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Abstract. This work is a contribution to the numerical study of the thermal behavior of a 

thermocline storage system. The energy conservation equations associated with their boundary 

conditions, have been solved numerically in the two filed media solid (rock) and fluid (HTF) 

constituting the packed bed thermal energy storage (TES). A parameter study of the packed bed 

dimensions, fluid flow rate, particle diameter and the ratio 
𝑯

𝑫
 were carried out to evaluate the 

charging/discharging profiles of storage system. The results have been validated and they are in 

good agreement with the literature. 

 
Keywords- Thermocline; Packed Bed; Rock; Heat Transfer Fluid. 

1.  Introduction 

Today, concentrating solar power (CSP) technology is one of the most promising technologies for 

electricity production. However, the intermittency of this clean energy remains a technological 
challenge to be met by developing high temperature thermal storage systems (TES) [1-2]. These systems 

offer the possibility of retrieving the stored energy during periods of high demand and/or in the absence 

of the source of solar energy (nights and/or periods under adverse climatic conditions) [3]. 
Currently, the most mature TES system technology (Andasol, Noor 1,...) is based on the use of two 

tanks (hot/cold) in which a fluid (molten salt) circulates allowing the heat storage (charging/discharging) 

by using the principle of sensible heat [4]. This technology is quite expensive since it represents an 
initial investment ranging between 15 and 20% of the solar power plant cost [5-6]. Recently, a single 

thermal storage tank system has been developed at the laboratory scale “Sandia”. Compared to this 

configuration, the TES single tank system can save up to 35% of the investment cost [7-8].Thus, Pacheco 
et al. [8] developed a packed bed TES system at pilot scale filled with rocks and showed that quartzite 

and silica sand are the most suitable storage materials in combination with molten salt (Hitec XL) as 

working fluid. In the same context, Zanganeh et al. [9] studied a packed bed of rocks at a temperature 
up to 650°C, using air as the heat transfer fluid (HTF), and described a storage system that could be used 

in a CSP. In 2016, Grirate et al. [10] compared the potential of six rock types proposed as storage 
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materials and their compatibility with synthetic oil as HTF. The thermal properties of these rocks were 

evaluated experimentally in a temperature range between 25°C and 300 °C. 

In this paper, a numerical simulation of the thermal behavior of a thermocline storage system was 
performed. A local rock "granite" is used as a storage material and "Therminol VP1" as a heat transfer 

fluid, the effects of different parameters namely: equivalent diameter of the rocks d, the aspect ratio 
𝐻

𝐷
, 

mass flow rate per unit cross section G, were studied to determinate those which gives better 

performances of the storage system TES. 

2.  Problem Formulation 

2.1.  Physical model 

The studied storage device (packed bed) is illustrated in the Fig. 1a. It is a cylindrical tank filled with 
Moroccan rock (Granite) containing void spaces that are occupied by a heat transfer fluid (Therminol 

VP1). Thermal storage is carried out via the principle of thermocline which is based on a thermal 

gradient to separate the hot zone from the cold zone inside the considered system. Thermal heat storage 
consists of one cycle (or more) which is a physical process composed of two stages, namely, the charging 

and the discharging periods [11]. Fig. 1b shows the operating principle of the thermocline zone, which 

can represents up to one third of the height of the tank. This zone moves downward during the charging 
stage whereas it progresses upward when discharging phase takes place. In order to store the heat energy 

(charging phase), the hot fluid at a temperature Th is introduced into the upper part of the tank and it 
flows downward through the packed bed and hence the cold fluid escapes through the diffuser of the 

lower part. During this step, the hot fluid transfers the heat energy to the storage materials, initially at 

the temperature Tc, up to a temperature Th. In contrast to this, the direction of HTF is reversed during 
the heat retrieve stage since the cold fluid penetrates via the lower part of the tank and then receives the 

stored energy from rocks. The recovered energy will be forwarded to the power block of a concentrating 

solar power plant (CSP). 
 

                
(a)                                                                                 (b) 

Figure 1. Operating principle of a thermocline storage Tank. 

2.2.  Hypotheses 

In this study, the following hypotheses were made: 

- the system is assumed to be one-dimensional; 

- for the solid particles, lumped system model is considered (the Biot number, 𝐵𝑖 =
ℎ𝑝𝑑𝑝

𝑘𝑠
, should be 

less than 1); 
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- the packed bed has an infinite effective thermal conductivity in the radial direction; 

- there is no temperature gradient inside the particles; 

- the top and bottom of the system are insulated; 

- radiation heat transfer is negligible; 

- the heat generation inside the packed bed is not taken into consideration. 

 

2.3.  Mathematical modelling 

The thermal behavior of the tank was developed and simulated by the Schumann equations [12], which 

describe the heat transfer between the fluid and a compact bed. Thus, the dimensionless conservation 

equations are written in the fluid and solid phases respectively:  

𝛛𝛉𝐟

𝛛𝛕
+ 

𝛛𝛉𝐟

𝛛𝐗
 =  

𝟏

𝐏𝐞𝐟

𝛛𝟐𝛉𝐟

𝛛𝐗𝟐  + 𝐒𝐭𝐟,𝐬
(𝛉𝐬 − 𝛉𝐟) + 𝐒𝐭𝐩

(𝛉∞ − 𝛉𝐟)                                         

(1) 

𝛛𝛉𝐬

𝛛𝛕
=  

𝟏

𝐏𝐞𝐬

𝛛𝟐𝛉𝐬

𝛛𝐗𝟐  + 𝐤𝐒𝐭𝐟,𝐬
(𝛉𝐟 − 𝛉𝐬)                                                                            (2) 

Where:  

                           𝛉 =
𝐓−𝐓𝐚𝐦𝐛

𝐓𝐡−𝐓𝐚𝐦𝐛
 ;                    𝐗 =

𝐱

𝐇
 ;                   𝛕 =

𝐭 𝐯𝐟

𝐇
 

Before discretizing the conservation equations (1-2), the storage tank is divided into N vertical regular 

layers. On the other hand, the initial and boundary conditions associated with the above equations are: 

1) The initial temperature distributions of the solid and fluid phases should be specified for the N 
layers. 

2) The inlet temperature of the fluid phase should be specified for each time step ∆τ. 

3) Adiabatic conditions for the fluid phase at the outlet of the physical domain “layer N+1”, for the 
charging phase are expressed by Eq. (3): 

∂θf(X=1)

∂X
= 0                                                                                      (3) 

 

4) Adiabatic conditions for the solid phase at the inlet and outlet of the physical domain “Layers 0 and 

N+1” respectively for the charging phase, are represented by Eq. (4): 

∂θs(X=0)

∂X
=

∂θs(X=1)

∂X
= 0                                                                (4) 

 

The previous equations have been solved numerically by using the implicit finite difference method 

[13]. 
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Figure 2. Packed bed storage system scheme. 

3.  Results and discussion  

3.1.  Validation of the simulation tool 

The numerical simulation was carried out using the MATLAB (R2011b) software, based on the 
mathematical model presented above. The numerical results have been validated using the experimental 

data of Pacheco et al [8] which consists in discharging phase during two hours. Dimensions, operating 

parameters and the thermo-physical properties of the two field media fluid and solid were evaluated 
according to the reference of Van Lew et al. [14]. 

Figure 3. exhibits the evolution of numerical temperature profiles against the experimental results of 

Pacheco et al. [8]. It is clear that numerical and experimental results are in good agreement. 
Consequently, the model could be able to predict the thermal behavior of a single tank storage unit. 

 

 
Figure 3. Comparison between numerical results and experimental measurements of Pacheco et al. 

[8]. Exp: experimental measurements, Model: numerical results. 

3.2.  Parametric study 

In this work, the parametric study was carried out for two different circumstances:  

- The first thermal cycle (3h charging/ 3h discharging); 
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- A series of five consecutives thermal cycles (3h charging/ 3h discharging). 

The thermo-physical properties of HTF are presented in Table 1 whereas the thermo-physical properties 

of rock, the dimensions of the storage system and the operating parameters used in the simulation study 
are listed in Table 2. 

 

Table 1: Thermal properties of heat transfer fluid [11] 

 

Table 2: Dimensions and operating parameters of the cylindrical TES system [15-17] 

Dimensions Value Unit 

Tank height  

Tank diameter  

Surface area 
Rock diameter 

ε 

3 

2  
3.1416 

0.03 

0.27 

m 

m 

m2 

m 
-- 

Operational parameters   

ṁch/disch 

t ch/disch 

Tamb 

Th 
U 

ρs 

Cp 

Ks 
n 

0.3  
3 
298 
523 

0.678 
2600   

820  

2.8   

100 

kg/s 

h 

K 

K 

W/m2K 
kg/m3 

J/ kg K 
W/m K 

-- 

 

Figures 4a and 4b exhibit dimensionless temperature distributions which correspond to solid and fluid 

field media, during a single cycle (a: charging, b: discharging). According to these figures, it is obviously 
evident that after each period of charging or discharging t = 0.5, 1, 2 and 3 hours, the HTF and the 

storage material have practically the same temperature (Tf Ts). Moreover, in case of charging phase, 

inlet of the tank, these temperatures have the same value Th (1). Contrary to this, they take the value 

of ambient temperature Tamb (0) at the inlet of the discharging phase. Furthermore, it is also clear that 
in the thermocline region, the falling temperature is very significant. The thickness of this zone depends 

simultaneously on the heat transfer fluid, the storage materials and time of charging/discharging of 

storage system TES. 

Heat transfer fluid Oil : Therminol VP1 

Composition   

Temperature of solidification  

Maximum temperature of operation 

Vapor pressure   
Thermal capacity (250 °C)  

Thermal conductivity (250 °C)  

Dynamic viscosity (250 °C)  
Availability  

GHG 

Degree of Dangerousness 

73.5% diphenyl oxide and 26.5% biphenyl oxide  

12 °C 

400 °C 

10.9 bars at 400 °C 
1.89 MJ/m3.K 

0.106 W/m.K 

0.29 mPa.s 
Low  

3 kg CO2eq kg-1 

High 
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Figure 4. Dimensionless temperature profiles of the fluid and solid phases along the storage tank of the 
single cycle: (a) charging / (b) discharging periods. 

3.3.  Effects of the parameters (
𝐻

𝐷
, d, G) on the dimensionless temperature of HTF and rock  

As expected, in the case of the charging process, the dimensionless temperatures evolutions of solid 

follow the classical behavior of thermal conduction regardless of whatever the position (Figures 5a-b: 
X=0.2 or X=0.8). It is clear from the curves of these figures that, at a given time, solid temperature 

values increase with the aspect ratio  
𝐻

𝐷
 , and this increase are more pronounced for its high values. Also, 

the variation of this parameter has a tangible effect on the thermal diffusion regime (transient regime or 

steady state). Thus, the time required to reach the steady state is even shorter if this ratio is high. These 
results can be explained by the fact that the cross section of the HTF becomes narrow since the tank 

height is kept constant and its diameter is varied. As for the Figures 6a-b, they show dimensionless 

temperature distributions of the fluid after the first (Figure 6a) and fifth (Figure 6b) thermal cycles with 
respect to dimensionless coordinate X. It should be noted that the augmentation of the aspect ratio 

accelerate the saturation of the system and hence the thermal equilibrium between rocks and the HTF 

(case of 
𝐻

𝐷
= 3). On the other hand, it is easy to see that in the case where  

𝐻

𝐷
< 3 the heat is gradually 

stored which generates the temperature homogenization inside rocks: 𝐵𝑖 < 1 (see Figure 8a). 
 

   
Figure 5. Dimensionless temperature profiles of the solid at the dimensionless positions 𝑋 = 0.2 and 

𝑋 = 0.8 during the charging period: The effect of aspect ratio variations. 
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Figure 6. Dimensionless temperature distributions of the fluid along the storage tank at the end of the 

charging period: (a) first cycle, (b) fifth cycle. 

Figures 7a and 7b show the dimensionless temperature profiles of rock and HTF (Therminol VP1) at 

the end of the first and fifth charging processes, for different particle diameters d = 1mm to d = 7mm. 

The number of Biot was compared for all diameters and it was less than 1 (Figure 8b) and therefore the 

assumptions mentioned above are respected. Furthermore, the difference between the storage material 
(Granite) and heat transfer fluid temperature (Therminol VP1) noticeably narrows for smaller particle 

size, the thermocline zone is sharper through the length of the tank (Figure 7a).The same behavior is 

observed at the end of the 5th cycle. Indeed, the small size of the particles allows a more efficient heat 
transfer between the solid and fluid due to the high specific exchange surface and the high coefficient 

of convective heat transfer. 
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Figure 7. Effect of rock diameter variation on the dimensionless temperature profiles of the fluid and 

solid phases along the storage tank at the end of the charging period:  (a) first cycle, (b) 5th cycle 
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Figures 9a and 9b exhibit the dimensionless temperature distributions inside the rock (granite) and in 

the oil (TerminolVP1) along the storage tank at the end of the first charging process (3h) and the 5th 

thermal cycle, respectively, for different values of G (0.058 kg/m2 s  G 0.047 kg/m2 s). For both cases, 

higher flow rate leads obviously to higher temperatures at the packed bed. At the end of the first cycle, 

for the maximum mass flow per unit cross section, the temperature at the position 𝑋 = 0.5  reaches 

190°C (θ ≈ 0.62), while it remains at ambient temperature (𝜃 ≈ 0), for G = 0.05 kg/m2 s and G = 0.23 

kg/m2 s (Figure 9a). In addition, the increase of the thermocline thickness can be seen as the oil mass 
flow increases. Furthermore, the temperature gradient zone is larger for the 5th cycle than the first one. 
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Figure 9. Effect of mass flow rate per unit cross section G on the dimensionless temperature profiles of 
the fluid and solid phases along the storage tank  at the end of the charging period:  (a) first cycle, (b) 

5th cycle. 

4.  Conclusion 
In this work, a mathematical model of heat transfer in a packed bed TES thermocline system has been 

developed. A simulation tool was conducted in the MATLAB software environment and validated 

experimentally. A parametric study of the packed bed in terms of aspect ratio, particle diameter and 
fluid mass flow rate was carried out during charging/discharging periods and also thermal cycling 

operation of a thermocline storage system.The most relevant property of the storage material is the 

volumetric heat capacity, while the thermal conductivity of the solid has only a minor effect. In the range 
of particle sizes considered, the dimensionless temperature profiles of rock and oil is found considerably 

better for the smallest particle size of the 5thcycle. High fluid mass flow rate and high values of aspect 

ratio lead to increase in temperature. 
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Symbols 
A 
d 
D 

H 
t 

𝜏 
T 
v 
Qm 

G 
U 
x 

X 
Bi 

𝑆𝑡 𝑤
 

 

Nomenclature 

 

Surface area (m2) 
Rock diameter (m) 
Diameter (m) 
Height (m) 
Time (s) 
Dimensionless time (–) 

Temperature (K)  
Velocity (m/s) 
Mass flow rate (kg/s) 
Mass flow rate per unit cross section (Kg/m2 s) 
Overall heat transfer coefficient (w/m2k) 

Variable length (m) 
Variable dimensionless length (–) 
Biot number (--) 
Stanton number of tank wall (–) 

 

 
𝑆𝑡𝑓,𝑠

 

𝑃𝑒𝑖
 

 
Greek letters 

𝜃 

𝑘 

𝜀 
 

Subscripts 
amb 
s 
f 
w 
h 
c 
 

 
Stanton number fluid/solid (–) 
Peclet number (i is f for fluid or s for solid) 

 

Dimensionless temperature (–) 

Ratio of solid to fluid thermal conductivity (–) 
Porosity of the storage tank (–) 
 
 
Ambient 
Solid 
Fluid 
Wall 

Hot 
Cold 
 


