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Abstract A packed bed thermal storage has several desirable characteristics to be used for energy
storage. The behavior of packed bed is predicted by set of differential equations. A numerical solution
is developed for packed bed storage tank accounting to the secondary phenomena of thermal losses
and conduction effect. The effect of heat loss to surrounding (k;), conduction effect (k,) and air
capacitance (k;) are examined in the numerical solution. It is found that the values of k; and k, are
small and can practically be neglected in the solution. The solution indicates the profiles of air and
rock bed temperatures with respect to time and length of the'bed.
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1. INTRODUCTION

The limited amount of fossil energies has forced
scientists all over the world to search for
alternative renewable energy sources. The use of
renewable energies has, therefore, seriously been
considered in the last three decades by researchers.
The sun has been the.major source of renewable
energy from long time ago. This energy has had a
determinate contribution to the life of human being
from the formation of life on the earth up to now.
The transfer of energy from sun to the water took
first place as the most common way of heat
storage. To realize the substantial effect of the
solar energy, one needs to consider its storage as
electrical, chemical, mechanical or thermal energy.
A few possible means of solar energy storage are
mentioned here. Some of the methods need further
research and development to make them technically
and economically sound.
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The storage of energy in solar power plant is
essential for our round clock system operation. The
energy storage issue is nowadays utilized to adjust
the energy consumption rate or supply cut off
problems. A packed bed system is considered to be
convenient equipment for heat storage effort. The
heat transfer to and from a flowing fluid is
subjected to the theoretical investigations in order
to obtain the practical information on its
application to solar storage design [1-4]. The
quantities of the important parameters like G (fluid
flow rate per unit area), L (bed length), d (solid bed
particle equivalent diameter) and A (bed surface
area) are required for designing of a thermal
storage bed. The assumptions made for
mathematical analysis of heat transfer in a rock bed
storage system are as follows: (i) negligible
internal gradient within the solid particles, (ii) no
internal heat generation and (iii) no mass transfer
taking place in the system.
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A model can be used to describe the heat
transfer in a packed bed system. Various
investigators based on the two sets of differential
equations have proposed different models. The
first is for fluid media and the second is for solid
[5-7]. Schumann [1] has analytically solved the
problem. Several researchers have worked on the
problem with different variations and extensions;
but limited information is available on its
application to solar design. In this work, the system
is defined by a set of partial differential equations
and the backward finite difference technique is
used to solve the partial differential equations. The
model accounts for such phenomena as thermal
loss and conduction effects. The model indicates
the importance of critical parameters like airflow
rate per unit surface area, rock equivalent diameter,
length of bed and bed surface area for designing
purpose, too.

2. MODEL

Packed bed energy storage is a particular
application of a group of processes involving fluid
flow through a porous media. Different industrial
processes are performed in the packed columns: A
number of problems are associated with the design
and operation of such columns. Every‘process has
its own specific fluid dynamic characteristics with
respect to the bed physical properties that have to
be considered. The design aspects include the
effect of a pumping power, total energy
transferred, temperature difference and noise
control.

Consider a cylindrical storage rock bed with the
X-direction alonguits axis. ‘An elemental volume
located between' the -abscissa x and x + dx is
considered for heat transfer evaluation. The
governing differential equation for the energy
supplied by air to the rock bed through convection
into the elemental volume during dt is:

hy A (T, — T,) dx dt (1)

where the volumetric convective heat transfer
coefficient, h,, is the product of the heat transfer
coefficient per unit area of the rock (h) and the
surface area of the rock per unit volume (a). A, T,
and T, are the bed cross sectional area, the air and
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the rock temperatures, respectively.
The quantity of heat carried away by the air is:

C.GA@T,/0x)dxdt )

where G is the mass flow rate of air per unit cross
sectional area and C, is the heat capacity of the air.
The heat loss to the surroundings is

Udn (T, - T.. ) dx dt 3)

where D, U and T., are the rock bed diameter, bed
heat loss coefficient and surrounding temperature,
respectively.

The energy balance for the air is obtained by
summing up Equations 1, 2 and 3:

P.CaAf(@T,/0t)dxdt 4)

where p, and f are the air density and the void
fraction, respectively.

The first energy balance differential equation is
derived for gaseous phase:

(aTa/ a t) + (G/pa f) (aTa/ a X) = ('hv/ Pa Caf) (Taf
Ts) - ( nUD / paCaf) (Ta' TN)
&)

Heat balance for the rock bed (solid phase) is
similarly obtained from:

(0Ts/ 9 t) = [(hy/ ps Cs (1-f) ] (Toa—Ty) + [ks/ ps Cs
(1-£) ] 0* T,/ 0 x*
(6)

where k,, p; and C, are thermal conductivity,
density and specific heat of the rock particles,
respectively. The first term in right hand side of
Equation 6 is for heat transfer by convection from
air, while the second describes the conduction
effect within the rocks. An equivalent diameter is
calculated for a spherical shape for rocks of
irregular shape. In order to make Equations 5 and 6
dimensionless, the following groups of parameters
are introduced:

y=ax = (h,/G C, )x @)

Z:Bt:[hv/pscs(l'f)]t (8)
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Equations 5 and 6 become:

0T,/ dy + k3 (0T/ 9z) = T,— T, — k(T,—T..)  (9)
0T,/ 0z=T,—T,+k (0°Ts— 9y (10)
where k;, k, and ks are dimensionless coefficients.

kk=U/hD,k=hk /G C, ki=p,C, f/
psCS(l'f)

ki, ko and k; correspond to the heat loss to the
surroundings, conduction effects and air
capacitance, respectively.

The initial conditions are:

Ta(x,t=0)=T.(x)or Ta (y, z=0)=Ta (y) (11)
T(x,t=0)=Ti(x)or T, (y,z=0)=T(y)  (12)

For completely discharge rock bed, the initial condition
becomes:

Ta (y’ZZO):TaO ande (yaZ:O):TSO (13)
The boundary conditions are:

Ta (y» z= O) = TaO Ts(ya A 0) = TSO (14)

T.(x=0,) =T, (t) or T, (y=0,2)=Tu2) " (15)
In the solar system, T,(t) is a function of time:
Ta (t) = TaO + (Tamax_ Tao) (Sil’l (TC t/ t(:oll. ) ) X (16)

teol. 18 the time when the positive value of collector
efficiency allows actual solar «ollection. The
variation of temperature with respect to time for
solar system can be ‘expressed by Equation 16
where p can be.set such that to define the
temperature variation shape throughout the day
since in the solar system, temperature rises from
minimum to maximum and then returns to
minimum value. The value of P is taken to be 1.5
in the model calculations, which conveniently
defines the temperature variation:

AT,= T, (average) — Ty

If values of k; and k, are assumed to be small,
Equations 9 and 10 become:

T,/ dy + ks 0T/ 97) = T,— T, (17)
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T/ dy =To— T, (18)

Considering Equations 7 and 8 and differentiating
with respect to x and t, respectively:

Jdy/ax = h,/GCa (19)
dz/dt = h,/ p;Cy(1-f) (20)

The Equations 17 and 18 can be written in the form
of:

dT,/ 0x . 0x/dy + k3 (dT,/ ot . 9t/ 0x) = T,— T,

e2))
dT,/ dt. ot/ dz=T,- T (22)
Equations 21 and 22 can finally be written as:
T,/ dt+vaT,/ ox + k' (T,—Ty)=0 (23)
dT/dt—k', (T,-Ty)=0 24)
where
V=G/( p.f) (25)
k't =h ./ p,C.f (26)
k'>=h,/ pC(1-) 27)

Equations 23 and 24 can be written in terms of
finite difference for (n-1> x > 2) as:

AT (X-1LH DABT (Xt 1)+ AT, (x+1,t+1) = CTy(x,t)
+ Ta(x,t)
(28)

Ty(x,t+1) = (Ty(x,0)/(1+ K5 At) ) + (K> At
Ta(x,tH1))/( 1+ K5 At)
(29)

where
A=vVAt/2Ax B=1+k At—K; kK, At/ (1+ kA t)
C =K At/(1+ kAt) D = vAt/Ax = 2A

E =1+ vAUAX + KAt =K' KaAL/(1+ KA =B +

D=B+2A
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Figure 1. Variation of air temperature in different layers of rock bed.
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Figure 2. Variation of rock temperature in different layers of rock bed.
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Figure 3. Comparison of rock and air temperatures variation.
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Figure 4. Variation of air temperature along bed with time.
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Figure 5. Variation of rock temperature along rock bed with time.
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Figure 6. Comparison of rock and air temperatures variation along the rock bed length with time.
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Figure 7. Variation of air temperature in different layers of rock bed.
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Figure 8. Variation of temperature in different layers of rock bed.
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Figure 9. Comparison of air and rock temperatures variation in different Layers of rock bed.
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Figure 10. Variation of air temperature along the rock bed length with time.
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Figure 11. Variation of rock temperature along, the rock length with time.
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Figure 12. Comparison of air and rock temperatures along the rock bed length with time.
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Figure 13. Comparison of rock temperature along the bed length for cases 1 and 2.
In Equation 28, considering x =2, ..., n-1, we will Equation 10 can also be written in terms of finite

have a set of equations which can be written in
form of a matrix. This matrix is solved for
variation of air temperature at each location in the
rock bed at the end of the time interval At, starting
from initial conditions at t =0 and using Equation
29 and Ta. The variation of rock temperature can
also be calculated.

Considering the case where ki, k, and k; # 0 in
Equations 9 and 10, Equation:9-can be written in
terms of finite difference as:

-GTa(x-1,t+1)+HTu (Xt D+FGT,(x+1,t+1)-Ty(x,t+1)
=LT,(x,t)+k T

(30)
for (n-1> x> 2)

where

G=1/2Ax

H = (1+ki)+(ks/At))

M = 1/Ax

L= k3/At

N= (1/Ax + (1+k;)+(ks/At)
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difference for (n-1>x > 2):

-CTy(x-1,t+1) + FTy(x,t+1) - C Ty(x+1,t+1)-Tu(x,t+1)
=ET; (x,t)
€2y

forx=1

ATy(x,t+1) + BT(x+1,t+1) - C Ty(x+2,t+1)-Ta(x,t+1)
=ET; (x,t)

(32)
forx =n

A Ty(x, t+1) + BTy(x-1,t+1) - CTy(x-2,t+1) -To(x,t+1)
=ET; (x,t)
(33)

where

A= ((1/ At) + 1 —(ko/(AX)%))
B=2k,/(Ax)’

C=ko/(Ax)*

E= 1/At

F = ((I/At) +1+ 2ko/(At)?)
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4. RESULTS

Two cases are considered in this work. In the first
case k; and k, are considered to be negligible (i.e.
k; and k, can be ignored in Equations 9 and 10).
Figures 1 and 2 show the air and rock bed
temperature variation with respect to the time
respectively. The sets of curves in Figures 1 and 2
differ by the value of Z = Pty,y. The air
temperature is 60 °C at t = 0, as shown in Figure 1.
This is the condition of air before introducing into
the rock bed. The rock bed is divided into n layers
and air temperature profile is shown in Figure 1.
This figure shows the time required for complete
charging of rock bed is 7 hours. The temperature
profiles of rock bed layers are shown in Figure 2 at
different time intervals. The hot air gives its heat
quickly to the rock bed due to high heat transfer
coefficient. At the beginning, the temperature of
the rock bed gradually increases. Heat is
transferred gradually to the other layer. After 7
hours, the temperature of the exiting air begins to
rise. This is a sign of charging of the rock bed.
Figure 3 compares the air and rock bed
temperature profiles. As the time increased, the air
and rock bed temperature profiles get closer the
each other. Figure 4 shows the air temperature
variation along the length of the bed. At t =0,
the air temperature is 60 °C. As is shown ‘in
Figure 4, the exit air temperature drops.at very
short times. As time goes on, the temperature of
the exiting air is increased.. After 3.5 hours, the
exit temperature is about 49.°C. The rock bed
temperature variation alongthe length of the bed
is shown in Figure 5.  Figure 6 compares
variation of air and rock bed along the length of
the bed.

In the latter; the coefficients k;, k, and k; are
not neglected in the solution. Figures 7 and 8 show
the temperature variation of air and rock bed with
respect to time. It shows thermal wave dispersion
throughout the rock bed. The time rate of change
or slope of a curve at particular time shows the
impulse response in Figures 7 and 8. Figure (9)
compares temperature variation of air and rock
bed. As the time increased the temperature profiles
of air and rock bed get closer to each other. Figures
10 and 11 show temperature variation of air and
rock bed along the bed length. Figure 12 compares
the temperature profiles of air and rock bed along
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length of the rock bed. As the time increass, the air
and rock bed temperature profiles get closer to
each other.

5. CONCLUSION

An analytical solution can be written for Equations
5 and 6 with mere boundary condition of T(0,t) =
T(1,t) in the inlet air temperature. In this case, the
solution is limited to relatively small values of
time. In order to extend solution to real case where
an initial non-uniform spatial temperature distribution
within the bed is considered at large time, initial
boundary condition 11 and 12 are to be incorporated in
the solution. The solution shows the response of
the rock bed during the charging period (energy
recovery mode).and the profiles of air and rock bed
temperatures with respect to time and length of the
bed. Equations 23 and 24 must, therefore, be
expressed in finite difference form and solve by
numerical procedure. Since the air is used as the
heat transfer medium at low temperature, the effect
of ki, k, and k; (heat loss, conduction through solid
and heat capacity of fluid respectively) are found
to be negligible in the solution of the case of air as
a moving fluid.

6. NOMENCLATURE

A cross section area of bed, m’

C. heat capacity of the air, J/kg °C

Cs heat capacity of the rock, J/kg °C

d rock equivalent diameter, m

D rock bed diameter m

f void fraction %

G air mass flow rate per unit cross section,
kg/m* s

h, volumetric  convective heat transfer
coefficient, W/m’ °C

ks heat conductivity of the rock W/m °C

k; U/h,D

k, h.k,/G*C,

ks PaCafl/psCs(1-f)

T, air temperature, °C

T, rock bed temperature, °C

T. surrounding temperature of rock bed, °C

t time, S
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tcoll.

Va

Pa
Ps

solar collection time, hr

heat loss coefficient of the rock bed, W/m?°C
air velocity, m/s

distance along the rock bed, m

air density, kg/m’

rock density, kg/m’
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