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Abstract

Transient heat transfer in an originally isothermal cylinder filled with a porous medium after sudden change of wall temperature is
studied experimentally and computationally. Lab-scale experiments with water as the interstitial fluid are used in order to imitate the
conditions prevailing in large, air-filled industrial silos. The proposed model assumes isotropy of the porous medium, local thermal equi-
librium between the phases, Darcy flow and applicability of the Boussinesq approximation. Its predictions are in satisfactory agreement
with the experimental results. Simulations reveal the role of dimensionless parameters like the modified porous media Rayleigh number
and the cylinder aspect ratio. A criterion for neglecting the influence of natural convection on heat transfer is established.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

In the production and handling of granular materials like
cereals, sugar, salts, polymers, etc., storage is one of the fun-
damental stages that may seriously affect product quality.
Variation of product quality by moisture migration, accu-
mulation of condensed volatile compounds (‘“‘silo rain”),
caking and even alteration of chemical and microbial stabil-
ity of the product may occur due to heat and mass transfer
taking place when initially warm and slightly moist materi-
als are stored in cold silos or when ambient conditions
change [1,2]. Because of these problems, it is important to
understand the transport phenomena involved and to inves-
tigate the influence of relevant parameters.

As a first step towards a complete treatment of simulta-
neous heat, mass and momentum transfer, the underlying
fundamental problem of transient heat transfer and natural
convection will be considered here. Respective simplifica-
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tions are usual in literature [3]. However, the large majority
of previous studies on heat transfer in porous media are
related to steady state heat transfer in horizontal, vertical
or other cavities (or to the analogous mass transfer prob-
lem) with applications to e.g. insulation, aquifers and
nuclear reactors (see [4,5] among many others).

The study of transient heat transfer in stored porous
media has been addressed mainly in agricultural engineering
due to the importance of such phenomena for grain preser-
vation. Mathematical models for the prediction of tempera-
ture of silos have been previously developed for one-, two-
and three-dimensional cylindrical configurations [3,6].
These works are highly focused on determining temperature
distributions for different boundary conditions (i.e. wall
materials, solar radiation, wind, etc.). Some of them have
assumed negligible effect of natural convection within the
medium based on empirical observations (see among others
[7]). A first criterion to neglect natural convection is found in
[8], where, by an approximate analysis of a mathematical
model, grain size and silo aspect ratio are recognized as the
main parameters affecting the heat transfer process in stored
porous media. In general, transient heat transfer in confined
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Nomenclature

A area (m?)

c specific heat capacity (J/kg K)

cp specific heat capacity of gas at constant pressure
(J/kg K)

d mean particle diameter (m)

g gravity acceleration (m/s?)

h heat transfer coefficient (W/m? K)

H cylinder height (m)

Joa zeroth- and first-order Bessel function of the
first kind

K permeability (m?)

ky, effective bed thermal conductivity (W/m K)

0 heat flow rate (J/s)

r radial coordinate (m)

R cylinder radius (m)

Ray, porous media modified Rayleigh number, Eq.
(22)

t time (s)

T temperature (°C)

Uy reference flow velocity (m/s)

v superficial velocity (m/s)

axial coordinate (m)

Greek symbols
oty effective bed thermal diffusivity (m?/s)
o modified bed thermal diffusivity, Eq. (7) (m%/s)

p coefficient of thermal expansion (K1)
AT temperature difference (K)
0 dimensionless temperature
A eigenvalues

u viscosity (kg/m s)

p density (kg/m?)

Oy heat capacity ratio, Eq. (6)
T dimensionless time

b stream function

V] porosity

Indices

avg averaged

b bed

f fluid

r radial

rel relative

s solid

A\ wall

z axial

0 initial, reference

A dimensionless

- time-averaged

porous media has not yet been intensively studied in litera-
ture, although its importance is recognized.

The present work focuses on transient heat transfer in
stored porous media in a cylinder cooled at the exterior
wall, considering natural convection within the medium.
A homogeneous model is derived assuming local thermal
equilibrium between the phases and validity of the Darcy
law. Analysis of model reveals the parameters influencing
the transient heat transfer process. Experiments are per-
formed in packed and water-filled small cylinders, which
are a lab-scale analogue for large, air-filled industrial silos.
These experiments illustrate the transient behavior of tem-
perature and flow in dependence of relevant model param-
eters and allow for validation of the model. Additionally, a
simulation-based study provides parametric diagrams for
the behavior of the system. With the help of this study, a
criterion for neglecting natural convection in industrial
applications is established.

2. Mathematical model

2.1. System considered

The system under analysis is a cylindrical silo with
radius R and height A that is completely filled with a por-

ous medium (Fig. 1). Axial symmetry is assumed and the
silo is considered as thermally insulated at top and bottom.
The porous medium has initially uniform temperature of
To. A transient cooling process takes place because the wall
temperature is assumed to have a constant and lower value
of Tw. Under these conditions heat transfer may be accom-
panied by convection due to buoyant forces. The aim is to
determine the influence of natural convection on the cool-
ing process.

insulated

l<— r —|
~ -
I U:T—>
| v, cold wall,
g " T=T,<T,
H i/ | 7=1,
k ;ito computational
| & et domain
v z
/ L
insulated

Fig. 1. Scheme of cylindrical silo and computational domain.
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2.2. Basic equations

A model for transient heat transfer in a fluid-saturated
porous medium is proposed following [9-11]. We assume
an isotropic porous medium, thermal equilibrium between
the phases (quasi-homogeneous system with single phase
flow), negligible heat generation due to the flow and valid-
ity of Darcy’s law. Considering the physical properties of
the solid, of the fluid (viscosity u, specific heat capacity at
constant pressure cp, coefficient of thermal expansion f)
and of the porous medium (permeability K, effective ther-
mal conductivity ky), the equations expressing the conser-
vation of mass, momentum and energy are

120 0
5, (o) + 4 () =0, (1)
avr _ avz _ _Kgpoﬁ a_T (2)
oz or u or’

or or, or_ Mdory &7 5
e T T e oz2 |’
with the following boundary conditions at horizontal walls
z=0: 0v,=0, v, free, aa—f =0, (4a)

orT

—H: v-= free, — = 4

z v, =0, v, free, % 0, (4b)

the boundary conditions at the axis and at the vertical wall

r=0: wv.=0, v, free, %—Z = 0 (symmetry), (4c)
r=R: 0v.=0, v free, T = Ty, (4d)
and the initial conditions

t=0: v,=0,0v.=0, T=T,. (5)

Here, v, and v, are the superficial velocities in the radial (r)
and axial (z) directions, respectively. Eq. (2) is a combined
flow expression obtained by cross differentiation of Darcy’s
law in r and z directions that helps to avoid pressure calcu-
lations [11]. The bed heat capacity ratio oy, is described by
the relationship

oy = (L= W)pe)s +¥per)r _ (pe)y (6)
(pcp); (pep)

Subscripts s, f and b are referred to solid, fluid and bed.
The quantity «” is the product of the porous medium ther-
mal diffusivity o, and the bed heat capacity ratio oy,
according to

. ko ky

o = =

(pe)y,
(per)g @

= UpOp-
(pe)y (pep);
As Eq. (2) indicates, the Boussinesq approximation
p = po[l = B(T = Ty)] (8)

has been used, where p is the density of fluid at temperature
T and py is the density of the fluid at a reference tempera-
ture equal to the initial temperature 7,,. The permeability is

related to particle diameter d using the Carman-Kozeny
equation [12]

d2lp3
T 15001 — )
where i is the bed porosity.

©)

2.3. Dimensionless problem

For a dimensionless formulation of the problem the fol-
lowing scales are used:

r _T—TW

zZ
=l a2 gL W 10,11,12
""R TH To— Ty’ (10,11, 12)
v H v o't
LI S AL 13,14, 15
"TU00 "TRUS T AR ( )

Here, U is the maximal velocity of the fluid attainable for
a specific porous medium and temperature difference [13],
which can be written as

K
UO:%W(TWTW). (16)
The transformed model equations are
10 . 0.
;&(rvr)‘ké(vz) —0, (17)
R\’00, 0i.
H) 0z 0oF or

%+R 5 ’ A@+A% —13 A% + 5 2@
or e\ ) e T e Trar \Uor H) %’
(19)

with the boundary conditions at horizontal walls

o0
z=0,z=1: —=0, 0.=0, v, free, (20a)
0z
the boundary conditions at the axis and at the vertical wall
a0
7=0: P 0, o, =0, , free, (20b)
F=1: 0=0, 0, =0, 0. free, (20c¢)

and the initial conditions
t=0: 06=1,9.=0, 0,=0. (21)

In these equations two dimensionless groups appear, the
square of the cylinder aspect ratio (R/H)?, and the porous
medium modified Rayleigh number defined by

Ray = 8P (77, (22)

uo

Note that for the case of Ray, = 0, that is neglecting convec-
tion, Eq. (19), reduces to two-dimensional transient con-
duction in a cylinder. For R <« H the limiting case of
transient conduction in an infinite cylinder is obtained.
Eq. (18) represents the potential of fluid movement when
a temperature difference is present. Dimensionless veloci-
ties have not necessarily a physical meaning. Real velocities
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are obtained after multiplying the dimensionless velocities
with Uy, Eq. (16), which is a direct function of Ra, and
can be expressed in the form

_ Kepop o

U() 0 (T()—Tw):Rabﬁ (23)

2.4. Potential flow formulation

Before solving the system of Egs. (17)—(21), it is conve-
nient to introduce a stream function y, defined by
. Loy . 10y
=i ET e (242.0)
[8,14]. It is easy to see that Egs. (24a,b) automatically sat-
isfy the continuity equation (Eq. (17)). Consequently, the
system is reduced to only two partial differential equations
for potential flow

R\’ oy 10y o0
<E) @ TR e (25)

and for energy

2 " "
0o (EY L2212

ot H) |rozor 7 oroz
10 (.20 R\ %0
5 (r5) (1) & 26)
The respective boundary and initial conditions are
o0 o0
z2=0: y=0,—==0; z=1: yx=0, —=0; (27a)
0z 0z
. 00 .
F=0: X:O,§:O(symmetry); F=1:
P
71=0, 0=0; (27b)
1=0: y=0,60=1. (28)

The system of Egs. (25)—(28) can be solved for 0 and y
using an appropriate numerical method.

3. Numerical solution

A finite differences method with central differencing
scheme is used for the numerical solution of the problem,
including a line-by-line tridiagonal matrix algorithm
(TDMA) method for solving the set of algebraic equations
obtained after discretizing the potential flow equation, and
a Jacobi method for solving the set of algebraic equations
after discretizing the energy equation [15,16].

To ensure accuracy and numerical stability, proper spa-
tial and temporal grids must be used. The order of error
with the used discretization is O(Ar)?, O(Az)* in space
and O(A7) in time. Grid independence was checked using
grids of different sizes. On this basis, a grid of 80 x 80 lines
was chosen for the present study. The number of time iter-
ations was over 60,000 depending on the values of the
parameters.

For additional algorithm verification the already men-
tioned limiting case of pure conduction in an infinite cylin-
der (Ra,=0, (R/H*< 1) has been considered. The
respective analytical solution is

>~ Jo(#A)
n—1 ln']l (/ln)

0(7,7) =2 exp (4.7 (29a)
[17], where the characteristic values 4, are the roots of the
equation

Jo(2n) =0 (29b)

and J, and J; are the zeroth- and first-order Bessel func-
tions of the first kind, respectively. Analytically and numer-
ically calculated temperature profiles were found to agree
within 0.2%.

4. Experimental

Measurements referring to the combined heat transfer
and flow problem are not possible in industrial silos for
obvious reasons of availability and cost. However, experi-
ments with small packed cylinders are well known from lit-
erature [18-20] with the goal of determining the effective
thermal conductivity of packed beds. Such an experimental
setup is schematically depicted in Fig. 2. It is a jacketed
copper cylinder with an internal radius of R=19.5 mm
and total height of 265 mm, insulated at top and bottom.
In the present work, the cylinder is filled with a bed of glass
spheres. It can be heated up and cooled down by water
loops through the jacket. Because of high water throughput
and the choice of materials, the boundary conditions
imposed in this way are very close to a boundary condition
of the first kind. This is checked by measuring the temper-
ature at the inlet and outlet of jacket water. The thermal
response of the system is captured by recording the temper-
ature in the center of the bed with the help of a thermocou-
ple. The packed height (corresponding to H in Section 2)
can be modified by placing additional insulation to the lids
of the cylinder.

insulation TW
water inlet
cooler
A glass
data L. --@——— spheres
recorder .
Jacket ......... @.,
4|
water outlet 7;)
insulation lheater |

Fig. 2. Experimental setup.
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In the experiments, bed temperature was set to the value
of T = T, with the help of the water loop (Fig. 2). Then, the
water loop (and consequently also wall temperature) was
suddenly switched to a lower temperature 7= Ty. This
starts the cooling process, which is observed until the
attainment of thermal equilibrium. In the previous litera-
ture, aiming at the determination of quiescent bed thermal
conductivity, air was used as the interstitial fluid and the
realized temperature difference (AT = T, — Tw) was small
[19,20]. Comparable conditions are listed in the upper part
of Table 1. They lead to very small Rayleigh numbers,
which correspond to conduction without any significant
impact of natural convection.

However, by replacing the interstitial air with water and
by increasing the temperature difference, the prevailing
conditions change completely; large Rayleigh numbers, as
in the lower part of Table 1, are obtained. Such Ra,-num-
bers are in the same range as for air-filled industrial-scale
silos. Consequently, laboratory measurements in small
water-filled packed cylinders can be used for comfortably
imitating combined natural convection and heat transfer
in industrial silos filled with air or nitrogen, and for validat-
ing the model of Section 2.3.

In the course of the present work, apart from the inter-
stitial fluid and the temperature difference, the average
diameter of the nearly monodispersed and spherical glass
particles and the packed height H (that means the aspect
ratio R/H) have also been varied. The ranges of realized
experimental parameters are summarized in Table 1, along
with the resulting values of Ray, and Ray(R/H)>.

With air as the interstitial fluid at laboratory scale, the
same cooling curves (7(r = 0, z = H/2) as function of time)
are obtained within experimental accuracy, irrespectively
of the precise value of the Rayleigh number. This is in
agreement with model results and verifies, on the one hand,
the assumption of previous authors about negligible influ-
ence of natural convection [18,19]. On the other hand, the
effective bed thermal diffusivity of air-glass can be obtained
(following [20]) by fitting the analytical solution for pure
conduction to the experimental results. This can be trans-
formed to the effective bed thermal conductivity with the
help of separately measured bed density and heat capacity
(compare with [20]). In the next step, the thermal conduc-
tivity of the glass particles can be derived by application
of the model of Schliinder, Zehner and Bauer (see
[18,21]). Finally, the same model can be applied again to

Table 1

Experimental parameters

Fluid R/H d (mm) AT (K) Ray, Ray(R/H)?

Air 0.128 1.82 5 0.05 0.0008
3.35 5 0.15 0.0025

Water 0.128 1.82 5-50 55-508 0.9-8.3
3.35 5-50 170-1716 2.8-28.2

0.193 1.82 5-50 33-336 1.2-12.5

3.35 5-50 113-1137 42-42.3

calculate the thermal conductivity (and then the thermal
diffusivity) of the water-filled packed bed. In this way, the
model can be applied to the water-filled system with high
Rayleigh numbers on a completely predictive basis.

5. Results and discussion
5.1. Simulations

In Fig. 3 calculated two-dimensional temperature pro-
files as well as the stream function are presented at different
dimensionless times. The case of only conduction (Ray, = 0)
is presented in Fig. 3a, where it can be observed how the
temperature decreases in radial direction forming straight
isotherms that are characteristic for one-dimensional heat
transfer. As soon as the temperature gradient appears,
the potential of fluid movement is also present, but because
real velocities are obtained using Egs. (13) and (14), they
become zero and no movement of fluid exists.

In Figs. 3b and 4a, the effect of natural convection is
considered for the aspect ratio 0.128 at two different flow
intensities, Rap, = 1700 and 680, respectively. Opposite to
the conduction case, the isotherms are not longer straight
and vertical. The profile is distorted because the fluid is
moving inside the bed. The fluid carries heat towards the
upper part of the non-insulated wall, therefore a lower tem-
perature is observed in the lower part of the bed. By com-
paring both figures, it is clear that the changes of both
temperature profile and flow pattern inside the cylinder
become stronger with the increase of Ray, the latter being
the main parameter influencing natural convection. Note
that the values of the stream function are negative, which
represents a clockwise flow.

The effect of aspect ratio is observed in Fig. 4, where
temperature profiles and stream function are depicted
keeping constant the Rayleigh number. A faster tempera-
ture decrease for the case of the short cylinder (R/
H =0.193) shown in Fig. 4b in comparison with the tall
cylinder (R/H =0.128) in Fig. 4a, reveals that the aspect
ratio also influences natural convection. It is worth to note
that the aspect ratio not only affects flow intensity but also
slightly modifies the flow pattern, stretching it for taller
cylinders.

5.2. Comparison of simulations with experiments

Transient temperatures measured in the middle of the
cylinder are compared in dimensionless form with numeri-
cal results in Fig. 5. For the limiting case of Ra, = 0 only
computed results are plotted. As already explained, these
correspond to the measurements with air (Table 1). All
experimental results presented in Fig. 5 have been gained
with water and Ra;, > 55. Variations on Rayleigh number
are attained, according to Table 1, by changing either the
temperature difference, the particle size or the cylinder
height. Increasing the temperature difference results in a
larger Rayleigh number according to Eq. (22). Conse-
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Fig. 3. Transient temperature profiles and stream function for R/H = 0.128.
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Fig. 4. Transient temperature profiles and stream function for Ray, = 680.

quently, a stronger effect of natural convection is observed  (and therefore bed permeability) is increased, as it can be
(Fig. Sa—c). A similar variation is noticed when particle size =~ seen by comparing Fig. 5b with Fig. 5a. The Rayleigh num-
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Fig. 5. Comparison between numerical and experimental results.

ber is also influenced by the cylinder height, as shown by
Fig. 5b and c. Data on these Figures have been gained with
the same particle size and the same temperature differences,
but with different bed heights.

As predicted by the theory for given temperature differ-
ence, particle size and cylinder height, the curves for low
Rayleigh numbers are close to the limit of pure conduction.
Heat transfer is significantly enhanced at large values of the
Rayleigh number. Consequently, the Rayleigh number may
have a large influence on the process.

The influence of the aspect ratio at constant Rayleigh
number is presented in Fig. 5d. By observing the dimen-
sionless center temperature it is found that the cooling rate
increases for larger aspect ratios. The influence of this sec-
ond parameter, as for the case of Rayleigh number, is
experimentally verified.

In general, the agreement between model predictions
and experimental results is good, validating the model from
Section 2 of this work. Small deviations, which can still be
observed between simulations and experiment in Fig. 5, are
probably due to the influence of the cylinder wall. It is

planned to upgrade the model in the near future by taking
into account the increase of bed porosity and flow in the
immediate vicinity of the walls. Such an upgrade is
expected to further improve the agreement between simula-
tion and lab-scale experiments. However, it will not be sig-
nificant for the case of large industrial silos.

Once the parameters affecting natural convection have
been analyzed separately, it is worth to look again at the
equation where these parameters appear. Eq. (19) suggests
that the convective term is not influenced by the Rayleigh
number or by the aspect ratio separately, but by the prod-
uct Ran(R/H)?. By plotting the transient of dimensionless
center temperature considering this combined parameter,
it is found that similar values of Raw(R/H)?, which can
be reached by modifying either Ray, or R/H, have the same
influence on the cooling process. This is exemplified in
Fig. 6, where the value of, e.g., Rab(R/Iﬂ2:5 can be
reached with Ra, =300 in the case of the taller cylinder
or with Ray, = 134 for the shorter. For the sake of clarity,
we have refrained from plotting simulation results in
Fig. 6.
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Fig. 6. Effect of Ray(R/H)> on the cooling process.

5.3. Influence of convection on heat transfer

The dependence of Nusselt number on Rayleigh number
is well known for several cases of steady state heat transfer
[5]. For the present problem of transient heat transfer the
use of a relative heat transfer coefficient is proposed
according to

have(condution + convection)
have(only conduction)

By = (30)
The heat transfer coefficients at the right-hand side of Eq.
(30) are based on average quantities over space as follows
Y

hav = 5
¢ A(Tave — Tw)

(31)
Q is the total heat flow rate transferred out of the cylinder,
T,yg is the average temperature in the cylinder and A is the
non-adiabatic cylinder surface area. However, the coeffi-
cients /1, as well as the relative heat transfer coefficient /i,
are time dependent. A time-averaged value that allows to
easily identify the effect of parameters on the process can
be defined as

}_lrel :/hreldf- (32)

The influence of the parameter Ray(R/H)* on the transient
behavior of the relative heat transfer coefficient is presented
in Fig. 7. From this figure it can be recognized on one hand
that, the higher the value of Ray(R/H)?, the larger is the
deviation from the conduction case (/¢ > 1). On the other
hand, the time dependency of the relative heat transfer
coefficient is clearly observed, suggesting the way the heat
is transported: heat conduction is always present, being
the dominating mechanism at the beginning. As soon as
a significant temperature gradient has evolved, natural con-
vection appears and grows, reaching a maximum when the
cooling front has penetrated to the center of the cylinder.
From that point on, natural convection decreases. At final
stages, both conduction and convection disappear.

2.5
Il\ 2
‘' Ra (R/H)*=42.36
’I, ‘\/ b
\
20 ! \ 5
AN / Ra, (R/H)?=28.24
_ (R
[ [ 4
< L] \
[ \Q
1
I,I \
15F -
Pl 270\ Ra (RH)*=16.82
W (NN ab( )°=16.
N\
1
l’:’l II \\\\\\
1 A
" “3s.Ra (RH)Y’=5
'&«"‘“‘-\__7/‘1*\—_.&_‘
1.0 - e
0 500 1000 1500
time (s)

Fig. 7. Dependence of relative heat transfer coefficient on Ran(R/H)>

By considering time-averaged coefficients (from = 0-
1), parametric diagrams as those of Fig. 8 can be obtained.
In Fig. 8a, curves of equal time-averaged coefficient are
plotted as functions of the square of the aspect ratio and
of Rayleigh number. It can be recognized that for large
aspect ratios (short cylinders), natural convection is signif-
icant even at low Rayleigh numbers. For the case of tall
cylinder, an equivalent effect of natural convection is
achieved only when Rayleigh numbers are considerably
larger. A reasonable criterion for the significance of natural
convection can be defined by a contribution of this mecha-
nism to heat transfer by more than 5%. Consequently, nat-
ural convection can be neglected in the region under the
curve corresponding to the 7,4 = 1.05 in Fig. 8a.

In Fig. 8b lines of equal time-averaged heat transfer
coefficient are plotted considering the product Ray(R/H),
which is the main parameter expressing the influence of
natural convection on heat transfer, as the ordinate. This
offers a complete view of the parameters in Egs. (17)-
(21). On one side, for large values of Ran(R/H)* natural
convection is found to be slightly dependent on the aspect
ratio. This dependency can be explained by observing that
modifying the aspect ratio, the convective heat transport
will be affected because of the change of dimensionless
velocities in Eq. (18). On the other side, for small values
of Ray(R/H)* the convective contribution can be consid-
ered as independent from the aspect ratio. Therefore, the
region where the effect of natural convection can be
neglected is now under a straight line. The criterion for
neglecting the contribution of natural convection (<5%)
to heat transfer becomes

Ray(R/H)* < 10, (33)
with the side-condition
0.06 < R/H < 0.3. (34)

This latter condition just reflects the range of simulations
conducted in the present work.
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Fig. 8. Time-averaged relative heat transfer coefticients as functions of the main parameters of the problem.

This result differs from that proposed in [8], where a cri-
terion is derived only by mathematical analysis of model
equations. The criterion form [8] is a complex function
depending not only on the Rayleigh number (based on
the effective bed thermal conductivity) and the aspect ratio,
but also on the heat capacity ratio as a third parameter. It
overestimates the effect of natural convection for small
aspect ratios. In contrast, the criterion proposed in the
present work is based on the numerical solution and is
additionally corroborated by experiments. Consequently,
it may be expected to be accurate for a range of aspect
ratios that covers most of the industrial silos.

6. Conclusions

The transient heat transfer in an originally isothermal
cylinder filled with a porous medium after sudden exposure
to a cold environment is considered in this paper. Dimen-
sionless expression of the mathematical model shows that
the most important parameters affecting natural convec-
tion are the porous media modified Rayleigh number and
the cylinder aspect ratio. The dependence of the influence
of natural convection on heat transfer from such parame-
ters has been studied experimentally and by simulations.
Natural convection has been found to have a very small
influence on heat transfer in small cylinders filled with par-
ticles and air, as frequently used in the laboratory for the
determination of packed bed thermal conductivity. How-
ever, it may have a strong influence in large industrial silos.
A similar influence is obtained at the laboratory scale by
exchanging the air with water. Numerical solution of the
problem shows a good agreement between model predic-
tions and measurements. Furthermore, the numerical anal-
ysis reveals details of the transient behavior of natural
convection. The influence of natural convection increases
rapidly after the onset of the cooling process and reaches
a maximum, before decreasing gradually and disappearing.
In the average, natural convection contributes by more
than 5% to the heat transfer if the relationship Ray(R/

H)?> 10 is fulfilled. Consequently, non-fulfillment of this
relationship can be used as a criterion for neglecting natu-
ral convection in practical applications.
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