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solar thermal energy storage having spherical packing elements with pores 
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A B S T R A C T   

World energy demand is rising sharply from last few decades. Solar energy is capable to achieve this increasing 
energy demand as it is plenty in nature and pollution free by behavior. However, solar energy is associated with 
unsteady energy supply due to its intermittent nature. Therefore, solar energy systems require a storage unit for 
continuous supply of energy. The packed bed storage system (PBSS) is a feasible heat storage technique for solar 
thermal energy systems. Moreover, it is found most suitable technology for the applications of low temperature. 
The shape of the packing elements influences the performance of the PBSS and packed bed of spheres is found to 
have highest thermo-hydraulic efficiency among other shapes of packing elements investigated so far. Therefore, 
the influence of pores over the spherical surface on the performance of PBSS is analyzed and attempted to 
optimize the packing element parameters under this study. Pore depth to sphere diameter ratio, perforation index 
and pore to sphere diameter ratio are design parameters, whereas, temperature rise parameter and Reynolds 
number are considered as operating parameters under this study. The analysis is carried out in terms of thermo- 
hydraulic efficiency and the optimized value of investigated parameters under different operating conditions are 
presented. The present study may be useful for the designing of PBSS integrated with low temperature solar 
thermal applications.   

1. Introduction 

The continuous increase in energy demand and harmful effects of 
fossil fuels on environment emphasizing the world to switch towards the 
renewable sources of energy [1]. Solar energy is a globally accepted 
renewable energy source that can be utilized with solar photovoltaic and 
solar thermal systems. However, there is a need to integrate the storage 
units with solar energy systems due to their intermittent nature [2]. In 
case of solar thermal systems, storage tanks, fluidized bed, novel com-
posite materials for thermal energy storage (TES) in buildings, packed 
bed, thermal comfort textiles, concrete blocks and moving bed are some 
common methods of energy storage [3–5]. Packed bed storage system 
(PBSS) to store sensible heat is a recommended technique for TES of low 
temperature solar thermal applications. It is therefore, PBSS is lower in 
cost, simple in mechanism and have higher effectiveness [6,7]. 

PBSS involves various modes of heat transfer, however, heat transfer 
through convection among storage material and heat transfer fluid 
(HTF) governs its thermo-hydraulic efficiency for applications having 
working temperature range up to 373K [8,9]. The heat transfer through 
convection among storage material and HTF is influenced through a 

number of factors such as physical features of HTF and packing ele-
ments, sphericity, void fraction, mass flow rate and surface temperature 
of packing elements. Authors have reported in their previous studies that 
the packing elements shape have significant impact on the outcome of 
the PBSS [10]. 

Willits and Chandra [11] revealed that the mass flow rate and size of 
packing elements significantly influence the volumetric heat transfer 
coefficient (HTC) of PBSS. However, design parameters such as bed 
porosity, size of storage particles and flow rate of air affects the pressure 
drop under the PBSS. This study has open up the research area to explore 
impact of mass flow rate of equivalent diameter of PBSS on its perfor-
mance. Based on the same line, Sorour [12] revealed that the higher 
storage efficiency can be obtained at lesser mass flow rate with packing 
elements of intermediate size. Whereas, Ammar and Ghoneim [13] 
studied PBSS of spherical packing elements made up with Egyptian clay 
and recommended that 900 kg/h, 2.1 m and 0.019 m are the optimized 
values of flow rate, bed length and packing elements diameter, 
respectively. 

The impact of large size packing elements on the thermo-hydraulic 
performance of PBSS is also explored by several reserachers. Sagara 
and Nakahara [14] carried out a study with large size U-shape gutter of 
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Development of correlations for Nusselt number and friction factor of 
packed bed solar thermal energy storage system having spheres with pores 
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A B S T R A C T   

Solar energy is an emerging alternative of fossil fuels to fulfill the global energy demand as it is available in 
plenty and eco-friendly in behaviour. However, solar energy systems requires storage unit due to its intermittent 
nature. The packed bed storage system (PBSS) as storage unit is considered to be a feasible option for solar 
thermal energy systems having operating temperature range under 100◦C. The heat transfer and pressure drop 
within PBSS are influenced by shape of packing element as convective heat transfer coefficient is a function of it. 
Under the current study, correlations are developed for Nusselt number as well as friction factor using the results 
obtained through experimental investigation for the PBSS built up of spherical shaped packing elements having 
pores on the surface. The developed correlations are the function of Reynolds number, ratio of pore diameter to 
sphere diameter (d/D), perforation index (PI) and ratio of pore depth to sphere diameter (t/D) within range of 
200 to 800, 0.066 to 0.2, 0.06 to 0.22 and 0.05 to 0.2, respectively. Values obtained from the developed cor-
relations are compared with the values obtained through experimentations and it is found that the correlations 
for Nusselt number and friction factor can predict the values with mean absolute deviation of 6.7% and 7.5%, 
respectively. These correlations may be helpful for the researchers working in the same research area and 
manufacturers developing the low temperature solar thermal energy systems. This study may also be useful to 
investigate the effect of similar shape of packing elements in latent heat based PBSSs.   

1. INTRODUCTION 

Energy security plays a major contribution in the progress, 
modernization and sustainability of every nation [1]. It is also a crucial 
sector for the economic development of every nation. The fossil fuels are 
the major sources to fulfill the global energy demand [2]. However, their 
limited quantity and negative impact on environment emphasizes to 
switch towards the renewable energy resources in order to achieve 
sustainable socio-economic systems [3]. Renewable energy resources 
are the most reliable resources to deal with the global energy demand 
and climate change. The solar energy is one of the dominating source of 
energy as it is available everywhere and free from environment related 
issues [4,5]. Solar photovoltaic, solar water heater [6], solar pond [7], 
solar air heater [8], solar still [9] are some common applications of solar 
energy. However, the intermittent nature of the solar energy is its major 
drawback [10,11]. In order to overcome this issue, storage units are 
required to be integrated with solar powered applications [12]. For 

thermal systems based on solar energy, packed bed storage system 
(PBSS) is the appropriate approach compared to rest thermal energy 
storage (TES) technologies due to its simple mechanism and economic 
feasibility [13]. 

The PBSS can be used with low temperature as well as high tem-
perature solar thermal energy systems [14]. Based on the operating 
temperature range of the applications, storage materials and heat 
transfer fluid (HTF) are selected [15]. The PCM are associated with the 
advantage of high energy storage density [16], whereas, sensible heat 
storage materials are preferable due to their easy availability and eco-
nomic benefits. The thermal properties of the storage material and HTF 
significantly influence the performance of the PBSS [17,18]. Various 
studies are reported on the thermal properties of the storage materials 
and HTF [19–22]. Similarly, the thermal performance of the PBSS are 
affected by the parameters that influence heat transfer within the packed 
bed [23,24]. 

There are various mode of heat transfer involved under the packed 
bed. However, convective heat transfer amid packing element and HTF 
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A B S T R A C T

Solar thermal energy is one of the categories of renewable energy source and it is quantitative abundant and
qualitative superior. It is capable to fulfil the global thermal energy demand and it emerges as a competitive
option with the conventional equipment’s if these systems are incorporated with storage units. The solar thermal
storage unit can also improve the equipment performance in terms of a smooth supply of energy with fluctuated
solar energy collection as solar radiation varies throughout a day. Packed bed storage system is one of the
feasible techniques to store the solar thermal energy which can be assembled with various solar thermal ap-
plications of low temperature as well as high temperature. The present review covers the sensible heat based
packed bed solar thermal energy storage systems for low temperature applications. It includes a brief discussion
about packed bed, its thermodynamic background, temperature distribution within packed bed, various design
parameters affecting its performance and its analysis based on the energy as well as exergy efficiency. Various
experimental and numerical investigations for performance analysis of PBSS have also been reported. The
economic feasibility of the PBSS and comparison of sensible heat based PBSS with latent heat based PBSS has
also been discussed in detail.

1. Introduction

Energy is an essential segment for the advancement of industry,
public service and transport (Gautam et al., 2018). It is the prime mover
for the monetary benefit and advancement of every nation. Its demand
is consistently expanding because of the worldwide population growth
and rising living standards. As per a report of world energy outlook
2017, although the current rate of escalation in energy demand is quite
low as compared to the past few years, it is still expected to expand by
30% between 2017 and 2040 which is nearly equivalent to adding a
new China and India in current demand (Energy Information
Administration, 2011). In such scenario, renewable energy resources
are the assets, specially solar energy and its modernization have
chances to provide solutions of constantly increasing energy related
being faced by various countries (Rawea and Urooj, 2018).

From the last few decades, solar energy is emerging as a feasible
alternative, especially for the thermal applications. However, due to
intermittent nature of solar energy, the solar thermal systems require a
storage unit for their efficient utilization. Reduced energy cost, redis-
tributed energy, reduced initial and maintenance cost, diminished size
and most efficient usage of the equipment’s are the characteristics ex-
pected from the storage unit in order to make it a competitive approach

to its conventional counterparts (Lefebvre and Tezel, 2017). The solar
thermal energy can be store in the form of sensible heat, latent heat and
thermo-chemical energy. The scope of this review is limited to sensible
heat based TES systems for low temperature applications. Greenhouse
heating, solar drying, solar air heaters and space heating are some
applications falls under this category whose working temperature range
is up to 100 °C.

Storage tank (Brosseau et al., 2004), fluidized bed system (Almen-
dros-Ibáñez et al., 2018), packed bed storage system (PBSS) and con-
crete blocks (Girardi et al., 2017) are the sensible heat storage methods
generally integrated with low temperature solar thermal applications.
PBSS is the suitable method for TES due to its simple mechanism and
economic feasibility (Kuravi et al., 2013). The required characteristics
of an efficient PBSS for low temperature applications are given in Fig. 1.

A typical PBSS incorporate an insulated tank, storage material, a
screen whose role is to support the bed of packing elements, some
supporting arrangement for the screen, inlet and outlet ducts as shown
in Fig. 2 (Duffie and William, 2013). The insulated tank contains sto-
rage elements in the form of fixed bed and utilized as the primary heat
storage medium in which the thermal energy can be stored by raising
the temperature of the material. Thermal stratification is desirable in an
efficient PBSS, therefore the use of packing elements with having high
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A B S T R A C T

The thermal performance of packed bed storage system can be improved by increasing the heat transfer
coefficient between the packing element and heat transfer fluid. The shape of the packing element is one of the
factors that influences the heat transfer coefficient. The present experimental investigation is carried out to
obtain the influence of spheres having pores as packing element in packed bed storage system. The effects of pore
diameter, pore depth, number of pores and mass flow rate is discussed and presented in the present
paper. In order to investigate the performance, non-dimensional parameters such as pore to sphere diameter
ratio (d/D), pore depth to sphere diameter ratio (t/D), perforation index (PI) and Reynolds number (Re) are
considered. The experimentations are carried out for d/D, t/D, PI and Re for the range of 0.066 to 0.20, 0.05 to
0.20, 0.06 to 0.22 and 200 to 800, respectively. The maximum value of thermo-hydraulic parameter is obtained
as 0.245 correspond to d/D of 0.20, t/D of 0.06, PI of 0.18 and Re of 800 within the considered range of the
investigated parameters. On the basis of the experimental investigation, it is found that the use of sphere with
pores as packing element improves the thermal and hydraulic performance of the packed bed storage
system.

1. Introduction

The utilization of renewable energy resources all over the world in
large scale can be a milestone to achieve the commitment made by
various nations in Paris climate agreement, 2015 [1]. It is due to the
capability of these resources to accomplish the global energy demand
and reforming the natural balance [2]. The solar energy is expected to
lead the renewable energy resources due to its abundant availability
and eco-friendly behavior [3]. However, its intermittent nature is a
challenge on which researchers are working and proposing to in-
corporate storage units with solar energy systems [4]. In case of solar
thermal energy systems, there are many thermal energy storage (TES)
methods out of which packed bed storage system (PBSS) is reported as
the credible technique with comparatively low investment cost and
capable to operate up to 800 °C [5].

For low temperature applications, the use of economic solid mate-

rials as packing element to store solar thermal energy in the form of
sensible heat with air as heat transfer fluid (HTF) is recommended [6].
The selection of packing element and HTF is the main issue as the
thermal and hydraulic performance of the PBSS depend on them [7].
Heat transfer in packed bed includes convection between packing ele-
ments and HTF, convection between wall and HTF, conduction between
packing elements and conduction between packing elements and wall
[8].

The heat transfer through convection between packing element and
HTF is more dominating compared to the other modes of heat transfer
in PBSS [9]. The convective heat transfer in PBSS can be influenced by a
number of factors and shape of the packing element is one of them [10].
Few researchers have reported studies on various shapes and para-
meters related to shape of the packing element such as sphericity, void
fraction, aspect ratio. These studies reported the effect of various shapes
and design parameters on thermal and hydraulic behavior of PBSS.
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A B S T R A C T

Packed bed storage system is one of the viable options of solar thermal energy storage which can be utilized in
various applications of wide temperature range. The enhancement in heat transfer coefficient between heat
transfer fluid and packing element results in improved thermal performance of it. The heat transfer coefficient is
also a function of shape of packing elements. From the literature review, it was found that the solid spheres as
packing element comes out with best thermo-hydraulic performance in category of large size packing elements.
In this paper, an experimental study has been conducted to investigate the heat transfer and fluid flow char-
acteristics of packed bed solar thermal energy storage system. The outcomes of the experimental investigation
are carried out on using large size spherical shaped packing element having pores of various diameters and
depths on their surface in packed bed solar thermal energy storage system for low temperature applications. The
experimentations are performed for different values of sphere diameter to pore diameter ratio (D/d) from 5 to
15, sphere diameter to pore depth ratio (D/t) from 5 to 20 and Reynolds number from 200 to 800. For the range
of parameters investigated, the maximum value of thermo-hydraulic parameter has been obtained as 0.241
correspond to D/d of 5, D/t of 15 and Reynolds number of 800. Based on experimental results it is found that
using spheres having pores on the surface as packing elements improve the thermal performance and momentum
transport in packed bed solar thermal energy storage system.

1. Introduction

Solar energy is emerging as an admissible alternative of fossil fuels
to fulfill the global energy demand and to resolve the environment
related issues. However, for its sustainable development, there is a need
to overcome few technical obstacles like low efficiency, instability in
energy supply and monetary impediment. In order to manage in-
stability in energy supply, the solar energy systems require an effective
energy storage technology to store the energy during availability and
deliver it on requirement. For solar thermal applications, the energy is
required to store in the form of thermal energy (low grade energy)
(Denholm et al., 2012). The packed bed storage system (PBSS) is an
effective thermal energy storage (TES) technology as it has simple
mechanism and can be integrated with solar thermal applications of all
temperature range (Kuravi et al., 2013).

The PBSSs can store thermal energy in the various forms. However,
it is recommended to store in the form of sensible heat for low tem-
perature applications due to lesser storage cost (Suresh and Saini,

2020). The PBSS involves various modes of energy transfer, however its
thermal performance is majorly dependent on the convective heat
transfer between heat transfer fluid (HTF) and packing elements. The
convective heat transfer rate between HTF and packing elements is a
function of the physical properties of HTF and packing elements, local
temperature at surface of packing element, various characteristics of
packed bed such as void fraction, packing arrangement, shape of the
packing elements and mass flow rate of HTF (Gautam and Saini, 2020).

The shape of the packing elements affect the flow pattern and in-
fluence the mixing of flowing streams by developing eddies under the
complex set of flow passages (Singh et al., 2009). A number of re-
searchers reported that the shape of packing element is responsible for
disturbance in the flowing fluid within the PBSS and ultimately affects
the convective heat transfer rate between packing element and HTF. It
is therefore, shape of the packing element is considered one of the
important parameter which affects the heat transfer coefficient (HTC)
and hence the convective heat transfer rate.

Sagara and Nakahara (1991) investigated the effect of large size
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