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Abstract: In this article, we discuss different physical models to evaluate the thermal
performance of packed bed for sensible heat storage with air as the heat transfer fluid (HTF).
The mathematical equations are numerically solved by applying the finite volume method,
and the derived results are corroborated by the existing experiments in the literature.
Numerical simulations are performed with different solid storage materials and for various
mass flow rates of HTF, porosity and solid material size. Detailed characteristics of the
packed bed are discussed and various numerical results are presented. The applicability of
pressure drop and the thermal optimization of the packed bed are also discussed.
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1- Introduction

Thermal Energy Storage Systems (TESS) are considered as a key tool for decarbonization
since they can issues related to energy efficiency and process flexibility, improve utilization
of renewable energy resources and thus reduce greenhouse gas emissions. The use of TES for
thermal applications, such as space and water heating, cooling, air-conditioning heat sinks,

has recently received much attention [1-5]. Three kinds of TESS are available:

* Sensible heat storage (SHS), through which heat is stored by increasing the storage
medium temperature [2];

* Latent Heat Storage (LHS), where heat is stored/delivered during the melting/freezing
of Phase Change Material (PCM) [3-4];

e Thermo-chemical Heat Storage (TCHS), where heat is stored using reversible

chemical reactions [5].

SHS systems represents the easiest and the most economical form of thermal storage [6-7].
Sensible heat storage materials (solids or liquids) are not subject to any phase transition
during the storage period. The most important problem with sensible liquid storage materials
is that they involve large storage reservoirs for both hot and cold (HTF) and high-cost heat
exchangers [8-10]. Important work has been performed on SHS systems using various solid
materials such as rocks, concrete, metals, sand, ceramics, and bricks. Nevertheless, for any
SHS system, storage and recuperation of thermal energy must be carried out efficiently to
reach high capacity performances. For this, SHS systems have to satisfy a number of criteria:
high energy density, reliable heat transfer between HTF and solid storage media, low cost,
and reversibility through multiple charge and discharge cycles [9-10]. . For this purpose, it is
important to examine such technologies to better apprehend and conceive efficient SHS and

encourage their introduction in the markets.

In this paper various physical models are developed to investigate the thermal performance of
packed bed filled with spherical solid material for solar air heating applications. The effects of
different parameters such as the inlet velocity of HTF, the diameter of the spherical solid

material and the porosity of the tank during the charging process were presented.



2- Physical models

The packed bed is in general an aleatory aggregation of a spherical solid material, each in
physical contact with its neighbors and maintained fixed in a container as illustrated in Fig.1.
During the charging mode, the hot air flows through the packed bed and heats the solid
storage material. The HTF leaves the packed bed cooled. To extract the thermal energy from
the storage material (discharge mode), the flow direction is inverted and the incoming cooled
air is gradually heated along the bed (see Fig.1). The ideal charging /discharging process is
accomplished when all the spherical capsules are at the same temperature of the HTF at the

inlet of the packed bed.

A wide range of publications have described numerical models for sensible heat storage in
packed beds [11-14]. They are all based on the original analytical work by Schumann [15].
The Schumann model is an unsteady and one dimensional model which permits to predict the
axial distribution of both the solid and heat transfer fluid temperatures. Martin [16]
performed a study in which he partitioned the packed bed into two zones, one close to the
wall with a high void fraction and the other one in the mid-bed region. Cross et al. [17] used
the results due to Martin [16] for the temperature distribution. His results seem to be accurate
for liquid working fluids and not as good for gases as working fluids. Using the method due to
Martin [16], Beasley and Clark [18] pointed out that the calculation time is high when the
proportion of the specific heat of the solid to the specific heat of the heat transfer fluid is
higher. Handley and Heggs [19] employed an alternative version of Schumann’s model by
considering a thermal gradient in the solid particles with the implicit Crank—Nicholson
method to solve the model equations using gas as a heat transfer fluid. Beasley and Clark [18]
solved the same problem by considering the bed wall effect. Furnas [20] conducted
experiments with steel spheres of diameters 1.85; 3.87 and 4.86 cm to identify the heat
transfer coefficient between the heat transfer fluid (air) and solid. He identified some
correlations for the film coefficient suggesting that the film coefficient is not affected by the
diameter of the sphere. Gunn [21] discussed various investigations of the impact of radial and
axial dispersion in the packed bed. Vortmeyer and Schaefer [22] have illustrated that the

single-phase model can be deduced from the continuous solid-phase model. Based on their



findings, Vortmeyer and Adam [23] identified the effective axial thermal dispersion in the bed
as a function of Reynolds' and Peclet's numbers. Persons et al. [24] used the numerical code
TRANSYS to study the packed bed using Schumann’s model, compared the numerical
predictions with experimental results and found good agreement. Melanson and Dixon [25]
carried out experimental measurements on packed beds of a small diameter ratio of bed to the
diameter of particles and identify the effective thermal conductivity and the heat transfer
coefficient close to the bed wall. Their results in agreement with the Furnas conclusions [20],
reveal that particle size has a negligible impact on these two parameters. Hollands et al. [26]
experimentally determined the radial distribution of the heat transfer fluid velocity in the
packed bed and studied the effect of the velocity on the thermal performance of the packed
bed. Coutier and Faber [27] used Schumann’s model to invetigate the thermal behaviour of
the packed bed. Also they quantify the volumetric heat transfer coefficient between the heat
transfer fluid (air) and solid material experimentally. The obtained results are very helpful to
design the thermal storage bed with air as HTF. Raiz [28] presented an analytical solution for
packed beds based on Schumann’s model and the one dimensional single phase model.
Sowell and Curry [29] investigated the packed bed by using Schumann’s model with possible
variations in the heat transfer fluid inlet temperature. The outlet heat transfer fluid temperature
is calculated by the addition of the inlet temperature multiplied by a response factor. Littman
et al. [30] determined experimentally the heat transfer coefficient coefficient between heat
transfer fluid and the solid material for small Reynolds number from 2 to 100 and diametr
solid particles from 0.495 to 2.0 mm. While Gupta et a. [31] used experimental results in
order to propose expressions for the Nusselt number between the solid particle and the heat
transfer fluid for Reynolds number from 10 to 10* .Maaliou and McCoy [32] proposed an
economic method to optimize the thermal energy storage inisde the packed bed with spherical
solid particles. The economic value of the thermal energy stored is maximized in terms of the
capital and operational costs. The mathematical model used is capable to determine the

thermal gradient inside the solid particles and the heat losses to the external environment.

The physical models of packed bed TES system can be divided into two main categories [11-
12]. When the temperature of the solid material and the temperature of the HTF can be
assumed equal at any specific location, the packed bed is likened to a homogeneous medium
and the single-phase model can be applied. According to Ismail and Stuginsky [14] this model
is useful in analyzing packed beds with high thermal conductivity and high thermal capacity

of the storage medium in comparison to HTF. If the hypothesis on two-phase equality of



temperature is accepted, the heat diffusion in the solid and the HTF have to be regarded
independently [33-40]. In this group one can identify three models which can represent the
dynamic behavior of the packed bed, that is, Schumann’s model, the continuous solid phase
model and the concentric dispersion models or models which allow for thermal gradients
inside the solid particles [41-50]. The last model assumes that the temperature profile is

symmetrical with respect to the center of the particles.

The principal purpose of this study is to provide a comparative analysis of four physical
models for packed bed sensible heat storage systems. In the formulation of these physical
models, whose details are shown below, it is assumed that the bed geometry is cylindrical
with height H and diameter of D and charged with spherical solid particle of diameter d.
There is no heat generation within the bed, no chemical reactions, the radial heat conduction
and the radiation heat transfer mechanism inside the packed bed are considered to negligible,
there are no heat losses to the ambient and finally no thermal gradient inside the solid particles

except in the case of the last model namely the concentric dispersion model.

2.1 The single phase model (Model 1)

In a packed beds having a significant volumetric heat transfer (between HTF and solid
materials) and/or charged with solid materials of high conductivity, the thermal resistance
between the solid particles and the HTF becomes negligible. In such a case one energy
equation based on the homogeneous temperature 7,, is sufficient to describe the thermal

behavior of the packed bed:

or or _of, or
m G m—=_" k m (1)
('Ct)m or + cf Ox ax(m ax)

The heat capacity of the packed bed,(p.c)m, is the sum of the solid particles and the HTF

contribution:

(oc) =ep,c, +(1-€)p, c, 2)

where 0 and c are, respectively, the density and the specific heat; G is the mass velocity of

the HTF, k_ is the effective thermal conductivity of the bed and £ is the porosity of the tank.



The effective thermal conductivity k is calculated by using the following expression [49-50]:

e(k -k;)

, 3
)

where k_  is the thermal conductivity of the solid material and k; is the effective thermal

conductivity of the HTF. The expression of k; is the following [49-50]:

k., Cz

TE 1+¢,.(Re,.Pr,) @)
f

With 0.115<¢, £0.167 and 1<c¢, <1.25

u.d c
- P, and Pr, = M

Re,
H ! kf

where u is the mean heat-transfer fluid flow velocity and £/, is the dynamic viscosity of the

HTFE.

2.2 Schumann’s model (Model 2)

The Schumann’s one dimensional model [15] can be deduced from the general equation of
energy conservation. In this case, it is supposed that there is no heat conduction in the fluid.
The heat exchange between the solid particles is assumed to be negligible. The energy

equation of the packed bed can be expressed as:

e For HTF:
)| 5w oAl 1) ®

¢ For solid material

or
1-) ), > =UA(T,,

-T) (6)
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where U is the heat-transfer coefficient between the HTF and the solid particle; A is the
superficial particle area per unit bed volume. A can be determined by the following
expression:

_6(1-¢)

A=\ 7/
d )

2.3 Continuous solid phase model (Model 3)

In this model, the solid is assumed to behave as a continuous medium and not as a medium
composed of independent solid particles. It is also assumed that the heat transfer in the bed is
by conduction in the axial direction. The energy equation for packed bed system can be

described as:
e For HTF:

of OI )\ 9 ,or
o) 'y ool 5 rualr ) ®

¢ For solid material

1-&) @)Sa;t‘: =§C(k; ‘Z‘C J+UA(TH,F -T) )

The HTF effective thermal conductivity in the axial direction k;c is calculated from the

following expressions [34]:

k,=07¢k, for Re, 0.8
(10)
k,=05Pr, Re k, for Re, ~0.8
The solid effective thermal conductivity in the axial direction is calculated from [50]:
K =k, —k, (11)



The axial effective thermal conductivity can be calculated from [S0]:

kef,\: — kf)
=—+0.5Pr, Re (12-a)
k.f kf ‘ ’

where k: is the stagnation effective thermal conductivity calculated from:

f f

K (k) k
“=| L | where m = 0.280-0.757log & ~0.057 log -
(12-b)

For packed bed, Nusselt number is frequently used to calculate the inter-phase heat transfer
coefficient between the HTF and the solid particles. A number of correlations for the Nusselt
number are available in the literature [11]. Beek [51] propose the following correlation
(Eq.13) which is valid over the porosity range 0.35 < £ <1 and up to a Reynolds number of
10°:

Nu=(7-10£+5.).(1+0.7Re} Pr"*)

+(1.33-244£ +1.26°).Re! .Pr?™ .

2.4 Model with thermal gradient inside the solid particles (Model 4)

The concentric dispersion model takes into account the thermal gradients inside the solid
particles and neglects the thermal transfers between the solid particles and, therefore, the
variation of the solid particles temperature will be due only to the heat transfer between the
HTF and the packed bed. As a result, the energy equation of the packed bed can be described

as follows:

e For HTF
o o) of.or B
o) [T =2 T =)

* For solid particle
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2.5 The total amount of heat stored in the packed bed

The total amount of heat stored in the cylindrical packed bed represents the heat stored in the

HTF (air) plus the heat stored in the solid particles, but since O, c, U p,c,, Q(t) can be

approximated as the heat stored in the solid material storage only:

Q(t):%(l—g)pycc]i(ﬂ ~T, )dx (16)

3- Boundary and initial conditions
3.1 Initial condition

The initial condition for all the models is that the initial packed bed temperature has to be

uniform, indicating by Tix; :

T, (x,0)=T (x,00=T,, (17)

3.2 Boundary conditions

The boundary conditions of all models should be physically identical in such a way to be able
to perform a comparison and to discuss any differences between the various models.

At the entrance of the packed bed and at time t = 0, the HTF has the following temperature:

T, (0,)=T

inlet

(18)

Adiabatic conditions for the HTF at the exit of the packed bed and they are expressed by
Eq.18:



or, (= H.1)
Ox

The adiabatic conditions for the solid particles at the inlet and the outlet of the packed bed are

=0 19)

expressed by Eq.19:

o, (0.1) _ T, (H.1)

=0 20
Ox Ox @0

If we consider a thermal gradient inside the solid particles, we have to introduce two other

boundary conditions:

ai:O for r=0 21
or
and
AS%ZU(Y}—ZU:R)) for r=R 22)

4- Numerical procedure

Based on the developed physical models, a numerical tool in the FORTRAN 90 environment
has been developed. It enables the prediction of thermal performance of the packed bed

during the charging and discharging process.

The energy equations that describe the four physical models with the corresponding initial and
boundary conditions has been numerically solved by using the control volume finite
difference technique [52-53]. The packed bed is partitioned into several adjacent control
volumes, where the grid points are located at the center of each control volume. The time
derivations are determined by using totally implicit time integration. The Upwind scheme is
adopted for discretization of the convection terms and the central difference scheme is used
for discretization of the diffusion term. The obtained discrete equations were iteratively
solved at each time step using the tridiagonal matrix algorithm (TDMA). At each time step,

convergence was supposed to be achieved once the temperature residuals become lower than

10



K+l _ ok
<tol, and ”D—k”) <tol . In this

s,P

e+l k
Tip —T;p
k

some predefined values ol and t0l,,, i.e. T
f.P

work, all calculations were performed with ol ; =tol; = 107.

5- Numerical simulations and experimental validation

The physical models are verified using the experimental data provided by Meier et al. [54].
The experiment involves a 3-hour charging process carried out in a laboratory storage facility.
The dimensions of this experimental device and its functional characteristics are described in
Table 1. Due to the small ratio of the tank diameter to solid particles diameter ratio (D/d =
7.4), the influence of the near wall effects on the measured data is important. In fact, some of
the air flow is directed through this slightly non-porous region and therefore doesn't
participate in heat transfer by convection inside the packed bed. In order to consider these
effects, Meier et al. [S4] proposed to adjust the mass velocity G used in the calculations (See
Table 1). As illustrated in Figures 2-a, 2-b, 2-c¢ and 2-d, the computed temperature profiles
inside the packed bed are approximately in line with the experimental profiles registered when
the mass effective flow was decreased by 10%. It can also be noted that the two models
(Model 3 and Model 4) that take into account heat conduction inside the solid particles are in
good agreement with the experiment. On Fig. 3, we have reported the variation of the HTF
temperature at the outlet of the tank for the four models (Model 1, Model 2, Model 3 and
Model 4). We can observe that the HTF temperature at the outlet of the tank provided by
models 3 and 4 is lower than that calculated with models 1 and 2. These results can be
explained by the impact of the heat conduction within the solid particles on the thermal
behavior of the packed bed. We can also conclude that the heat conduction inside the HTF
can be neglected without introducing any particular error on the thermal behavior of the

packed bed.

Figs.4-a, 4-b, 4-c and 4-d exhibit the numerical results of the temperature evolution of the HTF and
the solid particles inside the packed bed. We note that for all models the temperature profiles increase

progressively along the height of the packed bed. This behavior is typical of a plug flow system, where

11



the front travels in the axial direction. The difference between the HTF and solid temperature profiles

can be considered negligible.

It is interesting to note that models with negligible thermal gradient inside solid particles can be
adopted when the thermal conduction resistance in the solid of the packed bed is negligible compared
to the thermal convection resistance. This condition is assessed thanks to the dimensional Biot

number:

BiZUk—dSO.l (23)

To verify the validity of Equation 23, we tested Model 4 for two values of thermal conductivity of the
solid material (0.2 W/m.K) and (2.5 W/m.K) (see Figs 5-a and 5-b) for the same value of U. The
diameter of the solid particle is assumed to be 0.06 m. The thermophysical properties of HTF and solid
particles properties are maintained constant (see Table.1). We note that the thermal diffusion in the

solid particle cannot be neglected when the thermal conductivity is 0.2 W/(m.K). Consequently,

models in which the thermal diffusion inside the solid particles is neglected (i.e. Bi < 0.1) can be

adopted to describe the thermal behavior of the packed bed.

The single phase model is said to work when the thermal conductivity and thermal capacity of the
solid material are high compared to the heat transfer fluid. It is evident that these conditions are
usually respected in many storage materials like alumina material. The volumetric heat capacity of
alumina is 2500 higher than air. The thermal conductivity of alumina is 1300 times higher than the air.
Thus, thermal equilibrium is a plausible hypothesis in the air/alumina system, which implies that the

porous media can be reasonably considered as homogeneous system.

6- Results and discussion

The most important factors that affect the thermal behavior of the packed bed for sensible heat storage
are the thermophysical properties of the solid storage material, the size of the solid material, the mass
velocity of the HTF and the porosity of the bed. In the coming paragraphs, we will examine the effect

of each of these parameters on the thermal behavior of the packed bed.
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6-1 Influence of the thermophysical properties of the solid material

The principal problem in the use of solid materials for thermal energy storage systems is the
relatively large size of the storage tank. However, this can be reduced by using storage

materials with high thermal capacity and resisting to high temperature levels.

It is important to mention that solid materials with high thermal diffusivity (——), but low

s°7s

effusivity (1/k,.0,.c, ) seem to be the most adequate for sensible heat storage systems.

Table 2 illustrates that certain metallic materials look as good candidates as mineral
materials. However, both availability and cost-effectiveness should also be considered in the

evaluation and, in this regard, mineral materials have certain merits.

The density and the specific heat capacity of the solid material are also among the important
properties in the design and the choice of the solid storage materials. The impact of the
density of the solid storage material on the energy stored inside the packed bed was reported
in Fig.6. The values of the thermal conductivity and specific heat capacity are maintained at
their nominal values (see Table 1). The higher rate of thermal charging and higher storage
capacity of the denser material is evident (see Fig.6). It should also be noted that the stored
energy increases in a nearly linear manner over time during the charging period until it
reaches a maximum value, and that the linear part of the curve increases with the increase in

solid material density.

The influence of the specific heat capacity of the storage material on the thermal behavior of
the packed bed was analyzed for values varying from 50 to 1068 J/kg.K (see Fig.7). A
significant improvement in the energy storage level and capacity with an increase in the heat

capacity of the solid storage material is observed.

6-2 Influence of the solid material diameter

Fig.8 displays the influence of the solid material particle diameter on the thermal behavior of
the tank. The decrease in the size of the solid particles leads to an increase in their number and

therefore to an improvement in the heat exchange surface between the solid particles and the

13



HTE. We can also notice that for a given particle size rise, there is a correlative rise in the

charging time.

6-3 Influence of the HTF mass velocity

The effect of the mass velocity of HTF on the thermal behavior of the packed-bed is presented
in Fig.9.As shown in Fig.9, the higher the HTF mass velocity, the shorter the charge time. The
rise in the mass velocity HTF leads to an improvement in the thermal transfer coefficient
between HTF and solid storage material. For the three HTF mass velocity under study, all

sensible energy is stored.

6-4 Influence of the porosity

For a packed bed having a certain volume and a certain diameter of solid particles, its porosity
determines the quantity of thermal energy that can be stored, the superficial area of the heat
transfer between the solid particle and HTF per unit volume and the pressure drop along the
packed bed axis. Hence for a bed of certain particle diameter, a range of variation of the
porosity can obtained by only varying the filling arrangement of the bed. A reduction in
porosity causes an increase in the mass of solid particles in the tank, an improvement in the
thermal storage capacity of the bed, as well as an increase in the thermal transfer area and the
pressure drop over the packed bed. As a result, an increase in the bed porosity leads also to an

increase in the duration of the charging process (see Fig.10).

7. Thermal optimization of the packed bed

The principal objective of a thermal energy storage system is to ensure a good heat transfer
efficiency during charging and discharging process with acceptable pumping imperatives.

By adopting the concepts of heat exchangers [56-57] and using the height H of the packed bed

as a characteristic length, the number of transfer units (NTU) of the bed can be estimated as:

14



NTU =6.(1- 8).St.% (24)

where St is the Staton number (St = ) related to the solid particle Nusselt number Nus

G.c ;

and solid particle Peclet number Pes as follows:

N
St = 4 (25)
Pe

NTU number is a dimensionless parameter whose amplitude affects the thermal performance
of the packed bed. High values of NTU improve the packed bed effectiveness and ameliorate
the charging and discharging rates.

The Ergun equation [S8-59] is one of the most correlation used to estimate the pressure drop
through packed beds of spherical solids particles.

AP _ (1-€) u.u, L pll=8) poul

H g d? Cg d

(26)

where [/, is the dynamic viscosity of the HTF, u, is the superficial bed velocity (i.e. the

average velocity of the HTF in an empty bed), 0, is the density of the HTF, Ais 150 and

Bis 1.75. The first term on the right-hand side refers to the viscous energy losses that govern
during laminar flow and the second term accounts for kinetic losses that dominate in the
turbulent regime.

Figs. (11-a) and (11-b) illustrate the change in the NTU and the pressure drop across the
packed bed with — for various values of the mass velocity G of the HTF. It can be seen that

the value of NTU rises with the rise in the mass velocity G of the HTF. For the identical value

of G, the value of NTU becomes higher as the diameter of the particles is reduced. It is
important to note that the rise of NTU with the increase in EIS significant for lower values
of G. Regarding the pressure drop, important values of pressure drop are observed for higher

values of G. The rate of increase of pressure drop with the rise of —is expected to be

negligible at relatively small values of G. From this assessment, it can be seen that, generally,

15



the selection of relatively small diameter solid particles is advantageous in terms of heat

transfer rates and pumping requirements at low values of the mass velocity of the HTF.

This analysis shows that, in general, for a relatively small values of the mass velocity of the
HTF, the utilization of solid particles with small diameter is beneficial in terms of thermal

packed bed efficiency and pumping performances.

8. Conclusion

Numerical simulations were carried out with four physical models to describe the thermal
behavior of the packed bed for sensible heat storage. It is found that the physical with thermal
gradient inside the solid particles have to be considered and adopted only when there is a need
for detailed information inside the solid particle (like thermal diffusion). The influence of
various parameters on the thermal behavior and the pressure drop over the packed bed during

the charging process is reported and discussed. It is found that :

- The thermal behavior of the packed is strongly influenced by the mass velocity of the
HTF, the solid particle diameter, and the porosity of the bed ;

- Atrelatively small values of the mass velocity of the HTF, the choice of solid particles
with small diameter is profitable in terms of thermal packed bed efficiency and

pumping requirements.
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Nomenclature

A capsule area, m>
Bi Biot number

c specific heat, J.kg!.K!

d capsule diameter, m

D bed diameter, m

G mas velocity, kg.m?.s™!

H bed height, m

k thermal conductivity, W.m! . K!
Nu  Nusselt number

P pressure, Pa

Pe Peclet number

Pr Prandtl number

Q heat storage

Re Reynolds number

R radius, m

r radial coordinate, m

St Staton number

T temperature, K

t temps, s

U heat transfer coefficient, W.m2.K"!
u velocity, m.s™!

X spatial coordinate, m
Greek symbols

£ bed porosity

U dynamic viscosity, Pa.s

p density, kgm™

Subscripts
e effective
f fluid

HTF hot thermal fluid

17



ini

pcm

initial

mixture

particle

phase change material

solid
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Table 1: Dimensions and operational parameters of the experimental setup [54]

Parameter Value

Tinlet 550°C

Tini 20°C
G 0.225 kg/m?.s
H 1.2m
D 0.148 m
& 0.4
d 0.02m
U 0.687 W/ (m>.K)
P, 2680 kg/m>
C, 1068 J/(kg.K)
K; 2.5 W/(m.K)

Table 2: Thermal diffusivity and effusivity of certain solid storage materials [9]

Material Diffusivity Effusivity
(m2.s) (Wm2K!s1?2)
Limestone 48107 993
Standstone 5.7 107 1700
Granite 8-18107 1900 - 2950
Al 1310 12800
Cast iron 13 10° 17173
Cu 11103 36383
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Fig.1 : Sketch of a packed bed thermal storage system
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