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ABSTRACT

The Thermal Energy Storage (TES) enhances the availability of
renewable energy plants. It reduces the mismatch between the
production and the demand of the electric energy. However, the
high cost of the TES leads to a high overall cost of the
produced electric kwWh. In the case of solar power plants built
in Saharan regions, the use of sand as the storing medium in the
TES is a priori a suitable technique that can solve this problem.
In fact, the sand presents good physical and chemical properties
and it is locally available with a very low cost. In this paper, a
numerical study has been conducted to assess the thermal and
fluidic performances of a fixed bed and of a fluidized bed by
using sand as storing medium. The heat is transferred to, and
from, the sand by air. 2D and 3D simulations are conducted.
The temperature profiles of the bed are examined as well as the
storing rates. Parametric studies with the air speed and the
height of the bed were considered. The results gained in this
paper indicate that it is very viable and promising to integrate
sand as storing media in the solar thermal applications
especially where this material is plentiful.

INTRODUCTION

Energy storage technologies are a necessary component for
any efficient use of renewable energy sources. Among them,
TES has attracted increasing interest for both thermal
applications and power plants. Of the many materials available
for sensible storing, the most commonly used are Water, Sand,
Concrete and ground [1-4]. A promising sensible heat storing
material must also be ecologic, inexpensive, and must have a
good thermal diffusivity [5].

The advantages of TES systems using sand as a storage
media, include very low cost of thermal energy storage media,
high and timely stable heat transfer rates into (and out of) sand,
easy handling operations. Recent studies in USA and Spain
showed the interest of using sand as storing media [6,7].
S. Hassan et al. [8] shown that sand has suitable thermal
properties and stands as a candidate for storing heat. EI Sebaii
et al. [9] investigated the effectiveness to use sand as a storage
material in an active single basin solar still. They have found

603

NOMENCLATURE

Cq [-] Drag coefficient

Co [J/kg.K]  Specific heat

d [m] Diameter of solid phase

g [m/s?] Acceleration due to gravity
h [J/s.m.K] Heat transfer coefficient between c and d phase
H [kd./kg] Enthalpy

Ho [m] Initial height

k [W/mK]  Thermal conductivity

L [m] Lenght of the fluidized bed
p [Pa] Pressure

t [s] Time

T [K] Temperature

u [m/s] Velocity

Q [ Heat storage capacity

\Y, [m?] Sand Volume

Special characters

B [-] Inter-phase momentum exchange coefficient
# [Pas] Viscosity

P [kg/m?] Density

o [m?.s7] Granular temperature

) [-] Volume fraction

T [Pa] Stress tensor

Subscripts
c Continious (air)

ch Charging

d Dispersed (solid)

f Fluid

ini Initial

k Phase k, continious or dispersed
S Solid

that the annual average of daily productivity with storage is
23.8% higher than that when is used without storage [9].
Thanks to its good thermal inertia, and its availability in a
plentiful way in several regions of the world (North of Africa,
Gulf states, America, Middle east...), it will be interesting to
use sand as a storage medium [10-12].

Hence, in the present work, the thermal behavior and the
storage performances of sensible TES using sand as the storing
media is investigated using two technologies: fixed and
fluidized bed.
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THERMAL MODELING OF SENSIBLE HEAT STORAGE

Fixed bed

Figure 1 shows the physical model of the TES unit for
numerical calculation. The storage unit is a regenerative type
heat exchanger which absorbs/releases heat energy by passing
the hot/cold Heat Transfer Fluid (HTF) respectively through the
charging tubes. It consists of cubic bed with charging tubes
embedded into it. The outer surface of the unit is well insulated
to avoid heat losses to ambient environment.

#—— HTF inlet
Charging 1 %
tube - ¥
z
Storage
material — HTT outlet

Figure 1. Physical model of sand heat storage fixed bed

While developing the thermal model for heat transfer the
following assumptions were made:
= The HTF entering inside was
developed.
= The sensible heat storage material is isotropic.
= The frictional pressure drop of HTF is neglected through
the tubes.
= Laminar flow and adiabatic wall were assumed.
= Thermal proprieties, including density, of the fluid and
of the sand were assumed constant
=  Axial (z direction) conduction in HTF is neglected.

laminar and fully

The HTF flow inside the charging tube is simulated by solving
the continuity and the Navier-Stocks equation simultaneously.

Pt =,
?‘W.(pfv):o @
Dpf = 2
=-VP+ uVZi 2
Ps Dt H

The heat transfer from the HTF to the wall takes place by
convection; the energy equation describing heat transfer
process is given by (radiative transfer are neglected):

DT

pfcpf ?tf = ﬂ’fvaf (3)

In the storing media, i.e. sand, the heat conduction equation to
be solved stands as:

oT,

C,,— =K VT, (4)

s~ ps
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Furthermore, the tube thickness is neglected and as a boundary
layer condition, the equality of the surface heat rates is
considered between the HTF and the sand.

The heat storage capacity is calculated using:

Q=pVC AT, (5)

Where AT, is the sand temperature change since the storing
starts. At the initial condition (t = 0), there is no flow of HTF
through the charging tubes and all the domain is at uniform
temperature T;,;. As illustrated in Figure 2, at the inlet of the
tubes, there is a constant temperature T, and a constant fluid
velocity, at any time (t > 0). All the outer surfaces of the TES
are well insulated.

Thermal insulation:
n(kV Iy=0;

n:1s thenommal vector.

Inlet:
At(t=10) V=0; T= Tin
At(t=0): ¥ =0 ; T= T

Figure 2 Initial and boundary conditions of the model

Fluidized bed

The computational domain for simulation is shown in
Figure 3. It is represented by a 2D planar with a width of L and
a height of H. The initial height of packed bed of the dispersed
phase (Sand) is Howhen there is no fluid flow.

'

Freeboard

v

—
L

Figure 3 Study domain of sand fluidized bed

In the fluidized bed, the governing equations of the multiphase
flow are:

Mass conservation for phase k (k = ¢ for air and d for sand)

2 ($pi) + V. (drpri) = 0 (6)
with:
Thie=1 @)
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Where ¢ and p are respectively the volume fraction and the
density of the phase k.
Momentum conservation for continuous phase:

d =
a_t(¢cpcuc) + V. (¢cpcucuc) = —¢Vp+V.7. + ¢cpcg

- Bcd (uc - ud) (8)
Momentum conservation for dispersed phase:

a

a_t_((pdpdud) + V.(¢apyuduq) = — ¢aVp — Vpy
+ V.74 + Papy8 — Bog (g — uc) 9)

Where uy is the velocity of the phase k, P is the pressure, T, is
the stress tensor of the phase k, and B_,is the inter-phase
momentum exchange coefficient.

Thermal energy conservation continuous phase:

2
50 (Bep He) + V. (Bep ucHe) = — V. 0ck YTy

+hdc (Tc - Td) (10)

Thermal energy conservation dispersed phase:

d
a((DdeHd) + + V. (@apguaHa) = = V.0kqVT,
+hy(Tq — To) (11)

Where Hy is the enthalpy of the phase k, ki is the thermal
conductivity of the phase k, hy. is the heat transfer coefficient
between ¢ and d phases, and Ty is the temperature of the phase
k.

The algebraic granular temperature was adopted [13]:

0= (_pdT + %d ): Vud - 'Yd - 3BCd6d (12)

04is the granular temperature.

Material property and simulation parameters used for the
simulation are listed in Tables 1.
Table 1
Material properties of gas and solid phases and Simulation
parameters

Laminar
Euler-Euler, with
kinetic theory

Flow type
Gas-solid model

Time step used 0.001s
Convergence criteria 10-3
Superficial gas velocity 0.25 m/s
Max. solid packing volume fraction 0.60

Initial air temperature 473 K

Initial sand temperature 300 K

Initial height of sand 40 cm

Sand heat capacity 830 J.kgt.K*!
Sand density 2650 kg.m™
Sand particle diameter 162 um
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RESULTS AND DISCUSSION

The charging time for fixed bed is shown in Figure 4. It is
seen that the sand bed takes about 10 days to be completely
charged.
The variation of the thermal energy storage rate for the selected
material is shown in Figure 5. The amount of the thermal
energy stored at the charging time is calculated using Eq. 5.
The energy stored in the sand fixed bed is 12.69 MJ. The
energy storage rate of the bed is initially zero when there is no
heat input and it rises with time till the storage bed is fully
charged. Since the energy storage rate is function of volume
average temperature of the storage bed, it has the same profile.
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Figure 4 Charging time of sand fixed bed
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Figure 5 Rate of energy stored in sand fixed bed

In order to show the HTF temperature variation along the
storage bed, HTF temperature is depicted along the central
charging tube at a constant radial position at different intervals
of charging time, 1 hour, 2 hours, 5 hours, and 24 hours
(Figure 6). During the first hour of charging the temperature
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drop of HTF is 12 °C. However, after 24 hours the temperature
drop is about 0.1 °C.

Initially, the TES is at a temperature lower than T, the storage
is initiated by supplying HTF at temperature T AS a result,
the HTF temperature drops along the charging tubes and exits
at a lower temperature, Touet.

During the initial period of charging time, the temperature drop
of HTF is dominant, after certain duration, its value is almost
constant and no further drop in temperature is registered as
storage temperature itself rises with time and the driving
potential for conduction is reduced.
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Figure 6 : Axial variation of HTF temperature
in sand fixed bed

The effect of flow rate of HTF on charging time for sand is
presented in Figure 7.

100 < v=2mls v=5m/s

v =10 m/s v=20 m/s

Bed temperature (°C)

T e = 100°C

s 10 15 20 25
Time (hour)
Figure 7 : Effect of HTF velocity on charging time

of sand fixed bed

It is seen that the considerable reductions in charging times
occur with increasing the mass flow rate of HTF (or velocity as
cross section of tube is constant). Since, the increase in velocity
of HTF leads to the improvement in convective heat transfer
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rate, the heat input to storage bed per unit time is higher so it
takes less time to complete the charging cycle (AT,). The
decrease in charging time of storage bed with HTF velocity of 2
m/s as compared to 10 m/s is higher than the decrease in
charging time of storage bed with HTF velocity of 10 m/s as
compared to 20 m/s. Hence, the increase in HTF velocity
beyond 10 m/s will have less impact on the charging time of
storage bed. Moreover increasing the HTF velocity causes more
frictional pressure drop in the HTF and thus leads to more
pumping power as the frictional pressure drop is proportional to
the square of velocity of HTF fluid.

Concerning the thermal behaviour of the fluidized bed,
Figure 8 shows the time variation of the mean dispersed phase
temperature at eight of H = 15 cm in the sand fluidized bed.
Note that, the average solid temperature shown is the mean of
the particle temperature averaged across the section of the
column at a given height. It is seen that for each time duration
of about 1 minute, the sand temperature increases with gain of
6 °C. The fluctuations observed are due to the passage of the air
bubbles through the bed allows both the cooling and the heating
of the sand particle. It is shown that the hydrodynamic of the
flow affects the thermal behaviour of the fluidized bed.
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Figure 8 Variation of the temperature of the sand at height
of H =15 cm in the sand fluidized bed.

In order, to present the effect of the air velocity on the
fluidized bed hydrodynamic, Figure 9 illustrates the expansion
and the bubbles formation in the bed for different air velocities
(0.25, 0.5 and 1 m/s). It has been seen that with the increase of
the air superficial velocity, the bubbles sizes in the bed
increase. At high velocities, a groups of a small bubbles are
generated from the air distributor. Subsequently, the bubbles
coalesce and produce then bigger structures as they move
upwards and become stretched because of the interaction with
other bubbles and because the bed wall effects.
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Viir =025 m/s Viir = 1m/s

Figure 9 Effect of the air velocity on the hydrodynamic of the
fluidized bed.

Figure 10 shows the variation of the solid phase temperature
as function of the width of the fluidized bed at t = 45 s and for
different height of the bed. It is seen that the temperature is
uniform in all the bed. At this moment the chaotic regime is
reached, promoting thus the heat exchanger in the fluidized
bed.
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Figure 10 Variation of the temperature of the sand as function
as the width of the fluidized bed.
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CONCLUSION

In this paper, 2D and 3D simulation of sensible TES using
desert sand, in fixed and fluidized bed were conducted to
investigate its performances. For the fixed bed, a facility
employing a configuration of nine charging tubes has been
presented. It is found that the sand fixed bed takes about 10
days to be fully charged. In this case the capacity of storage is
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12,96 MJ. The effect of HTF velocity on charging time of
storage media has been analyzed.

For the fluidized bed, the results show that the hydrodynamic
has an important effect on the thermal behaviour of the TES
and thus on the storage capability. The chaotic formation of the
bubbles allows a good heat transfer between the continuous
phase (air) and dispersed phase (sand). This work is in progress
to understand and compare the results with the first data
obtained from an experimental TES with sand bed that is under
construction in our laboratory.
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