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Abstract

This study concerns the storage of thermal energy in a porous bed mainly formed by a vertical channel, filled with glass beads, heated on one
of the vertical walls by a constant heat flux. The use of glass beads is motivated by the possible use of such a system for storage of solar energy by
sensitive heat and its optimization. The medium is characterized by a large thermal inertia which favors a slow return of the heat stored during the
heating phase. After model reduction, the system can be dynamically modeled as a simple first order which allows us to evaluate the heat transfer
coefficient and to predict its response to real values of the solar flux. The system efficiency defined as the ratio of the stored energy to the energy
provided increases with the storage volume and decreases with the return time for fixed width and storage time.
© 2006 Elsevier Masson SAS. All rights reserved.
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1. Introduction

The irregular character of solar energy induces serious limi-
tations in many potential applications. As a solution to remedy
to these limitations, the storage of thermal energy will find an
increasing number of uses as the energetic level of the storage
processes is improved as well as the capacity of their reservoirs
which depends on the thermal characteristics of the concerned
material such as its fusion enthalpy and its heat capacity, on the
storage volumes and the insulation of the storage tank. Ther-
mal energy can be stored as latent heat of sensitive heat or both
together [8].

Several types of energy accumulators based on latent heat
have been designed [1,6,10,11], however they present some
drawbacks like the necessity of reaching the operating point of
the system, i.e. its fusion temperature, the complexity of the
phenomena of change of phase, the non-homogeneity of the fu-
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sion medium and the degradation of material with time due to
numerous fusion–solidification cycles. Thus the energy storage
under sensitive heat form, in spite of the voluminous aspect and
the necessity of working at high temperatures, remains nowa-
days the most used type. The choice of the storage medium
is generally related to the system, in general water when the
heat conducting fluid (the coolant) is liquid and stone beds
when the coolant is hot air. Porous media have been the sub-
ject of numerous studies which can be fundamental, numerical
and experimental. Many books have also been published among
which [7,9,13,16].

Bechki et al. [2] studied the behaviour of a vertical gravel
bed, cooled or heated by air, with respect to both heating and
cooling. The transfer coefficients measured at different bed
heights were correlated with respect to the air flow rate by rela-
tion: h = cG0.77 where parameter c is 25.7 in heating case and
27.2 in cooling case. Forestier et al. [5] have shown by means
of numerical modeling performed in natural convection that the
results obtained by a pure conductive model or a model taking
into account convection are very close.
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Nomenclature

A geometric form factor = H/L

Cp heat capacity at constant pressure . . . . J kg−1 K−1

dB diameter of the beads . . . . . . . . . . . . . . . . . . . . . . . m
H height of the channel . . . . . . . . . . . . . . . . . . . . . . . . m
h heat transfer coefficient . . . . . . . . . . . . W m−2 K−1

K permeability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m−2

l depth of the channel . . . . . . . . . . . . . . . . . . . . . . . . m
L width of the channel . . . . . . . . . . . . . . . . . . . . . . . . m
Nu Nusselt number
P power . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W
Q̇f flux density given to the system . . . . . . . . . W m−2

Ra Rayleigh number
S surface area of the heated plate . . . . . . . . . . . . . . m2

T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . K or ◦C
Ty mean temperature at height y . . . . . . . . . . . K or ◦C
t time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s
(x, y) Cartesian coordinates . . . . . . . . . . . . . . . . . . . . . . . m

Greek symbols

β heat expansion coefficient . . . . . . . . . . . . . . . . . K−1

λ thermal conductivity . . . . . . . . . . . . . . . W m−1 K−1

μ dynamic viscosity . . . . . . . . . . . . . . . . . . . . . . . . . Pa s
ν kinematic viscosity . . . . . . . . . . . . . . . . . . . . . m2 s−1

ρ density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg m−3

Subscripts

ad relative to the quasi-adiabatic wall
am ambient
c relative to the heated wall
ch charge
disch discharge
e inlet
eff effective
F fluid (air)
fi final state
i initial state
m porous medium
p plate
S solid (beads)
s outlet
sat saturation
st storage
Benmansour and Hamdan [3] defined in a numerical study
the efficiency η of a porous bed as the ratio

η = Tm − Ta

Te − Ta

where Tm, Ta and Te are respectively the temperatures of
medium, ambient and entering fluid, crossed by a previously
heated fluid. They showed that η increases with the storage vol-
ume and that the duration necessary for the bed to reach thermal
saturation decreases with the Reynolds number.

Works in natural convection have been performed in con-
fined media [1,6,8,10] while those in forced convection have
been performed in open media [2,3,5]. The case of an open
system is rarely studied in natural convection. Bennasrallah et
al. [4]; Slimi and Bennasrallah [14] have studied numerically
unsteady natural convection in a cylinder filled with particles,
open at its extremities and with its wall heated by a constant
heat flux. In both works, the heat exchange coefficient, con-
cerning the exchanges between the porous medium and envi-
ronment has been imposed by the choice of a Biot number
Bio = Hh/λeff defined as the ratio of the product of the transfer
coefficient by the medium height over the effective conductivity
of the porous medium.

The objective of the present study is to optimize the storage
of energy by sensitive heat in a fixed porous bed. Such a system
of heat energy storage could be implemented in housing (heat-
ing floors) or in the absorbers of plane sensors. The advantage
of this system is its heat capacity larger than 106 J K−1 kg−1,
which results in a relatively high return time for stored energy
and its robustness with respect to a periodic operation.
Fig. 1. Scheme of the porous channel. 1: heated plate, 2: quasi-adiabatic plate,
3: wooden frame, 4: resistance made of carbon sheets, 5: thermal insulator
(cork), 6: type K thermocouples, 7: Samicanite plates (electrical insulator),
8: glass beads, 9: probes (hot wire anemometer).

2. Experimental setup

The experimental setup mainly comprises a vertical paral-
lelepiped channel of form factor A = H/L that will be varied
during this study, while the height is maintained constant. One
of the vertical walls of this channel having dimensions 40 cm
× 20 cm is heated by a constant flux while the parallel wall
is considered adiabatic (Fig. 1). The channel thus formed is
filled by an heterogeneous packing of glass beads to consti-
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tute the porous medium which is the object of the study. The
temperatures of the active plates forming the channel as well
as the temperature inside the medium are measured by type
K thermocouples of low diameter. The simultaneous distribu-
tion of the velocity and of the temperature of the heating fluid
(air) crossing the solid matrix is measured by means of probes
(hot wire anemometer). The measurements are automatically
recorded and treated by adequate calculation codes. The charge
corresponds to the phase of application of a constant heat flux
while the discharge is the phase following the charge when no
heat flux is applied and the porous medium releases its heat
contents to the environment. The modes of charge and dis-
charge of the system are controlled by following the evolution
of the temperature of the different sensors with a given sam-
pling period. Before usage, the thermocouples connected to a
centralized system with resolution ±0.1 ◦C are calibrated by
means of a thermostated bath.

3. Characteristics of the porous medium

• Porosity. The porosity of the medium is defined as the ratio
of the volume of fluid over the total volume of the channel.
It is given [17] as

ε = ε∞
(

1 + 0.568db

L(1 − exp(−3L
db

))

)
(1)

where ε∞ is the porosity far from the walls of the channel
of width L and db is the diameter of the beads forming the
solid matrix of the medium.

• Heat capacity. The heat capacity of the porous medium is
an arithmetic mean of the capacities of the solid and of the
fluid

(ρCp)m = (1 − ε)(ρCp)S + ε(ρCp)F (2)

• Thermal conductivity. The effective heat conductivity of
the medium is given by the relation of [18]

λeff

λF

=
[

1 − √
1 − ε + 2

√
1 − ε

1 − λC

(
(1 − λ)C

(1 − λC)2
log

(
1

λC

)

− C + 1

2
− C − 1

1 − λC

)]
(3)

with

λ = λeff

λF

; C = 1.25

(
1 − ε

ε

)10/9

(4)

λF and λS represent respectively the heat conductivities of
the fluid and of the solid matrix.

• Thermal parameters. The values of the densities and of the
heat capacities of air and of the solid as glass beads are
given by literature. For the air density, a mean value with
respect to temperature is chosen. The density and the heat
of the solids depend little on temperature (Table 1).

4. Energy balance of the storage system

The different terms of power (simply designed below as
heat) intervening in the energy balance of the storage element
(Fig. 2) are respectively
Table 1
Physical properties of various materials

Air 40 ◦C Glass 20 ◦C Stainless steel 20 ◦C

λ [W m−1 K−1] 0.0272 0.78 16.3
ρ [kg m−3] 1.127 2700 7816
Cp [J kg−1 K−1] 1007 840 460
ν [m2 s−1] 2.4 × 10−5 – –

Fig. 2. Energy balance. Q̇f : heat given to the system, Q̇lost: heat lost through
the insulators, Q̇exch: heat exchanged between the medium and the outside,
Q̇m: heat accumulated in the porous medium, Q̇p1: heat accumulated in the
heated plate, Q̇p2: heat accumulated in the quasi-adiabatic plate.

• the heat given to the system per unit of heating surface area

Q̇f = P

S
(5)

where P is the given power and S the surface area of the
heated plate;

• the sensitive heat accumulated in the plates forming the ac-
tive faces of the channel

Q̇p = Vp(ρCp)p

S

(
dT p1

dt
+ dT p2

dt

)
(6)

where Vp , ρ, Cp , T p1 and T p2 are respectively the volume,
density, heat capacity, and mean temperatures of the heated
and adiabatic plates;

• the sensitive heat accumulated in the porous medium

Q̇m = Vm(ρCp)m

S

dT m

dt
(7)

• the heat exchanged with the environment through the upper
face of the medium

Q̇exch = h(T s − Ta) (8)
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Fig. 3. Evolution of the fluid temperature at the inlet and at the outlet of the
porous medium during a process of charge, then discharge (Q̇f = 250 W m−2,
dB = 10 mm and L = 7 cm).

where Ts and Ta are respectively the temperatures of the
upper face of the medium and ambient;

• the heat lost by the system through the thermal insulator

Q̇lost = 1

R
(T p2 − Ta) (9)

R is the thermal resistance of the insulator.

Taking into account Eqs. (5)–(9), the energy balance of the
storage element is

Q̇f = Vp(ρCp)p

S

(
dT p1

dt
+ dT p2

dt

)
+ 1

R
(T p2 − Ta)

+ h(T s − Ta) + Vm(ρCp)m

S

dT m

dt
(10)

5. Experimental results and dynamic modeling

Several experiments have been performed to verify the two-
dimensional character of the studied problem. In most cases, the
deviation between the values recorded by three thermocouples
located at mid-height of the heated wall does not overcome 2%,
which allows us to consider the flow as two-dimensional.

5.1. Thermal behaviour of the system and modeling as first
order

Fig. 4 represents respectively the evolutions of the tempera-
tures of the heated wall, of the adiabatic wall and of the medium
during a cycle constituted by charging followed by discharging
for a fixed width (L = 7 cm). The system requires more than 20
hours to reach the steady state (full charge) and thus shows the
high thermal inertia of the system. To come back to its initial
state (full discharge in open air), it needs more than 25 hours.

To improve the characterization of the evolution of the sys-
tem, the temperatures at the inlet and at the outlet of the
porous medium have been recorded during charge and dis-
charge (Fig. 3). These temperatures have been recorded by fast
Fig. 4. Evolution of the temperatures of the medium, of both plates and of am-
bient air during a cycle: a charge followed by a discharge (Q̇f = 250 W m−2,
dB = 10 mm and L = 7 cm).

Fig. 5. Comparison of the absolute deviation temperature of the system during
both processes of charge and discharge (Q̇f = 250 W m−2, dB = 10 mm and
L = 7 cm).

sensors placed for the inlet at 2 cm from the grid supporting
the solid matrix, for the outlet at 5 cm over the upper surface
of the porous medium. However, the variation of these tem-
peratures does not exceed 3 ◦C for a heat flux density equal to
250 W m−2, despite the large increase of temperature inside the
medium. The system behaves as a reservoir of energy.

The allure of the lines of Fig. 4 let think that the system is
likely to behave dynamically as a first order. To check that hy-
pothesis, first the absolute value of the deviation dT = T (t) −
T (t0), where t0 is the initial time either for charge or discharge,
is represented for a given heat flux density (Fig. 5) during both
operations of charge and discharge. If the behaviour of the sys-
tem were totally symmetrical for charge and discharge, both
lines would superimpose. It is clear that there exists a small de-
viation between the charge and discharge behaviour, however
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Fig. 6. First order model.

Fig. 7. Comparison model-experiment during a cycle (Q̇f = 300 W m−2,
dB = 10 mm and L = 4 cm).

they are relatively similar. This dissymetry is characteristic of
the nonlinear behaviour of the process.

Noting u(t) the input function of the system (flux density)
and y(t) the response of the system (temperature), the dynamic
behaviour of the system (Fig. 6) can be approximately repre-
sented by a first-order differential equation

τy′(t) + dy(t) = Gdu(t) (11)

with τ the time constant and G the steady state gain
(K m−2 W−1) of the system. du and dy are deviation variables.
It is supposed that at t = 0, the system is in steady state. As-
suming that during the charge, the heat flux is applied at t = 0
and lasts a given time tch, the response to a step input of the
heat flux density Q̇f results

y(t) = y(0) + GQ̇f

[
1 − exp

(
− t

τch

)]
(12)

for charge with time constant τch. If discharge follows immedi-
ately the charge, the equation for discharge is

y(t) = y(0) + [
y(tch) − y(0)

]
exp

(
− t − tch

τdisch

)
(13)

with time constant τdisch for discharge.
In order to verify if the hypothesis that the model is a first-

order dynamic system, experiments are performed and the re-
sponses of the thermocouples implemented in the storage ele-
ment are compared to those of the model resulting from Eq. (16)
for a similar excitation. This comparison has been performed
for different heat flux densities, various form factors and bead
diameters of the porous bed. On Fig. 7 where the same gain
and time constant are used for charge and discharge, a com-
parison of the evolution of the mean temperature of the sys-
tem T sys between the model and experiments is shown during
a cycle, i.e. a charge followed by a discharge. A satisfactory
agreement is found during the charge process, however some
deviation which does not exceed 6% appears during the dis-
charge. The system thus behaves approximately as a first-order
linear process, however the time constant for charge is slightly
smaller than the one for discharge.

To determine the expressions of the time constant and of the
steady state gain with respect to the thermal parameters of the
system, mean temperatures are considered for the various ele-
ments of the prototype. Furthermore the temperatures Tp1, Tp2
of the plates, Tm of the porous medium and Ts of the upper
face of the medium are assumed to be identical. Let T sys be the
mean global temperature of the storage element. Using this hy-
pothesis, the energy balance of the element previously given by
equation (10) becomes

Q̇f =
(

2Vp(ρCp)p

S
+ Vm(ρCp)m

S

)
dT sys

dt

+
(

1

R
+ h

)
(T sys − Ta) (14)

Set

u(t) = Q̇f ; y(t) = T sys; y(0) = Ta

dy(t) = y(t) − y(0)

a = 2Vp(ρCp)p

S
+ Vm(ρCp)m

S
; b = 1

R
+ h (15)

so that Eq. (14) can be written as

a

b
y′(t) + dy(t) = 1

b
du(t) (16)

From Eqs. (11) and (16), the expressions of time constant
τ and gain G with respect to the physical parameters of the
system result

τ = a

b
=

2Vp(ρCp)p
A

+ Vm(ρCp)m
S

1
R

+ h
, G = 1

b
= 1

1
R

+ h
(17)

yielding the heat transfer coefficient h

h = 1

G
− 1

R
(18)

The identified parameters were G = 0.186 K m2 W−1 and
τ = 5.74 h for a heat flux density equal to 250 W m−2.

Thus the value of the heat transfer coefficient h is obtained
from experiments by knowing the steady state gain and the ther-
mal resistance of the concerned insulator (cork layer of thick-
ness 16 cm and of thermal conductivity 0.04 W m−1 K−1). The
calculated heat transfer coefficient is around: h = 5 W m−2 K−1.
This value is neatly lower to the value used by [4,14]. The Biot
number Bio = hH/λeff relative to the thermal exchange be-
tween the upper surface of the medium and ambient air is 2000.
For the present case of a medium of height 40 cm and thermal
conductivity around 0.2 W m−1 K−1, the resulting heat transfer
coefficient would be 1000 W m−2 K−1, far above the observed
one. On the opposite, the observed value of the heat transfer co-
efficient is close to the value deduced, for low velocities, of the
correlation in [12]

h = 5.7 + 3.8V∞ (19)
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Fig. 8. Variation of the temperature of the heated wall for different values of the
heat flux density (dB = 4 mm and L = 4 cm). Continuous for model and dotted
for experiments.

where h is the heat transfer coefficient between the ground sur-
face and air and V∞ is the wind velocity (expressed in m s−1).

Using either the full model or the approximation of the first
order process, the behaviour of such a storage system can be
easily simulated. The influence of the operating parameters
such as the heat flux density can also be understood.

5.2. Influence of the heat flux

The evolution of the mean temperature of the heated wall has
been studied for three values of the heat flux density Q̇f applied
to the system (Fig. 8). The allure of the lines is similar to that
of the storage medium shown in Fig. 5. Again, this dynamic
behaviour can be considered as a first order system. The same
time constant equal to 3.5 h is considered for the three cases, a
lower value than the time constant of the storage medium equal
to 5.7 h. Only the steady state gain differs, depending linearly
but slightly on the heat flux density as

G = −7 × 10−5Q̇f + 0.234 (20)

The agreement between the three models and the correspond-
ing experiments is satisfying, however the deviation increases
slightly with the heat flux density (4.4% for 250 W m−2, 5.5%
for 300 W m−2 and 6.3% for 350 W m−2). When a higher heat
flux is applied, the difference between the temperatures of the
various components of the system (plates, porous medium) be-
comes larger and the approximation of a mean temperature for
the system becomes less valid.

5.3. Influence of the form factor

In Fig. 9, the lines display the evolution of the energy stored
per width unit during both processes of charge and discharge for
two different form factors, for a given bed height. Similar lines
were obtained by [15] for a porous bed formed with steel beads.
When the form factor increases, the porous medium needs more
Fig. 9. Evolution of the energy stored by the system for two different form
factors A = 5.7 and A = 10 (Q̇f = 300 W m−2, dB = 10 mm, L = 4 and
L = 7 cm). Model: continuous lines, experiments: symbols.

time to reach the steady state determined when the tempera-
ture fluctuation is lower than 0.2 ◦C. When the form factor is
large and the width between the plates small, the influence of
the walls becomes important and strongly reduces the ascend-
ing movement of interstitial air in the porous medium [4].

The system stores more energy per width unit for a form
factor equal to 10 than for a form factor equal to 5.7 (6×103 kJ
with respect to 5 × 103 kJ at steady state).

Indeed the energy provided to the system can be decom-
posed as

Ef = Em + Ep + Elost + Eexch (21)

hence

Em = Ef − (Ep + Elost + Eexch) (22)

with Eexch = hS′(Ts − Ta)t = hLl(Ts − Ta)t being the energy
exchanged with the ambient medium where the heat transfer
coefficient h depends very little on the heat flux, the channel
width L and depth l.

If it is considered that the energy stored in the walls and
that lost through the insulating parts remain invariant when the
form factor is varied, the energy stored in the medium decreases
when the heat exchanged through the upper surface increases.
However an increase of the form factor induces a decrease of
the exchange surface (S′ = Ll = lH/A) and thus induces an
increase of the energy stored in the medium.

As a reference, it must be noted that the heating through its
floor of a standard house of 100 m2 of useful surface needs a
heat flux density of 100 W m−2 [1]. This is equivalent to two
elements per m2 having a form factor equal to 5.7 or three ele-
ments having a form factor equal to 10.

5.4. Storage capacity and efficiency of the system

The efficiency of the system in the studied case is defined as
the ratio of the energy Est stored per width unit over the energy
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Fig. 10. Response of the system during processes of charge and discharge.

E provided to the system during a charge time tch, necessary
for the system to reach asymptotically a given temperature [8]

η = Est

E
(23)

with

E = P tch

L
and Est = S(ρCp)m(Tf i − Ti) (24)

For a given volume, the efficiency is all the higher as the stored
heat quantity is larger and the outlet temperature of the medium
remains low.

For a charge time tch equal to 22 hours corresponding to the
steady state, the efficiency of the system increases from 25 to
30% when the form factor varies from 5.7 to 10 (Fig. 9).

5.5. Partial charges and discharges

Consider a sequence constituted by charges of same heat flux
density Q̇f followed by discharges after each charge. The ini-
tial time of charge is t2i with i � 0, while the initial time of
discharge is t2i+1. During processes of partial charge and dis-
charge (Fig. 10), the equations ruling the system result from
Eqs. (12) and (13) as

Charge:

y2i (t) = y2i−1(t2i ) + [
G2iQ̇f − (

y2i−1(t2i ) − y(0)
)]

×
[

1 − exp

(−(t − t2i )

τch

)]

for t ∈ [t2i , t2i+1] (i � 0)

Discharge:

y2i+1(t) = y(0) + [
y2i (t2i+1) − y(0)

]
exp

(−(t − t2i+1)

τdisch

)

for t ∈ [t2i+1, t2i+2] (25)

If i = 0, y2i−1(t2i ) is y(0).
Several experiments have been performed with uncomplete

cycles by varying the heat power and the durations of storage
and unstorage. Figs. 11 and 12 show the evolution of the tem-
perature of the system during two sequences of partial charges
and discharges which have the same charge duration equal to
2 h and two different discharge durations 2 h and 4 h. Af-
ter a certain number of cycles, the temperature tends towards
Fig. 11. Comparison model-experiments during processes of partial charges
and discharges. Heat flux density (top) and variation of temperature (bottom)
(Q̇f = 250 W m−2, dB = 4 mm, L = 4 cm, tch = 2 h and tdisch = 2 h).

Fig. 12. Comparison model-experiments during processes of partial charges
and discharges. Heat flux density (top) and variation of temperature (bottom)
(Q̇f = 250 W m−2, dB = 4 mm, L = 4 cm, tch = 2 h and tdisch = 4 h).

a limit cycle, it evolves periodically; the system loses by dis-
charge what it receives periodically during the previous charge
period. This figure also shows that the increase of the discharge
duration induces a decrease of the temperature of the medium
and consequently a decrease of the efficiency of the system.

6. Response of the system for real data of a solar flux

An interesting aspect of the prototype system lies in its po-
tential application to the storage of solar energy as sensitive
heat. Thus, real data of a solar flux have been imposed as the in-
put of the system. The data have been taken in the region around
Tunis (Tunisia) and the months of January and July have been
considered in particular for their extreme characteristics. The
response of the system is given on Figs. 13 and 14. They rep-
resent the variation of the mean temperature of the system with
respect to the solar hour for each month. The maximum temper-
ature is reached with some delay with respect to the maximum
of the heat flux density provided to the system, it is around
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Fig. 13. Solar flux during one day of January 2004 and response of the system.

Fig. 14. Solar flux during one day of June 2004 and response of the system.

120 ◦C in July and 60 ◦C in January. The delay afore mentioned
is due to the thermal inertia of the system, it is lower in Janu-
ary than in July (3 hours compared to 4 hours), but this is also
related to the twice larger gain in July.

7. Conclusion

An experimental study of the thermal behaviour of a vertical
channel filled by a porous medium constituted of glass beads
and air in view of storing heat under its sensitive form is per-
formed. A large thermal inertia of the system corresponding to
the duration of its discharge is shown. The system efficiency de-
fined as the ratio of the stored energy over the energy given to
the system increases with the volume of storage and decreases
with the discharge time for a fixed channel width and a fixed
charge duration. This permeability of the medium induces a
confinement of the fluid which has a low temperature at the
outlet and increases the efficiency of the system.
The dynamic modeling of the system as a first order by com-
parison with the experiments allows us to evaluate the thermal
heat exchange coefficient and to predict the response of the sys-
tem to a heat flux corresponding to real solar data in order to
reach the main objective which is the optimization of the sys-
tem behaviour under a solar flux.
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