenger Institute, Wageningen.

temperature was kept constant by pumping methanol
from a thermostatic bath through pipes which had
good thermal contact with the six walls of the container.
The model material (Fig. 2), which was developed at the
Sprenger Institute, Wageningen, has a heat capacity
and dimensions which are about the same as those of
real agricultural products. Heat generation occurred by
applying a voltage to the resistor in the centre of the
model material. The temperature at different locations
in the container was measured with thermistors, using
an automatic measuring system. With this system 75
different temperatures could be measured. Further
details are given elsewhere [19]. The top of the
container could be removed to fill the container. Five
holes, which were closed during the experiments, were
made in the bottom to enable air to be blown through
the container for cooling or heating by forced
convection.

The experimental procedure started with heating the
model material up to about 30°C by forced convection.
After closing the container, wall cooling and a selected
rate of heat generation by the model material were
started. At the start of an experiment, temperatures at
different locations in the container did not differ by
more than 1.0°C. At the start temperatures were
measured every 30 min. The period between two
measurements was gradually increased up to about 6 h
at theend of an experiment. An experiment was stopped
after about 180 h when the steady state was attained. By
these measurements information was obtained on
temperature development during transient cooling and
on steady state temperature distribution at different
rates of heat generation.

RESULTS AND DISCUSSION

The measured temperature course at different
positions along the central axis of thecontainer atarate
of heat generation of 60 Wm ™ ? is shown in Fig. 3. The
wall temperature in this experiment was 19.2°C. The
temperature course at 0.150 and 0.195 m is most
remarkable. About 10 h after the start of the
experiment, a decreasing rate of cooling which
afterwards changed to heating was observed. This is
caused by the influence of heat transport by natural
convection. Just after the start of an experiment,
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F1G. 3. Measured changes in temperature with time along the
central axis with ¢ = 60 Wm ™3 and T, = 19.2°C.

temperature differences in the container are only small
and therefore the velocity of natural convection is small
too. The cooling rate of the container at that very
moment is determined by heat conduction, giving fast
cooling near the wall and heating in other parts of the
container. After cooling for about 10 h, temperature
differences in the container become larger. As a result
the velocity of natural convection increases and
convective heat transport in the container becomes
moreimportant. The air flowsdownwardsnear the cold
walls and upwards in the central part of the container.
The rising air causes heat transport from the lower to
the upper part of the container. This explains the
remarkable temperature courseat0.150and 0.195m. In
all experiments a slower decrease or faster increase of
temperature with time after cooling about 10 h is
observed at z = 0.150 m (Fig. 4), even without heat
generation. It appears from Fig. 4 that it depends upon
the rate of heat generation whether cooling or heating
occeurs at z = 0.150 m at beginning of an experiment.
Figure 5 gives the steady state temperature
distribution along the central axis at different rates of
heat generation. In this figure the temperature is given
as the dimensionless temperature 0,
0, = L2k
OR3
When using 0, the temperature profiles for conductive
cooling only, with isothermal walls, are equivalent at
different rates of heat generation. This theoretical
temperature profile of conductive cooling only is also
indicated in Fig. 5. The figure shows also, that at one
height the dimensionless steady-state temperature
decreases with increasing rate of heat generation. With
increasing rate of heat generation the actual maximum
temperature differences in the container increase. The
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FiG. 4. Measured changes in temperature with time at x = 0,
y = 0 and z = 0.150 m with different rates of heat generation.

resulting higher velocity of natural convection causes
moreeffective heat transport and thus more heatloss to
environment. One can imagine that this results in a
value of 6, that will be smaller when the rate of heat
generation increases.

Under conditions where conduction is the only
mechanism of heat transport the maximum tempera-
ture is located in the centre of the container. Figure 5
shows a rise in position of the maximum temperature at
increasing rate of heat generation. As the air flows
upwards in the central part of the container, the rise in

.3 o4

X3
(T-Te) A
bor

FiG. 5. Measured steady state profile of dimensionless
temperature along the central axis with different rates of heat
generation. ——— Pure conduction, 4 = 025 Wm 'K "%,
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Fic. 6. Calculated distribution of steady-state temperature
along the central axis for different heat transfer coefficients at
the walls. (1) o, =5 Wm™2K™!, o,=9 Wm™2K™' and
%y =65 Wm K™ (2 op=7 Wm K™, ¢=10
Wm2K™! and o, =20 Wm 2K"' (3) o,=1000
WmK™, ¢ =1000 Wm™2K"! and a, = 1000
Wm 2K ™% x Measured temperatures. ——— Profile for
conduction only and values of set (2).

position is caused by the higher velocity of natural
convection at increasing rate of heat generation.
Figure 5 further reveals a resistance to heat transfer
near the isothermal wall. This resistance may be
modelled with a wall heat transfer coefficient, well
known from the theories of catalytic fixed bed reactors
[20,21]. It is possible to estimate the value of this wall
heat transfer coefficient from an extrapolation of the
measured temperature profile to the wall. In our
experiments this method is rather inaccurate because
only a few temperatures are measured near the wall.
The wall heat transfer coefficient may also be estimated
by comparing measured temperature profiles with
temperature profiles calculated with the model
equations (3) and (31). Figures 6 and 7 show the

K

T-T,,

FiG. 7. Calculated distribution of steady-state temperature in

the x direction {y = 0 and z = 0) for different heat transfer

coefficients at the wall. Legend : see Fig. 6. @ = Measured in
positive and negative x and y direction.
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measured and calculated steady state temperature
profile in the z- and y-direction, respectively, at O = 60
Wm™? and different heat transfer coefficients at the
wall. The value of the physical properties used in the
calculations are given in Table 1. The figures show that
temperature profiles of correct shape are obtained by
using the following set of wall heat transfer coefficients
at bottom (a), top (o) and side walls (a,,): &, = 7.
7 =10 and o, =20 Wm ?K !. The calculated
temperature profile for conductive cooling only with
the heat transfer coefficients given aboveis also given in
Figs. 6 and 7. The influence of natural convection is
obvious.

In our calculations symmetry around the x,z- and
v, z-planes was assumed. In order to check the assumed
symmetry, the temperature was measured at different
symmetrical positions. Figure 7 gives the measured
temperatures in positive and negative x- and y-
directions at a distance of 0.20 and 0.33 m from the
central axis. The small scatter in temperature proves
that the assumed symmetry in the container is
reasonable. Temperature measurements at other
symmetrical positions gave comparable results.

Apart from predicting the steady-state temperature
distribution, the model equations are also derived to
calculate the temperature course during the cooling
period. Figure 8 shows that the course of the measured
temperatures is predicted very well by the model
calculations. Measured and calculated values of § never
differ more than49%;. For the sake of clearness only some
of the measured temperatures are shown in Fig. 8.

The calculated change of average temperature with
time at cooling with and without natural convection is
shown in Fig. 9. Both curves are calculated with the
model equations, the data of Table ! and the wall heat
transfer coefficients given above. In case of cooling
without natural convection, only the energy balance
withv = Ohad to besolved. Figure 9 shows that after an
initial period of about 10 h where the influence of
natural convection is still negligible, cooling with
natural convection proceeds faster. With natural
convection the calculated average temperature in the
steady stateis 119 lower than when natural convection
is neglected. The influence of natural convection
increases when the rate of heat generation is higher.

In order to compare the results on model material

Table 1. Data used in the calculations

Rate of heat generation (Q) 60 Wm'™ *

R, 0.38 m

R, 0.38 m

R, 025m

Initial temperature (7)) 28.75°C

Outside temperature (Tp) 19.2°C
Permeability (k) 1.45 x 107°m?
Bulk thermal conductivity (4) 025 Wm 'K"!
Heat capacity air [(pc,),] 1230 Jm 3K !

230 x 10° Jm K !

Heat capacity medium [(pc,)..]
1.77 x 107 kgm ™ 's !

Dynamic viscosity (u)
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FiG. 8. Measured and calculated(—-----} temperature changes

with time at different locations along the central axis. @ = 60

Wm 2K 2y =7 Wm 2K !, 4 = 10 WmT2K 7! and
Ay = 20 Wm K L

with cooling of real products, some experiments were
performed while the container was filled with potatoes
or Brussels sprouts. With these products also, a rise of
the location of the maximum temperature from the
centre of the container was observed. A difference
between real products and our model material is the
occurrence of moisture loss in the case of real products.
This causes moisture condensation in the container.
Theinfluence of moisture loss has to be incorporated in
the model equations. However the solution of the
resulting set of equations will require much more
computer time than the solution of the actual model.
Therefore we have not yet performed these
calculations.

In this study we have shown that the model of 3-dim.
natural convection in a confined porous medium with
internal heat generation is able to predict the

FiG. 9. Calculated changes in average conlainer temperaturc
with time, 0 = 60 Wm™ 3. — —— Without natural convec-
tion, — -~ With natural convection.
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temperature course in a rectangular container with
heat generating model material. At the walls of the
container a resistance to heat transport occurs which is
modelled with an overall heat transfer coefficient.
When natural convection occurs, the average and the
maximum temperature in the steady state are lower
than without natural convection. Because the storage
of agricultural products at alower temperature allows a
longer storage period, natural convection is favourable.
The results of this study obviously show that
conductive cooling models are not sufficient to describe
the temperature history of agricultural products which
are stored in a container. The influence of natural
convection may not be neglected in design of cold
storage facilities.
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CONVECTION NATURELLE TRIDIMENSIONNELLE DANS UN MILIEU POREUX
CONFINE AVEC GENERATION INTERNE DE CHALEUR

Résumé—On développe un modéle de convection naturelle tridimensionnelle dans un milieu poreux confiné,
avec génération interne de chaleur. Les équations de base sont réduites a une équation différentielle
parabolique et une elliptique. Des expériences sont faites sur un matériau d’épreuve, rérésentant des produits
agricoles, a différents niveaux de génération de chaleur (0~235 W m ™ %) dans un réservoir clos (0,76 m x 0,76 m
x 0,50 m) avec des parois isothermes. Comparée a la conduction seule, la convection naturelle de
refroidissement accéléré donne une température moyenne plus basse et déplace le point de température
maximale du centre vers le haut du conteneur. Des courbes de refroidissement mesurées et calculées peuvent
étre amenées 4 un bon accord en introduisant un coefficient de transfert thermique en paroi dans les équations
du modele.

DREIDIMENSIONALE FREIE KONVEKTION IN EINEM EINGESCHLOSSENEN
POROSEN MEDIUM MIT INNEREN WARMEQUELLEN

Zusammenfassung —Es wurde ein Modell fiir die Berechnung der dreidimensionalen freien Konvektion in
einem eingeschlossenen porésen Medium mit inneren Wirmequellen entwickelt. Die Systemgleichungen
wurden aufeine parabolische und eine elliptische Differentialgleichung reduziert. Es wurden Experimente zur
Kihlung von Modell-Material, das landwirtschaftliche Produkte darstellen soll, bei unterschiedlichen
Intensititen der inneren Warmeerzeugung (0-250 W m ™ %) in einem geschlossenen Behilter (0,76 m x 0,76 m
% 0,50 m) mit isothermen Winden durchgefiihrt. Verglichen mit reiner Wirmeleitung ergab die durch freie
Konvektion beschleunigte Kiihlung eine niedrigere mittlere Temperatur und verschob die Lage des
Temperaturmaximums vom Mittelpunkt des Behilters nach oben. Gemessene und berechnete

Abviihlungskurven konnten in gute

Ubereinstimmung  gebracht

werden, indem man einen

Wirmeiibergangskoeffizienten zur Behilterwand in das Rechenmodell einfiihrte.
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TPEXMEPHASl ECTECTBEHHASI KOHBEKLIMSI B 3AMKHYTOM MOPUCTON CPEJIE C
BHYTPEHHHM HMCTOYHMKOM TEILJIA

Annoraumst — PazpaboTrana Mozenb TPeXMEPHOH €CTECTBEHHOM KOHBEKIHWM B 3aMKHYTOH [OPHCTOMH
cpelie ¢ BHYTPEHHMM HCTOYHHKOM Temna. Onpenensioliye ypaBHEHHs CBEJCHbI K 0JHOMY mapabosu-
4ECKOMY H OJHOMY JUTUNITHYECKOMY JH(epeHIIHaIbHBIM YPABHEHUAM. DKCHEPHMEHTBI POBOIHIIHCH
¢ ofpa3uamMH TEIUIOBLIACIAIOIIMX MAaTEPUANoB, NpPEeICTAaBNfIOLIMX coboit cenbckoxo3sicTreHHbIE
NPOAYKThl, IMOMEIIEHHBIX B 3aMKHYTBIH KoHTeHHep pasmepom 0,76 M x0.76 M x0,50 M ¢
H30TEPMHYECKHMH cTeHkaMH. CKOPOCTh BBIACJIGHHS Tella M3MEHsJlack B AManasoHe ot 0 1o
235 Bt/m>. Tlo cpaBHeHuIo ¢ nepeayeil Tem1d TOJLKO TEIIONPOBOIHOCTHIO ECTECTBEHHAS KOHBEKUMS
cnocobeTByeT Gonee ObICTPOMY OXJIAXAEHHIO, MPHBOAMT K OoJiee HH3KOMY 3HAUEHMIO cpejHedt
TEMIEPATYPHl M BBI3bIBAECT CMELICHHE [OJOXKECHHS MAKCHMyMa TEMIIEPATypbl BBEPX OT ULCHTPA
KOHTEHHepa. 3a c4eT BBeJACHHA B MOJCTbHBIC YPaBHEHH KO3pOhHUMEHTA TEMIOOTAAYM OT CTEHKH
MOXHO MOTYYHTD XOpOILIee COBIaJeHHE MEXAY H3MEPEHHBIMU H PACCYHTAHHBIMH KPHBBIMH OX 14X ICHHS .



