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Solar tower power (STP) plants integrated with thermal energy storage (TES) subsystems are expected to be a 

potential solution to meet the world's future energy needs. Air rock bed TES subsystem emphasizes to be 

efficient and cheap storage for STP plants. In the present study, the discrete element method (DEM) coupled 

with the computational fluid dynamics (CFD) model are adopted to study the fluid flow and heat transfer process 

of an air rock thermocline TES tank. The study is carried out to investigate the thermal behaviour of the TES 

thermocline tank by changing the Reynolds number. The results show that the temperature difference between 

both the heat transfer fluid (HTF) and the spheres for charging cycle decreases with increasing of the Reynolds 

number, but also the total rate of heat transfer increases. The results illustrated that the difference in temperature 

between the HTF and the spheres for discharging cycle decreases with increase in the Reynolds number and 

this difference in temperature is less during the discharging cycle than the charging cycle. In addition, the Re = 

1,200 case exhibit the optimized behaviour as it possesses the higher matching in temperature distributions of 

spheres with the temperature profiles of HTF. The Re = 400 shows reduced charging/discharging performance 

as the low rate of heat transfer between spheres and HTF.  

1. Introduction

Solar energy is the best sources of energy expected to meet the world's energy requirements, reduce fuel prices 

and prevent the increase of greenhouse gases emission (Pizzolato et al., 2016). The intermittent nature of solar 

energy needs an energy storage subsystem to use the energy source effectively. The technologies of solar 

thermal energy, such as solar tower power (STP) plants; capture the thermal energy of the sun and convert it 

into electrical power by a heat engine connected with a generator (Pramanik and Ravikrishna, 2017). One of 

the most significant features of STP technology is its ability to store energy efficiently and at low cost (Li and Ju, 

2018). The thermal energy storage (TES) subsystem in an air rock thermocline TES tank is efficient and 

reasonable storage for STP plants (Hoivik et al., 2019).  

More recently, the subject of TES using bed rocks has been of interest to researchers. The most important 

properties of storage materials are the heat capacity and the conductivity, but the conductivity has less effect 

(Hänchen et al., 2011). The thermal behaviour of the TES thermocline tank has been investigated to know how 

to improve the heat transfer process during the charging/discharging cycles (Elfeky et al., 2018). Rao et al. 

(2019) presented the performance investigation of three lab-scale solid sensible heat storage prototypes. In 

similar work, Tiskatine et al. (2017) studied the effect of the axial porosity variation and how to select convenient 

storage medium for packed bed TES subsystem and compared the results with 3-D CFD simulations. The first 

researchers who conduct a study to determine the coefficient of heat transfer in a porous medium filled with 

rocks (Löf et al., 1984). The results illustrated that the rate of heat transfer depends on the mass flux and the 

particle size, while the inlet temperature has no obvious effect. The thermal performance of a 1 MWe STP plants 

has been investigated using direct and indirect TES subsystems by Cocco et al. (2015).  

Based on the above literature review, it can be noted that most of the previous numerical studies lack clear 

knowledge for the process of the heat transfer between the HTF and the filler material in detail, e.g., influence 

of the Reynolds number on the amount of increasing/decreasing the temperature of the filler material for the 

charging/discharging cycles in the axial direction and the influence of the Reynolds number on the absorb and 
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recover thermal energy, especially at low Reynolds number during charging/discharging cycles. In the present 

study, the thermal performance of the random packed bed for thermocline TES tank is numerically investigated 

a different Reynolds number for the charging/discharging cycles. 

2. Model formulation

2.1 Physical model 

Packed bed TES subsystems have proven its effectiveness in the thermal storage process because of its high 

heat transfer rate during the charging/discharging cycles. Figure 1 schematically shows the structure of the 

thermocline TES tank. The aspect ratio (Htank/Dbed) of the tank is 4.287, comparable to that used in STP 

applications (Zanganeh et al., 2015). During the charging cycle, the hot HTF at temperature Th passing from the 

top part of the tank. During the discharging cycle, the cold HTF passing from the bottom part of the tank at 

temperature Tc. The packed bed region height is indicated by Hbed, while Dbed indicated the diameter of the tank. 

The thermocline TES tank is filled with 515 spheres at average porosity of ϕ, which is mentioned in Table 1 . 

The geometrical parameters of the packing models are presented in Table 1. 

Figure 1: Schematic diagram of physical model of the thermocline TES tank 

Table 1: Geometrical parameters of thermocline TES tank 

Parameters Values Parameters Values 

Htank (m) 0.171 ds (m) 0.006 

Hbed (m) 0.08 Th (°C) 650 

Dbed (m) 0.04 Tc (°C) 350 

 (-) 0.417 HTF Air 

In the present study, the DEM method is employed to generate 515 spheres (Bai et al.,2009). Using EDEM 

program (DEM Solutions Ltd., 2016), the solid spherical particles are fallen to the bottom of the tank by gravity. 

The particle data (diameter and position of the centroid) of the finished DEM simulation will export after that this 

data will import into a Pro/ENGINEER Wildfire (Tickoo, 2010). The last step, the resulting CAD geometry is then 

will export and import into the CFD program ICEM for meshing and calculating.  

2.2 Governing equations and computational methods 

In this study, the fluid flow is unsteady and incompressible in order to simulate real operating conditions of TES 

tank. The three-dimensional Navier-Stokes and energy equations are applied. The particle Reynolds number 

(Rep) is changing from 400 to 1,600. The RNG k-ε turbulence model is recommended to study the turbulent flow 

in the porous medium, especially for small-scale eddies that are independent of larger phenomena (Yang et al., 

2010). The equations of conservation for mass, momentum, and energy are presented as: 

Continuity: 





+   =


( ) 0V

t
 (1) 

Momentum: 
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The RNG k-ε model transport equations are presented as: 
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where Pk is the turbulence shear production, t is the turbulent viscosity, cε1and cε2 are constants of the 

turbulence model in ε equation, σT, σk and σε are the Prandtl numbers in T, k and ε equations. The values of 

these constants are presented as: 
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where cε2, σT, σk and σε are equal 1.68, 1.0, 0.718, 0718. 

The commercial code of ANSYS FLUENT 16.0 (ANSYS Inc., 2015) is applied in this study to solve the continuity, 

momentum and energy equations. To couple the velocities and pressure in the equations of conservation, the 

SIMPLE algorithm is used. The second-order upwind scheme is applied to discretize the convective terms in 

the momentum, energy and turbulence equations.  

2.3 Mesh generation and grid independence test 

The geometry of the thermocline TES tank with 515 spheres is very complicated. In the present work, the 

geometric model is divided using tetrahedral mesh. Short cylinder bridges are created in order to modify the 

mesh at the points of contact as shown in Figure 2a. This modification is carried out according to a study 

conducted by (Dixon et al., 2012). A thermocline TES tank with 70 spheres (Hbed = 0.08 m, Dbed/ds = 5 and ds = 

0.008 m) was created to determine the size of the appropriate computational element. The changes of Nusselt 

numbers and drag coefficients with the sizes of the computational element are shown in Figure 2b. The results 

showed that the grid size effect on the drag coefficient and the Nusselt number will be ineffective when the size 

of the computational element is less than 1/20 ds.  
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Figure 2: Thermocline TES tank: (a) Computational mesh and (b) Variations of drag coefficients and Nusselt 

numbers with different mesh element size 
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3. Results and discussion

In the present work, the thermal behavior of the TES thermocline tank is one of the important parameters for 

determining the power generation and the STP efficiency. The process of TES in the thermocline tank keeps 

the STP plants in operation, the heat transfer process inside this tank during the charging/discharging cycles is 

of fundamental importance and will be studied in detail in this research. 

3.1 Axial temperature distribution for charging/discharging cycles 

Figure 3 shows the HTF and spheres axial temperature distribution at different Reynolds number for charging 

process. The driving force for forced convection is the difference between HTF and spheres temperature, which 

leads to the thermal flux as function of temperature difference. It is obvious that there is a strong nonuniformity 

in temperature distribution for the random packed bed at different Reynolds number. At Re = 400, average 

temperature of HTF and spheres are 445.83 °C and 378.92 °C. At Re = 800, average temperature of HTF and 

spheres are 476.92 °C and 413.03 °C. At Re = 1,200, average temperature of HTF and spheres are 504.24 °C 

and 444.89 °C. At Re = 1,600, average temperature of HTF and spheres are 527.47 C and 472.4 °C. 

Re=400 Re=800 Re=1,200 Re=1,600 
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Figure 3: Temperature of the packed bed for charging cycle after 175 s: (a) HTF /spheres axial temperature 

contours and (b) HTF/spheres axial temperatures profile 

Figure 4 shows the HTF and spheres axial temperature distribution at different Reynolds number for discharging 

process. There is very little declining stage at the starting of the discharging cycle and the fast change in 

temperature difference appears much earlier in discharging than in the charging cycle. From Figure 4a and b, it 

can be observed that the temperature drop occurs quickly when the Reynolds number increases. This can 

mostly be attributed to the enhancement of the rate of heat transfer. The difference in temperature between the 

HTF and the spheres changes as follows: T = 41.0 C at Re = 400, T = 17.2 C at Re = 800, T = 12.6 C at 

Re = 1,200 and T = 8.5 C at Re = 1,600. The above results can be summarized as the difference in 

temperature between both the spheres and the HTF during the discharging cycle decreases with increase in 
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the Reynolds number and this difference in temperature is less during the discharging cycle than the charging 

cycle. 

(a) Re=400 Re=800 Re=1,200 Re=1,600 

(b)
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Figure 4: Temperature of the packed bed for discharging cycle after 175 s: (a) HTF /spheres axial temperature 

contours and (b) HTF/spheres axial temperatures profile 

3.2 Storage capacity 

The performances of the thermocline TES tank are presented as a function of the total amount of energy 

transferred for the charging cycle and the amount of energy recovered during the discharging cycle as 

demonstrated in Figure 5a and b. Total energy transfers to or from the spherical particles determined the 

performance of the tank, and the large difference in temperature between the hot charging/discharging HTF and 

the sphere's temperature gives a large driving force for the heat transfer process, promote rapid movement of 

thermal zones. The graph shows that the Re = 1,600 achieves the fastest storage or recover in the least time 

period, Re = 1,200 the second, Re = 800 the third and Re = 400 is the lowest in the row. The Re = 1,200 case 

exhibit the optimized behavior as it possesses the higher matching in temperature distributions of spheres with 

the temperature profiles of HTF.  
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Figure 5: Total energy stored and released in the thermocline tank vs. time for different inlet Reynolds number 

during (a) charging cycle (b) discharge cycle 
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4. Conclusions

In the present work, the DEM coupled with the CFD model are adopted to study the fluid flow and heat transfer 

process of an air rock thermocline TES tank. The study is carried out to investigate the thermal behaviour of the 

TES thermocline tank by changing the Reynolds number. The results show that the temperature difference 

between both the HTF and the spheres for charging cycle decreases with increasing of the Reynolds number, 

but also the total rate of heat transfer increases. The results illustrated that the difference in temperature 

between the HTF and the spheres for discharging cycle decreases with increase in the Reynolds. In addition, 

the Re = 1,200 case exhibit the optimized behaviour as it possesses the higher matching in temperature 

distributions of spheres with the temperature profiles of HTF. This work can be extended by investigating the 

charging/discharging efficiency, overall efficiency, capacity ratio, and utilization ratio of the air rock thermocline 

thermal energy storage tank to optimize it’s thermal performance which used in solar tower power plants. 
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