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Abstract 

 Packed bed thermal energy storage system is an important component of solar energy 

conversion system. Conventionally packed bed systems have been designed on the basis of 

the thermal energy considerations only. Charging and then discharging of bed complete 

one cycle. It has now been realized that in cycling process   special attention needs to be 

paid to the design to take into account the energy losses as well as the maximum 

utilization of available energy. In this work, an investigation has been carried out on the 

effect of cycling (charging and discharging cycle) on the performance of packed bed solar 

energy storage system. Temperature profiles during charging and discharging have been 

determined. It has been found that during finite time discharging, the bed cannot be fully 

discharged  and certain amount of unused energy still remains entrapped in the bed. 

Stabilized unused energy has been found which has been seen to be strongly affected by 

the bed parameters, namely, the element size and shape, void fraction and aspect ratio of 

the bed. The values of these parameters to result in minimum value of this stabilized 

unused energy have been found within the range of investigation. It has been found that 

unused energy can be minimized by keeping element size to be small and by using highly 

non spherical elements combined by high void fraction and large aspect ratio of the bed. 

 

1.Introduction 

In view of the growing energy demand and the increasing environmental concerns 

alternatives to the use of conventional and highly polluting fossil fuel energy resources 

have to be urgently found. Solar energy is considered to be the most important and viable 

alternative renewable energy resource due to its quantitative abundance. Although solar 

energy is available everywhere but its availability is highly intermittent. It is therefore 

necessary to provide a suitable storage system with solar energy collectors to store energy 

to meet the demand in the absence of solar radiation availability. In the case of solar air 

heating application, packed bed generally represents the most suitable energy storage unit 

as mentioned by Cautier and Farber[4]. During charging mode,solar heated air is forced 

into the top of the container i.e. upper plenum and then passes evenly through the bed, 

heating the storage element and passes out through the lower plenum. Air is drawn off at 

the bottom and returned to the solar collector for heating again as shown in Figure1  
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Figure 1.Basic Arrangement of Packed Bed Storage System 

The energy stored during charging is usually not completely withdrawn in the 

finite time interval resulting in some unused energy that is not recovered during 

one complete charging – discharging cycle. The amount of unused energy is a 

function of system (element size, void fraction, element shape, aspect ratio) and 

operating parameters. This unused energy is likely to change on next cycle of 

operation because of different initial conditions for each cycle. The conditions 

stabilized as the charging – discharging cycles are repeated. This stabilized value 

of unused energy will be function of system and operating parameters as also the 

number of cycles of operation. A good design of the storage system should yield 

minimum value of this stabilized unused energy which will result from an 

optimum set of values of system and operating parameters.  

 

2. Analysis of Packed Bed Solar Thermal Energy  

Mumma and Marvin[11] simulation method for thermal behavior of the packed bed 

during storage as well as withdrawal phase has been used to predict the temperature 

profiles of the bed as well as air. The prediction procedure requires a number of 

assumptions as also the values of fixed and variable system parameters. 

 

ASSUMPTIONS MADE IN THE ANALYSIS  

The analysis of the system described in the present study is based on the following 

assumptions: 

a) There is no vaporization or condensation. 

b) The same kind of gas flows through the sensible heat storage bed in both the 

storage and removal processes. This gas is an ideal gas with a constant specific heat. 

c) All storage bed elements are of the same shape and the bed is homogeneous. 

d) Thermo-physical properties of gas as well as bed material are independent of 

temperature. 

e) Heat transfer is one dimensional. 
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RANGE OF PARAMETERS 

 

As discussed above, the system parameters considered in the present study are 

sphericity (Ψ) of the material elements, void fraction (ε), and equivalent diameter of the 

bed element (De) and aspect ratio of bed (L/D). The range of these parameters selected 

for the investigation is given in Table 1.  

 

Table 1 
 

 

 

 

 

 

 

 

 

 

Values of Fixed Parameters 

Table 2 

S

. 

No. 

Description Para

meter 

Value 

1 Volume of packed bed 

(m
3
) 

(Vb) 18 

2 Insolation (W/m
2
) (I) 500 

3 Number of bed element (N) 60 

4 Initial bed temperature 

(⁰C) 

(Tbi) 25 

5 Density of air, kg/m
3 

(ρa) 1.1 

6 Dynamic viscosity of 

air, kg/s-m 

(µa) 1.865x10
-5 

7 Ambient temperature, 

⁰C 

T∞ 25 

8 Density of storage 

material,(kg/m
3
) 

ρs 1920 

9 Specific heat of air, 

(J/kg⁰C) 

Cpa 1008 

1

0 

Specific heat of storage 

material, (J/kg⁰C) 

Cps 835 

1

1 

Collector area, m
2
 Ac 20 

Parameter Range 

Sphericity(Ψ) 0.5-1 

Void fraction(ε) 0.3-0.5 

Equivalent 

diameter,De(m) 

.05-0.2 

Aspect Ratio(L/D) 1-5 
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1

2 

(for collector) FR(τ

α)e 

0.62 

1

3 

(for collector) FRUl 3.38 

1

4 

Time interval,(minutes) Δt 1 

 

Table-2 lists the values of fixed parameters which are required to simulate the system 

performance, the specification of the collector system, storage dimensions and their 

related parameters, thermo physical properties, ambient and initial temperature. 

 

PROCEDURE OF PREDICTION OF PERFORMANCE 

Using the mathematical model for predicting the performance of the system a step by 

step procedure has been developed with the objective of obtaining the values of the 

following parameters during charging and discharging process. 

(i) Mass flow rate of air  

(ii) Volumetric heat transfer coefficient,       

(iii) Temperature of air at the outlet of each element of the bed. 

(iv) Mean temperature of each element of the bed. 

(v) Mean temperature of bed after charging. 

(vi) Mean temperature of bed after discharging.   

(vii) Stabilized unused energy remaining in bed after discharging 

Values of the above mentioned parameters has been determined as functions of system  

parameters, namely equivalent diameter(De), void fraction(Є), sphericity(Ψ) and aspect 

ratio (L/D). 

The calculation starts with fixed values of parameters (FR(τα)e, FRUl and I) and 

proceeds with the calculation of other parameters for obtaining cycle stabilization unused 

energy. For this purpose a step by step procedure is given below: 

1. A set of the values of the parameters namely void fraction, sphericity ,equivalent 

diameter and aspect ratio as per the geometry used is selected for which the calculation is 

to be performed. 

2.  Values of fixed parameters namely insolation(I =500 W/m
2)

, initial bed 

temperature (Tbi=25
0
C) etc. are taken. 

3. Useful heat gain by collector is calculated by using Hottel and Whillier[10] 

energy balance equation, 

      ,(  (  )   )      (        )-  
The term (τα)e represents effective transmittance-absorptance product, Ul is overall 

heat loss coefficient (W/m
20

C) and FR is the heat removal factor defined as ratio of actual 

useful energy gain to the maximum possible energy gain. 

here Tic is the outlet temperature of the air from the packed bed and is equal to TA60 

(temperature of the air leaving 60
th
 element of the bed). For time instant t=0, this 

temperature is assumed to be same as initial temperature of bed.  

4. Mass flow rate of air is calculated as,  

   

   
  
   (       )
⁄        

                where, Tib is inlet to bed 

temperature  and Tic  is the outlet temperature of bed. 

5. Reynolds number is calculated by: 
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Re=G De/ a  

            where, G is mass velocity and calculated by;                                

    
  

  
⁄       

6. Volumetric heat transfer coefficient is calculated by using the expression given by 

Chandra and Willits [5] for convection mode of heat transfer in packed bed. Nusselt 

number for a packed bed  in modified form as: 

                                 
    

 

  
      The correlation 

for Nusselt number in terms is given by Singh,               Ranjit[15] 

 

                          
                 *   ,     (    ) -+  

              Thus the expression for volumetric heat transfer coefficient is: 

 

             
(  [        

                 {   [     (    ) ]}]) 

(  
 )

  

7. The following relation is used to find the temperature of the air „Ta,m+1‟ at the exit 

of m element.                 

            (         )    (   )   

Where,    
   

 
  and                                                                    

NTU (number of transfer unit) 
     

(    ) 
 

here, Ab= cross sectional area of packed bed.                                                                                                       

L  = is length of packed bed,                                                                                                   

 N =  is number of bed elements,                                                                                                   

  = Volumetric heat transfer coefficient. 

8. Temperature of m bed element calculated as follows: 

                   (    )      ( )  [  (           )]       

where,     
(   ) 

 

(   ) 
  (   )

   

andΔt  is time increment. 

9. Calculation of temperature of air coming out from each element Ta(m+1) and 

temperature of each bed  

elementTb,m are thus calculated for given instant of time for all elements m=1,60 usinf 

steps 7 and 8. 

 



International Journal of Grid and Distributed Computing 

Vol. 9, No. 9 (2016) 

 

 

286   Copyright ⓒ 2016 SERSC 

10. These calculation are then repeated for all instants of time t=0, 8 hrs. This refers 

to charging for day 1. 

11. Temperature distribution of bed at t = 8hrs is then used as initial condition for 

discharging process. 

12. Using a fixed flow rate of air    
  
(   (          )         )
⁄   

and inlet temperature of ambient condition, the calculations of steps 9 and 10 are repeated 

using m=60 as m=1 and vice versa i.e as m=1 as m= 60. This refers to discharging for day 

1. 

 

13. Temperature distribution of bed at the end of discharging process is then used as 

initial condition for bed temperature for calculation of temperature distribution of 

charging for day 2 and so on. 

 

14. Mean bed temperature calculated at the end of cycle 1 (charging day 1+ 

discharging day 1) is compared  with mean bed temperature calculated at the end of cycle 

2(charging day 2+ discharging day 2). If the difference between these two temperature is 

more than 0.2 %, the calculation of steps 7 to 13 are reapeted for cycle 3 otherwise it is 

terminated. On termination the value of unused energy is calculated as 

 

  (   ) 
(   ) (        ) 

 

where    is the mean bed temperature at the end of the cycle when calculation is 

terminated. 

 

15. Above mentioned calculation procedure (step 1 to step 14) is repeated for 

different sets of values of system parameters, namely equivalent diameter (De), Void 

fraction (Є), Sphericity (Ψ) and aspect ratio (L/D). (in all 5×5×5×5=625 sets of 

calculation) 

 

3. Result and Discussion 

Figure 2 to Figure 5show  the temperature distribution of bed during charging and 

discharging. Figure 2 shows the temperature profiles during charging for a typical set of 

values of system parameters (De=0.05, Є=0.5,Ψ=0.75 ,L/D=3 ). It can be seen that the 

temperature rises from an initial temperature of 298K, gradually to attain a mean 

temperature close to 313K during a period of 8 hours. During discharging as shown in 

Figure 3, similar changes in temperature can be observed and finally the mean bed 

temperature attains a value close to 298K, but not equal to 298K as it ideally should be. 

This is the limitation of such systems because; the heat transfer rate attains a very low 

value due to very small temperature differential towards the end of charging/discharging 

period. This is the time when the entire bed has attained a temperature quite close to fluid 

temperature and hence heat transfer is very low. The energy represented by the 

temperature profile of the bed at the end of discharging is unused energy which cannot be 

recovered under normal operation of the system. Similar Figure 4 and Figure 5 showing 

the temperature profile for second cycle of operation reveal an important characteristics 

difference. Figure 4 shows that towards the end of charging, almost the entire bed has 

attained a temperature close to 313K whereas Figure 5 still reveals a substantially high 

average bed temperature at the end of discharging. The unused energy represented by 

second cycle can be assumed as “stabilized unused energy” which in this case amounts to 

17.6 MJ. 
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Figure 2. Temperature Distribution of Bed During Charging for Day1 

 

 
Figure 3. Temperature Distribution of Bed During Discharging for Day 1 
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Figure 4. Temperature Distribution of Bed During Charging for Day 2 

 

Figure 5. Temperature Distribution of Bed During Discharging for Day 2 
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Figure 6.  Distribution of Unused Energy with Respect to Equivalent 
Diameter 

Figure6 shows that effect of equivalent diameter of bed element on the value of 

stabilized unused energy. It can be seen from Figure6 that the unused energy increases 

from a low value to higher value as the diameter increases. This is may be due to the fact 

that higher diameter results in poorer heat transfer conditions and hence a poorer 

withdrawal of energy during given period of time.   

It has been stated (Ranjitsingh [15] ) that there exists a value of sphericity for 

minimum heat transfer coefficient, an increasing value decreases the heat transfer 

coefficient attaining a minima for a value of 0.75 and then increasing with further increase 

of sphericity. This is also reflected in Figs. 7 where it is seen that the unused energy 

attains a maxima corrospoding to this value of sphericity for given set of system 

parameters. Value of unused energy increases with an increase of sphericity, attaining a 

maxima for a sphericity of 0.75 and then decreasing as the sphericity is increased. 

 

 

Figure 7. Distribution of Unused Energy with Respect to Sphericity 
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Figure 8. Distribution of Unused Energy  with Respect to Void Fraction 

 

Figure 9. Distribution of Unused Energy with Respect to Aspect Ratio 

Figure 8 show that the value of stabilized unused energy is a function of void fraction , 

the value slightly increases as the void fraction is increased, attains a maxima and then 

decreasing to a minimum value as the void fraction is increased to the maximum value of 

0.5 investigated in this work. 

Figure 9 Show  the effect of variation of “aspect ratio” on the value of stabilized unused 

energy of the storage considered. It is seen that in all cases the value of stabilized unused 

energy decreases with an increase of aspect ratio, the highest aspect ratio of 5 representing 

the optimum condition. This seems to happen due to high heat transfer coefficient values 

attained when the length to diameter ratio of the bed is high. A higher value of this ratio 

represents a smaller flow cross-section for a given bed volume and flow rate. A higher 

velocity and hence a higher turbulence results in higher heat transfer coefficient.   
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4. Conclusion 

Based on this work, following major conclusions have been drawn. 

1. It is observed from temperature distribution in bed that the temperature both during 

charging and discharging is strong function of element size, void fraction, shape and 

aspect ratio of bed. 

2. It is observed that bed with elements having sphericity of 0.5 is most stratified during 

charging. 

3. The mean bed temperature is found to decrease with increase in equivalent diameter of 

element during charging and during discharging the mean bed temperature increases 

with increase in equivalent diameter of bed elements. 

4. It is observed that the bed with elements of sphericity of 0.75 has the maximum 

stabilized unused energy during cyclic process whereas bed elements of sphericity of 

0.50 are seen have minimum unused energy. 

5. It is observed that the unused energy is found to increase with increase in equivalent 

diameter of bed element. 

6. The unused energy is found to decrease with increase in void fraction of bed. 

7. It is observed that the unused energy decreases with increase in aspect ratio of bed. 

8. Stabilized unused energy is minimum for minimum equivalent diameter of bed 

elements, highly non-spherical elements, highest void fraction of bed and highest 

aspect ratio of bed. 

 

Summarizing, it is observed that the bed (system) parameters   strongly affect  the 

performance of the bed and the stabilized unused energy can be minimized by keeping 

smaller element size, using non-spherical elements and making the bed to have high void 

fraction and high aspect ratio.    

 

Appendix 

Ab  Cross sectional area of packed bed, m
2
 

Ac  Collector area, m
2
 

Cp  Specific heat, J kg
-1

 K
-1

 

De  Equivalent diameter of material particle, m   

f   Friction factor, dimensionless  

G   Mass velocity of air , kg s
-1

m
-2

 

h  Heat transfer coefficient, Wm
-2

 K
-1 

hv  Volumetric heat transfer coefficient, Wm
-3

 K
-1

 

I  Insolation, W m
-2

 

I'sc  Actual value of solar constant, W m
-2

 

k  Thermal conductivity, Wm
-1

K
-1

 

L  Length or height of the bed, m  

L/D  Aspect Ratio, 

 ̇  Mass flow rate, kg s
-1

 

N   Number of bed elements, dimensionless  

NTU  Number of transfer units, dimensionless  

ΔP  Pressure drop across the bed, Nm
-2

 

Qh  Thermal energy stored in the bed during charging, J  

Qc  Available energy stored in the bed during discharging, J            

Qu  Useful energy gain in the collector, W  

Q  Stabilized unused energy, J 

q  Rate of heat transfer or rate of heat storage, W  
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Re  Reynolds number, dimensionless  

T∞  Ambient temperature, °C (K)  

Ta  Temperature of air in the bed, °C (K) 

Tbi  Inlet temperature to the bed, °C (K)  

Δt  Time interval, s  

Tbm  Average/mean temperature of bed, °C (K)  

Tib  Initial temperature of bed, °C (K)  

Tic  Temperature of fluid at bed outlet, °C (K)  

tch  Charging time, s   

Vb  Volume of packed bed, m
3
 

x  Distance along the bed, m 
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