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ABSTRACT 

Solar energy is a dominating source over other energy resources. It has capability of being used for any energy 

application. However its intermittent nature requires an energy storages system along with the solar collector to 

make it more dependable. Solar air heaters utilize the packed bed as their storage system. This stored energy in 

the packed bed can be used for providing the continuous supply of thermal energy in the absence of sun and it 

can also be used in addition to the current supply. The present paper is aimed at investigating the effect of 

various parameters on thermal energy stored in the packed bed solar air heating system.  
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I. INTRODUCTION 

Energy storage provides a mean for improving the efficiency of a wide range of energy systems. 

Typically energy storage is used when there is time or rate mismatch between energy supply and 

energy demand or where intermittent energy sources are accessible, similar to that of solar energy. 

The storage system stores energy when the collected amount is in excess of the requisite of the 

application and discharges energy when the accumulated amount is inadequate [1]. Figure1 shows the 

schematic of a solar energy cum storage system considered in the study. 

 

 
  

 

 

 

Figure 1. Schematic of the solar energy cum storage system. 

In solar air heating systems the low density of air makes it impractical to store the heated air itself. It 

is therefore necessary to transfer the thermal energy from air to a denser medium. During charging 

mode, solar heated air is constrained into the top of the container i.e. upper plenum and it then passes 
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evenly down through the bed heating the storage and goes out through the lower plenum. Air is drawn 

off at the base and came back to the collectors [2]. At the point when energy is needed from storage, 

the airflow is turned around. Room air enters from bottom and flows to the top of the bed and is 

delivered into the building. After losing heat in the room again, room air comes to the bottom of the 

bed and the cycle is repeated.  

Solar air heating collector is used to charge the packed bed energy storage system. The air coming out 

of the storage system returns to the collector for recirculation through the collectors. The temperature 

of the air affects the performance of the collector. Consequently, there is an interaction between 

performance of solar collector and stratification of storage system. 

In the present work, the effect of system and operating parameters on the thermal energy storage of 

the solar collector system has been proposed to be investigated. This paper is organized as follows: 

Section II provides the details of the parameters for the system in the current study. In Section III 

performance of the system is predicted. Section IV gives results and a discussion. Conclusion has 

been presented in Section V.   
 

II. PARAMETERS FOR THE SYSTEM 

In order to investigate the performance of the solar collector for a given set of system and operating 

parameters, it is important to alter the suitable values or range of values of all relevant parameters for 

the storage system. These parameters can be categorized into fixed and variables parameters as 

follows: 

2.1. Fixed Parameters of Bed 

These parameters comprise of collector dimensions, storage dimensions and their related parameters, 

thermo-physical properties, ambient temperature and inlet temperature. The list of fixed parameters is 

given in Table 1. 

Table1. Fixed Parameters of Bed 

Description Parameter Value 

Volume of packed bed (m3) Vb 15 

Length of packed bed (m) L 6 

Number of bed element N 60 

Initial bed temperature (⁰C) Tbi 25 

Density of air (kg/m3) ρa 1.1 

Dynamic viscosity of air (kg/s-m) µa 1.865x10-5 

Inlet air temperature to bed (⁰C) Tai or Tbi 40 

Ambient temperature (⁰C) T∞ 25 

Density of storage material (kg/m3) ρs 1920 

Specific heat of air (J/kg⁰C) Cpa 1008 

Specific heat of storage material (J/kg⁰C) Cps 835 

Collector area (m2) Ac 20 

(for collector) FR(τα)e 0.62 

(for collector) FRUl 3.38 

Time interval (minutes) Δt 1 

 

2.2. Variable parameters of Bed 

The variable parameters comprise of sphericity of material, void fraction, equivalent diameter, 

inlet temperature of air to bed, temperature rise parameter (∆T/I) and solar radiation intensity (I). 

The range of variable parameters representing packing material geometry has been chosen on the 

basis of available correlation while the range of design parameters (temperature rise parameter 

and insolation) has been decided on the basis of range of application of air heater. These are listed 

in Table 2. 
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Table 2. Variable parameters of Bed     

Description Parameter Value 

Equivalent diameter of packing 

material (m) 

De  Corresponding to the material element 

under consideration. 

(0.05-0.2) 

Sphericity of material element Ψ Corresponding to the material element 

under consideration. 

(0.5-1) 

Void fraction ε Corresponding to the material element 

under consideration. 

(0.30-0.50) 

Inlet to bed temperature (0C) Ti  35°C  to 75 °C 

 

Insolation (W/m2) I  500, 750, 1000 

Temperature difference ∆T 10°C to 55°C 

Temperature rise parameter (0C 

m2 /W) 

∆T/I 0.05 to 0.1 

       

 

III. PERFORMANCE OF THE SYSTEM 

The performance can be predicted on the basis of detailed consideration of heat transfer processes in 

the system. It may be noted that the results need to be presented as function of two design parameters 

namely Temperature rise parameter (∆T/I) and Insolation (I). 

The calculation commences with fixed value of design parameters (∆T/I and I) and proceeds with the 

calculation of other parameters for system incorporating storage and collector. For this purpose a step 

by step procedure has to be followed which is given below: 

 A set of the values of the parameters namely void fraction (ε), sphericity (Ψ) and equivalent 

diameter (De) as per the geometry used is selected for which the calculation is to be 

performed. 

 A set of values of design parameters specifically Temperature rise parameter, (∆T/I) and solar 

insolation, (I) is selected. 
 

 Useful heat gain by collector is calculated by using energy balance equation [3], 

 

        (1) 

 

where Ac is collector area, I is insolation, Tamb is ambient temperature. The term (τα)e represents 

effective transmittance-absorptance product, Ul is overall heat loss coefficient (W/m2 0C) 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 60th element of the bed). 

 

A straightforward simulation method [4] is used for the thermal behavior of packed bed storage 

systems. The simulation is based on a one-dimensional transient analysis of energy exchange between 

the air stream and the material particles, using a finite difference method. 

The following relation is used to find the final temperature of the air ‘Ta,m+1’ at the exit of each 

element.                 
                                                (2) 

 

where    and   NTU (number of transfer unit)  

where Ab is cross sectional area of packed bed, L is length of packed bed and N is number of bed 

elements. 
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Volumetric heat transfer coefficient, ‘hv’ is calculated by using the expression [5] for Nusselt number 

in the modified form as: 

                                                                (3) 

where ka is thermal conductivity of air.   

 

The correlation for Nusselt number in terms is given by [6] 
 

Nu=0.437×Re
0.75×ψ3.35×ε-1.62 {exp(29.03×log10(ψ)2))/De

2]            (4) 

 

Thus the expression for volumetric heat transfer coefficient is: 

hv=ka×0.437×Re0.75×ψ3.35×ε-1.62 [exp(29.03(log ψ 2))]/De
2                  (5) 

 

Temperature of each bed element and air leaving bed element is calculated as follows: 

Following relation is used to find the temperature of the bed element ‘Tb,m(t+Δt)’. 

      (6) 

 

where  

     

 
and Δt  is time increment. 

 

Mass flow rate of air is calculated as, 

ma=Qu  / Cpa (Tib-Tic)                            (7) 

where Tib is inlet to bed temperature.  

Tic is the inlet to collector temperature (Ta60) and Qu is useful heat gain by collector. 

 

Reynolds number is calculated by: 

Re=G×De/µa       (8) 

where De is equivalent diameter. 

G is mass velocity calculated by; G = ma/Ac 

  

IV. RESULT AND DISCUSSION 

The results obtained from the mathematical simulation of the packed bed solar energy storage system 

have been reported and discussed in this section. The effect of system parameters on the performance 

parameter i.e. thermal energy stored in the bed is being discussed. 

The amount of thermal energy stored in the bed using bed elements of different shapes increases with 

increase in charging time as can be seen from Figure 2. During charging the temperature of air at the 

exit from the bed remains constant for quite some time and till then the energy stored in the bed also 

remained same for different shapes of the material elements. Subsequently, the effect of shape begins 

to appear and it has been found that for sphericity of ψ=1, bed has stored the maximum amount of 

thermal energy as compared to the elements of non-spherical shapes as can be seen in Figure 3. This 

is corresponding to the heat transfer coefficient values for different shapes of material elements 

because the heat transfer coefficient has been seen to be maximum for the elements having sphericity 

of 1 and the minimum for that of 0.76. 

The effect of void fraction on the thermal energy stored in the bed has been shown in Figure 4. It is 

found that the energy storage decreases as the void fraction is increased for the bed packed with 

elements of a given shape. This additionally relates to the nature of variation of heat transfer 

coefficient decreasing with increase in void fraction. Figure 5 shows the change of total thermal 

energy stored as function of void fraction changes. The result shows that with increase in void fraction 

the amount of total thermal energy stored decreases. Figure 6 and Figure 7 show the effect of 
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equivalent diameter on the thermal energy stored in the bed and total thermal energy stored in the bed 

respectively. It is seen from the plots that for the minimum value of equivalent diameter the thermal 

energy stored and total thermal energy stored in the bed is maximum. 

 

 
 

Figure 2. Variation of thermal energy stored in the bed using bed elements of different shapes at the end of 

charging time. 

 

 
Figure 3. Total thermal energy stored in the bed using bed elements of different shapes at the end of charging 

time. 
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Figure 4. Thermal energy stored in the bed using bed elements of different void fraction during the charging 

period. 

 

 

 
 

Figure 5. Effects of void fraction of bed on total thermal energy stored in the bed at the end of charging time. 
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Figure 6. Thermal energy stored in the bed using bed elements of different equivalent diameter during the 

charging period. 

 

 

 
 

Figure 7. Effects of equivalent diameter of bed elements on total thermal energy stored in the bed at the end of 

charging time. 
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V. CONCLUSION 

The effects of system and operating parameters on thermal energy stored comprising of collector and 

bed has been investigated. Based on the work, following major conclusions have been drawn:  

1) At the end of charging period of the bed, it has been found that for sphericity of 1.00, bed has 

stored the maximum amount of thermal energy and for sphericity of 0.76, the minimum 

amount of thermal energy have been stored. 

2) The amount of thermal energy stored at the end of charging time in the bed decreases with 

increase of void fraction of the bed corresponding to the change in the values of heat transfer 

coefficient. 

REFERENCES 

[1] Sukhatme, S.P. and Nayak, J.P., (1996) “Solar Energy: Principles of Thermal Collection and Storage”, 

Book, Tata McGraw-Hill Education. 
[2] Singh, Harmeet, Saini, R.P. and Saini, J.S., (2010) “A review on packed bed solar energy storage 

systems”, Renewable and Sustainable Energy Reviews, Volume 14, Issue 3, Pages 1059‐1069. 

[3] Hottel, H.C. and Whillier, A., (1958) “Evaluation of Flat Plate Collector Performance”, Trans. of the 

Conference on the Use of Solar Energy, University of Arizona Press, Vol. 2, 74-104.  

[4] Mumma, S.A. and Marvin, W.C., (1976) “A Method of Simulating the Performance of a Pabble Bed 

Thermal Energy Storage and Recovery Systems”, ASME Paper 76- HT-73, ASME/AIChE National 

Heat Transfer Conference, St. Louis.  

[5] Chandra, Pitam and Willits, D.H., (1981) “Pressure Drop and Heat Transfer Characteristics of Air Rock 

Bed Thermal Storage Systems”, Solar Energy, Vol. 27(6), 547-553. 

[6] Singh, Ranjit, (2005) “Performance of packed bed energy storage system for solar air heater” Ph.D. 

Thesis, IIT Roorkee. 

 

AUTHORS BIOGRAPHY 

Shweta Joshi received B.Tech degree in Mechanical Engineering from G.B. Pant Engineering  

College, Pauri Garhwal and Masters degree with specialization in Thermal Engineering at  

DIT University, Dehradun. 

 

 

 

Prashant Badoni received the B.Tech degree in Mechanical Engineering from Uttarakhand  

Technical University, Dehradun, India and M.Tech degree in CAD/CAM from Graphic Era  

University, Dehradun, India.  
 

 

 

 

o 

https://books.google.co.in/books?id=O8IMS-jq6skC&pg=PA258&lpg=PA258&dq=%22the+requirement+of+the+application+and+discharges+energy%22&source=bl&ots=RwAzRH0owm&sig=YNnNag6quBWEml58tO2iSN6fL20&hl=en&sa=X&ved=0ahUKEwj296mz9OLMAhVJqY8KHQFsAWEQ6AEIHDAA

