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Abstract: The article presents the problem of modelling the charging of a constant-phase bed storage 
in the first hours of the process. The places of errors in the heat transfer calculations for the packed 
beds were indicated. Granite in the shape of spheres and crushed rocks, with a characteristic 
dimension of 50mm, was used for the experimental tests. The material was subjected to tomographic 
examination and then used as a storage material. The charging process was carried out for three 
flow rates: 0.006, 0.008 and 0.010 m3/s. After three hours of testing, the temperature of the outlet air 
for the granite sphere as the storage material was the same as for the granite crushed rock. However, 
the biggest differences occurred after 1 h of charging. They were equal to: 40.4% for the flow rate of 
0.006 m3/s, 22.0% for the flow rate of 0.008 m3/s, and 18.5% for the flow rate of 0.010 m3/s. The 
differences were greater than the uncertainty of the measurements. As a result, different 
temperatures of the storage material were obtained. After three hours, they were equal to: 25.2%, 
12.3% and 8.6% for the lowest, medium, and highest airflow, respectively. The conducted heat 
transfer analysis and the relationship Nu = f(Re) was determined. The influence of the calculated and 
actual surface of the crushed rock on the heat exchange process was explained. For all the tested air 
flow rates through the bed, higher thermal parameters were obtained for the crushed rock than for 
the sphere. The maximum differences in the Nu number were: 222.6%, 151.4% and 161.3% for the 
flow of 0.006, 0.008 and 0.010 m3/s, respectively. This means that the description of the heat exchange 
process in the piled beds would require a parameter that takes into account the geometry of the 
storage material. 
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1. Introduction 

Rock beds are a good and cheap alternative to complex and expensive heat storages, especially 
for those that cooperate with solar collectors [1]. Their advantages, apart from their price, also include 
the ability to work in a wide range of temperatures. The use of heat storages filled with rocks has 
been the subject of many research works conducted from the middle of the last century [2], which is 
confirmed by the number of papers from that period that are still quoted in current literature reviews 
[3]. Due to the wide use of renewable energy, and the seeking of savings through the recovery of 
waste heat, the amount of research and installations using rocks as a heat bed storage is still growing 
[4]. The research results show that constant-phase bed storages achieve similar efficiencies to phase-
change bed storages, however, they are characterized by a lower investment cost [5]. They are used 
in solar power plants [6], in buildings for room heating or for the drying of premises [7], as a part of 
solar dryers [8], in greenhouses to ensure the right temperature for plants [9], as waste heat storages, 
or in cooperation with the Organic Rankine Cycle [10]. In such installations, air dominates as the 



Energies 2020, 13, 6725 2 of 17 

 

working medium [11], and other working factors, such as e.g., synthetic heat transfer fluid that is 
based on eutectic mixtures, are less frequently analysed [12]. The latest research [13] also highlighted 
an issue concerning the intensification of the heat transfer with the use of spherical material that has 
pores of a different diameter and depth on its surface. 

The intensity of the charging process of heat storage plays an important role, especially during 
its cooperation with a heat source that is available for a short time. This is the case when e.g., a solar 
installation is operating after the summer season, or in a geographic location with moderate sunshine, 
such as Central Europe, which is characterized by a temperate climate and a high variability of 
weather conditions. 

Previous experimental studies, which concerned a granite bed storage and which were carried out 
by the author of this paper, showed a different nature of the storage process in relation to the shape of 
the tested material [14]. Different characteristics of the working medium’s outlet temperature from the 
heat storage were obtained for the same testing conditions. For the crushed granite filling, the air outlet 
temperature was lower than the temperature of the granite in the form of spheres and cubes. In 
addition, the discharge temperature curve was of a different nature, which was especially visible in the 
first two hours of the bed storage’s charging process. Such a situation occurred despite the fact that the 
tested elements had the same equivalent diameter [15]. Due to these discrepancies, the author of the 
paper decided to continue research on crushed granite as a filling material. The quoted studies show a 
high intensification of the heat storage process in the bed storage filled with crushed stone. The 
differences related to the shape of the filling material are difficult to theoretically describe. This is due 
to the fact that in order to create mathematical models for the process of heat storage in a rock storage 
bed, it is necessary to use the characteristic dimension. In the case of packed storage beds, this 
dimension is the equivalent diameter of the material, which regardless of its shape, is treated as a 
sphere. Literature provides formulas for the Nusselt number to determine the heat transfer coefficients 
to the material, which are developed e.g., by Ranz and Marchall [16], Kacnelson and Timofiejewa [17], 
or Ketterning [18]. In these formulas, in the case of spheres, their diameter is taken as the characteristic 
dimension. However, for other geometries it is an equivalent diameter calculated from the volume of 
the sphere. Such simplifications were also adopted in more recent studies. R. Singh et al. in [19] used 
the equivalent diameter in the case of calculating a bed storage filled with large elements such as cubes 
and cuboids. H. Singh et al. also used the equivalent diameter to investigate a sphere and 4 different 
cuboids [20]. K.G. Allen et al. in [21] used the equivalent particle diameter for the analysis of crushed 
rock. When analyzing pressure drops for various other filling materials, regardless of their shape, the 
authors determined the equivalent diameter with regards to particle volume and surface area [22]. 
Similarly, N.G. Barton in [23] used the spherical diameter of individual rock particles. Jean-Francois P. 
Pitot de la Beaujardiere et al. in [24] used the mean equivalent particle diameter for a rock bed thermal 
energy storage system in CSP plants. 

It is also worth noting that most of the studies concerning rock bed storages that are available in 
literature assume a long charging time, which even exceeds several hours [25] and can take up to one year 
[26]. This is due to the fact that these solutions are mainly dedicated to solar power plants [27], which are 
built in places with a high availability of solar radiation, and which operate continuously during the day. 
Among the experimental tests on a laboratory scale, the following charging times can be found: 

• 6 h of charging [28]–test stand with rocks. Swedish diabase and magnetite were tested as the 
filling material, and the working medium was air. 

• 8 h of charging [29]–laboratory test stand for testing the operation of the bed storage with 
parameters as in the case of concentrated solar power plants when combined with the Brayton 
cycle. The working medium was air. 

• 8 h of charging [30]–the potential of quartzite and flint rocks as filler materials was investigated 
experimentally. 

Analyses concerning long charging times also dominate in theoretical research: 

• 6 h [23]–charging of a rock bed. The research covered issues related to air distribution during 
charging and discharging. 
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• 8 h [31]–charging of a bed storage intended for a solar thermal power plant. The working 
medium was air. 

• 8 h [32]–charging the bed storage of a solar thermal power plant. The authors conducted 
thermodynamic modelling and performed exergy analysis. They used air. 

The latest research [33] also shows a several-hour charging process in which crushed rock was 
used. A mathematical model for the bed storage was made and compared with the results of the 
experiment. The largest discrepancies were obtained in the first 3 h of charging. After this time, the 
outlet temperature values for the experiment and the model began to coincide. 

It is difficult to find studies in literature in which short charging times are shown. Such studies are 
described in [34]. Measurements for the charging time of 170 min were used to create a one-dimensional 
numerical model, which enables the temperature of the storage material to be determined. 

In studies in which the bed storage’s charging process is long, it is difficult to observe the course 
of the characteristics for the first hours of charging, as well as to analyze the cooperation of the bed 
storage with a heat source that is available for a short time. In the mathematical description of the 
process of heat exchange between the working medium flowing through the bed storage and the 
storage material, there are significant simplifications. The sphere has the smallest surface area of all 
solids. However, in heat transfer calculations, it is assumed that the surface of e.g., crushed rock, is like 
a sphere. Such an assumption means, in model calculations, that the storage material in the form of 
spheres and crushed stone will equally absorb heat from the working medium. The author noted, in 
the studies described in [15], that there are significant differences in the charging of a bed storage filled 
with spheres and those filled with crushed rock. The obtained differences in the 1st and the 2nd law 
efficiency show that the geometry of the rock has an impact on the heat transfer process. According to 
the author, the assumption that the heat transfer process for crushed rock can be described by equations 
for spheres is incorrect. This is especially visible in the case of short charging times. 

The author of the paper wants to show that there are significant differences in the first hours of 
charging a bed storage filled with a material of a different shape, despite the same characteristic 
dimension. As shown in the analysis of literature, research concerning the short charging time of a 
bed storage is the subject of a few studies, and therefore the process of heat transfer by the storage 
material is insufficiently described. Moreover, the author wants to show the influence of the actual 
surface area of the material on the Nusselt number, which describes the process of heat penetration 
into the storage material. 

2. Materials and Methods 

In order to determine the influence of the shape of crushed rock on the heat transfer process, it 
was necessary to prepare the material for research. The criterion equations for the determination of 
the Nusselt number Nu assume that the material placed in the bed storage is treated as spheres. 
Therefore, spheres were used as the model geometry in the research, and they were then compared 
to crushed rock. The material was mechanically processed and then placed inside the bed storage. 
Measurements were made during the charging of the heat storage, and the compared test results of 
the obtained criterion numbers for spheres and crushed rock provided information concerning the 
influence of shape on the heat exchange process. The analyses included the case in which the Nusselt 
number determined for the crushed rock takes into account its real surface area, as well as when this 
area is calculated as the area for a sphere. 

2.1. Preparation of the Material for Research 

In order to prepare the material for testing, its properties were determined. Granite from an 
excavation in Strzegom (Poland) was used. It specific heat is 780 J/(kg·K), and density 2659 kg/m3. 
This rock was machined in order to obtain the shape of smooth spheres with a diameter of 50 mm. In 
this way, n = 230 pieces were obtained, with a mass 𝑚௠௔௧ = 174 g each. The same number of crushed 
rock pieces of the same weight was then selected. They were cleaned and sent for tomographic 
examination (Figure 1) in order to precisely determine their surfaces. These tests were performed by 
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an external company using the X-ray Computed Tomography method and a tomograph: Nikon XT 
H 225, lamp: Rotating Target 225 kV, detector: Varex 4343. 

  
Figure 1. Material prepared for tomographic examination and exemplary scans of the granite crushed rock. 

The material used for the tests had different levels of roughness. For the spheres it was from 3.94 
to 23.57 µm, and for the crushed rock it was from 79.22 to 276.61 µm (see Figure 2). The tests were 
performed using the KEYENCE VHX Microscope. 

 
Figure 2. Roughness of the granite sphere and crushed rock. 

Knowing the mass 𝑚௠௔௧  of the material, and its density 𝜌௠௔௧ , the volume 𝑉௠௔௧  can be 
determined using formula (1). 𝑉௠௔௧ = 𝑚௠௔௧𝜌௠௔௧  (1)

The diameter of the material 𝐷௠௔௧ is determined from the volume (2). For the sphere, this is its 
actual diameter. However, for the crushed rock it is called the equivalent diameter. 

𝐷௠௔௧ = ඨ6 ∙ 𝑉௠௔௧𝜋య
 (2)

By knowing the diameter of a single filling material 𝐷௠௔௧, its surface area Ssphere can be calculated 
from the formula for the surface area of a sphere (3). 𝑆௦௣௛௘௥௘ = 4 ∙ 𝜋 ൬𝐷௠௔௧2 ൰ଶ

 (3)

The results of calculations and tomographic tests are presented in Table 1. For elements in the 
form of crushed rock, two values of its surface are given. The first theoretical one, calculated from 
formula (3), assumes its sphericity. The second is the real surface obtained from the tomographic 
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examinations. The difference between the theoretical area (calculated as for a sphere) and the actual 
value of the crushed rock is equal to 28.6%. 

Table 1. Summary of characteristic data of the filling material. 

Shape of Material Equivalent Diameter Surface Area 
sphere 0.05m 0.00785 m2 

crushed rock (treated as a sphere) 0.05m 0.00785 m2 
crushed rock 0.05m 0.010983 m2 

2.2. Test Stand and Experimental Research 

The test stand shown in Figure 3 was used for the experimental research. The working medium 
was forced by the air fan to the flow meter, and then to the bed storage. Before entering the bed 
storage, the air was heated with an electric heater to a set temperature according to the test plan. The 
air flow rate and the temperature of the medium were regulated with the use of autotransformers 
connected with a fan and an electric heater, respectively. The inlet and outlet air temperature, and 
also the ambient temperature were measured with Pt100 thermocouples. A KD7 recorder with a one-
minute step was used for data recording. This causes the uncertainty of the time measurement to be 
very small, because it results only from the accuracy of the KD7 recorder timer. Moreover, the 
pressure difference at the inlet and outlet of the bed storage was also recorded. 

 
Figure 3. Experimental stand for the investigation of the heat storage process. 

The crushed rock shaped and sphere shaped storage material was laid loosely inside the bed 
storage, as shown in Figure 4. Due to the same weight of the filling, which is equal to 40.02 kg, the 
same fill factor of 65.2% was obtained. 

  
Figure 4. Crushed rock and spheres arranged inside the bed storage. 
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The dimensions of the bed storage, the used insulation and the data concerning the filling are 
summarized in Table 2. During the tests, the air directed to the bed storage was heated to the 
temperature 𝑇௔௜௥_௜௡ = 110 °C by a heater in order to simulate the operation of a heat source, which 
may be an air solar collector. The tests were performed for three measurement series for each 
geometry, with the air flow rate through the heat storage being regulated. The setting values for the 
successive series of measurements are presented in Table 2. 

Table 2. Parameters of the test stand and the filling material. 

Rock bed Internal height 0.5 m 
 Internal thickness 0.3 m 
 Internal length 0.3 m 

Storage material Equivalent sphere diameter 0.50 m 
 Number of elements 230 
 Mass 40.02 kg 

Air Inlet temperature  110 °C 
 Volumetric flow rate 1 0.0060 m3/s 
 Volumetric flow rate 2 0.0080 m3/s 
 Volumetric flow rate 3 0.0100 m3/s 

Insulation Top insulation thickness 0.20 m 
 Bottom insulation thickness 0.15 m 
 Side insulation thickness 0.15 m 
 Thermal conductivity 0.039 W/(m·K) 

The volumetric airflow rate was determined with an accuracy of ±0.0007 m3/s. The initial 
temperature of the storage material depended on the ambient temperature. Table 3 shows the 
temperature in the laboratory, which was assumed as the granite’s temperature at the beginning of 
the charging process. 

Table 3. The ambient temperature in the laboratory. 

Volumetric Flow Rate, m3/s Shape of Material Initial Temperature, °C 

0.006 
granite sphere 

crushed granite 
19.1 
19.0 

0.008 granite sphere 
crushed granite 

21.6 
20.8 

0.010 granite sphere 
crushed granite 

19.0 
19.2 

The air flow rate that is suitable for the cooperation with solar air collectors, in which the 
developed surfaces were used, was selected [35,36]. This enables a high efficiency of solar systems to 
be obtained when energy expenditure for the pumping of the medium is low. 

2.3. Determination of the Characteristic Numbers 

Experimental tests of the heat storage charging process were performed for two different types 
of filling and three air flow rates. According to the adopted convention when conducting such 
measurements, which was presented in all the experiments described in the literature review, one 
measurement series was performed for each of the settings. The charging time was set to 3 h. This is 
the time in which the outlet air temperature 𝑇௔௜௥_௢௨௧  changes dynamically. It is also the time of 
charging the bed storage during its cooperation with a heat source that is available for a short time, 
which has not been described well enough in literature. Figure 5 shows the change in the outlet air 
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temperature over time for the spheres and crushed rock granite. The accuracy of the temperature 
measurement resulted from the accuracy of the used thermocouples and was equal to ±1.5 °C. 

   
Figure 5. The temperature of the outlet air during the charging process of the bed storage for different 
air flow rate values. 

Figure 5 shows the differences in the values of outlet air temperature for the spheres and crushed 
rock. This means that the heat exchange process between air and granite is of a different nature, during 
the first three hours of charging. The greatest differences in the outlet temperature for the sphere and 
crushed rock are equal to 18.4 °C for the smallest flow, 10.0° C for the medium flow, and 6.8 °C for the 
highest flow. Due to the accuracy of the temperature readings, which is equal to ±1.5 °C for each of the 
measurements, the maximum error for the given differences is 3 °C. This means that the obtained 
discrepancies are not the result of inaccurate temperature measurements. Therefore, it is important to 
determine the heat transfer rate between the air flowing through the bed storage and the granite. The 
heat transfer coefficient needs to then be determined. In order to describe the process in detail, the heat 
transfer process should be characterized as a function of the flow rate. For this purpose, it is useful to 
calculate the characteristic numbers for the flow of fluid and the heat transfer. 

The Reynolds number for the airflow through the storage material is determined from general 
Equation (4). 𝑅𝑒 = 𝐷 ∙ 𝑤௔௜௥𝜈௔௜௥  (4)

The velocity of the airflow 𝑤௔௜௥ inside the bed storage through which the air flows is calculated 
from the volumetric flow rate 𝑉ሶ௔௜௥ and the actual bed’s cross-section 𝐴௥௘௔௟ (5). 𝑤௔௜௥ = 𝑉ሶ௔௜௥𝐴௥௘௔௟ (5)

The actual cross-sectional area of the bed storage through which the air flows takes into account 
the area occupied by the storage material, and therefore formula (6) takes the following form. 𝐴௥௘௔௟ = 𝑉௥௘௔௟𝑏  (6)

Parameter b is the internal height of the bed storage, which according to Table 2 takes the value 
of 0.5 m. The real volume inside the bed 𝑉௥௘௔௟ determines the free space through which the air flows, 



Energies 2020, 13, 6725 8 of 17 

 

and according to (7) it is the difference between the total volume of the bed storage 𝑉௕௘ௗ and the 
volume occupied by the storage material 𝑉௔௖௖௨. 𝑉௥௘௔௟ = 𝑉௕௘ௗ − 𝑉௔௖௖௨ (7)

Therefore, the final actual volume inside the bed 𝑉௥௘௔௟ can be written as (8) 𝑉௥௘௔௟ = 𝑎ଶ ∙ 𝑏 − 𝑛 ∙ 𝑉௠௔௧ (8)

where parameter a is the internal width of the bed storage (see Table 2). The kinematic viscosity 𝜈௔௜௥ 
for air is determined for the average air temperature inside the bed storage 𝑇௔௩௚, and is described by 
Equation (9) [37]. 𝜈௔௜௥ = 8.461 ∙ 10ିଵଵ ∙ 𝑇௔௩௚ଶ + 9.348 ∙ 10ି଼ ∙ 𝑇௔௩௚ + 1.323 ∙ 10ିହ (9)

The Nusselt number Nu describing the process of heat transfer into the storage material can be 
represented by Equation (10) [38]. 𝑁𝑢 = ℎ௠௔௧ ∙ 𝐷௠௔௧𝜆௔௜௥  (10)

The thermal conductivity 𝜆௔௜௥ was determined for the average air temperature inside the bed 
storage 𝑇௔௩௚ according to (11) [37]. 𝜆௔௜௥ = −5.630 ∙ 10ି଼ ∙ 𝑇௔௩௚ଶ + 7.519 ∙ 10ିହ ∙ 𝑇௔௩௚ + 2.420 ∙ 10ିଶ (11)

Parameter ℎ௠௔௧ is the heat transfer coefficient from the air flowing through the bed storage to 
the storage material. It is determined from the amount of heat transferred from the air flowing to the 
granite according to (12). ℎ௠௔௧ = 𝑄ሶ௔௖௖௨𝑛 ∙ 𝑆௦௣௛௘௥௘ ∙ ൫𝑇௔௩௚ − 𝑇௠௔௧൯ (12)

The temperature of material 𝑇௠௔௧  is a parameter obtained using the heat balance of the bed 
storage, which can be written as (13). 𝑄ሶ௔௖௖௨ = 𝑄ሶ ௜௡ − 𝑄ሶ ௟௢௦௦ (13)

In the case of the heat supplied to the bed storage, the heat transfer rate 𝑄ሶ ௜௡ is determined from 
(14) [39]. 𝑄ሶ ௜௡ = 𝑉ሶ௔௜௥ ∙ 𝜌௔௜௥ ∙ 𝑐௣_௔௜௥ ∙ ൫𝑇௔௜௥_௜௡ − 𝑇௔௜௥_௢௨௧൯ (14)

In Equation (14), the specific heat at a constant pressure 𝑐௣_௔௜௥ is calculated for the average air 
temperature inside the bed storage 𝑇௔௩௚ using Equation (15) [37]. 𝑐௣_௔௜௥ = 2.526 ∙ 10ିଵ଴ ∙ 𝑇௔௩௚ହ − 1.459 ∙ 10ି଻ ∙ 𝑇௔௩௚ସ + 2.783 ∙ 10ିହ ∙ 𝑇௔௩௚ଷ − 1.317 ∙ 10ିଷ∙ 𝑇௔௩௚ଶ + 1.901 ∙ 10ିଶ ∙ 𝑇௔௩௚ + 1.005 ∙ 10ଷ (15)

The rate of heat losses from the surface of the bed storage to the environment 𝑄ሶ ௟௢௦௦  were 
determined as the sum of heat transfer rates passing through each surface of the bed storage. Figure 
6 shows all the parameters that were used to calculate these heat losses. The computational algorithm 
numerically solved a total of 26 equations. It was described in detail by the author in [15]. 
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Figure 6. Diagram of the heat bed storage, with the thermal and material parameters marked. 

The calculation algorithm presented in this chapter enabled the following parameters to be 
determined: flow parameters, such as: air velocity in the bed storage 𝑤௔௜௥, and the Reynold number Re, 
as well as thermal parameters, such as: the heat transfer rate between the flowing air and the storage 
material 𝑄ሶ௔௖௖௨, the heat transfer coefficient into the material ℎ௠௔௧, and the Nusselt number Nu. 

3. Results 

During the conducted tests, the drop in pressure inside the storage bed was measured. The 
pressure losses for the spheres and crushed rock were the same in the case of a constant flow rate. 
They were equal to 2.9 Pa for the flow of 0.006 m3/s, 5.0 Pa for the flow of 0.008 m3/s. and 7.2 Pa for 
the flow of 0.010 m3/s. The accuracy of the measurement, related to the accuracy of the device, was 
equal to ±0.5 Pa. Due to the obtained low values of pressure drops when compared to the amount of 
accumulated heat, they were not analysed further in the study. 

The heat exchange between the air flowing through the bed storage and the storage material 
affects the amount of heat transfer rate. As a result, the temperature of the granite increases. Figure 7 
shows the heat transfer rate and the average temperature of the material filling the bed storage, which 
was calculated from the heat balance. 

The changes in the heat transfer rates visible in Figure 7 show the dynamics of the process during 3 
h of charging the bed storage. The greatest differences in the heat transfer rates for the sphere and the 
crushed rock are for the smallest flow rate. This results in a different temperature of granite. These 
differences are the greatest in the first hour of charging and they decrease during the measurements. The 
values of the temperature of the storage material after three hours of charging are summarized in Table 4. 

Table 4. The temperature of the storage material after three hours of charging. 

Volumetric Flow Rate, m3/s Shape Final Temperature, °C 

0.006 granite sphere 
crushed granite 

63.4 
79.4 

0.008 granite sphere 
crushed granite 

80.6 
90.5 

0.010 
granite sphere 

crushed granite 
89.2 
96.9 

It is worth noting that with an increase in the airflow rate, these differences are decreasing. 
However, for the highest flow rate, the heat transfer rates are also the highest. Therefore, in order to 
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better assess the intensity of heat transfer, it is worth analysing the characteristic numbers that 
describe the heat transfer process. 

 

 

 

Figure 7. The heat transfer rate and the temperature of granite over time. 

The efficiency of the heat accumulation process is influenced by the heat loss from the surface of 
the bed storage and the heat taken up by the storage material. The first of these heats can be 
significantly reduced. One of the basic criteria for improving efficiency is the economic aspect, which 
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results from the increase of the amount of insulation material. The second heat is related to the process 
parameters, such as: flow rate or temperature difference, as well as to the material parameters, such 
as: the diameter of a single storage material or its surface. In order to analyse the heat transfer process, 
it is worth paying attention to the Nusselt number, which is considered as the characteristic number 
that is appropriate for the characterization of the heat being transferred to the storage material. This 
number takes into account the above parameters and allows the heat transfer process for different 
process conditions to be compared. 

The performed measurements allowed the Nu number for the charging process of the bed 
storage filled with spheres and crushed rock to be determined. In order to specify the Nu number for 
the crushed rock, the surface area calculated from the equivalent diameter (which treats the crushed 
rock as a sphere) was used. Additionally, by knowing the actual area of the crushed rock, determined 
using the X-ray Computed Tomography method, it was decided to also calculate the Nu number for 
the crushed rock by inserting the actual area into Equation (12). The obtained results of the Nu 
number during the charging of the bed storage are shown in Figure 8. 
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Figure 8. The Nusselt number during the charging process of the bed storage filled with granite. 

The comparison of the characteristics of the Nu number for the charging process of the bed 
storage filled with spheres and crushed rock presented in Figure 8 shows that the nature of heat 
transfer is different for these geometries. Throughout the entire duration of the measurements, the 
Nu number for the spheres was always lower than for the crushed rock for all the analysed rates of 
airflow through the bed storage. It is worth noting that the Nu number for crushed rock has the highest 
values between the 50th and 100th minute of the research. The maximum value appears later with an 
increase in the airflow rate. For the granite, the maximum value occurs at the beginning of the process. 
As the air flow rate increases, the nature of the curve changes, and the time of the occurrence of the 
highest Nu number changes only for the highest flow. The introduction to the calculations of the actual 
crushed rock surface only partially brought the curve of the Nu number for the crushed rock closer to 
the curve for the sphere. However, it did not change its character. The Nu number for the crushed rock 
for which the actual surface was entered takes values lower than for the spheres in the first minutes of 
the measurements. The Nu value then increases, and follows the change in the Nu number for the 
crushed rock for which the surface was determined in the same way as for the sphere. 

In order to formulate more general conclusions for different measurement series, it is worth 
using dimensionless parameters. One of the most frequently analysed relationships is Nu = f(Re), 
which shows the effect of the movement of fluid on the heat transfer rate. This relationship is shown 
in Figure 9. The diagram shows the results of the tests for the sphere, crushed rock, and also for the 
crushed rock with its actual surface taken into account. 

The calculations assume that air is treated as a semi-perfect gas and that its physical properties 
are a function of temperature. Therefore, the obtained value of the Re number was variable for each 
of the flow rates during the measurements. Higher values of the Re number occurred at the beginning 
of the measurements, and these values decreased during the measurements. Large discrepancies in 
the Nu number, which are visible in Figure 8, can also be found in the graph of Nu = f(Re). However, 
in the final phase of the research, the Re number for the sphere and crushed rock takes almost the 
same values for each of the settings. This is the result of similar values of the fluid temperature inside 
the bed storage. In the case of the sphere and crushed rock studies, the maximum value of the Nu 
number increases with an increase in the Re number. However, the highest values of the Nu number 
for the sphere are much lower than those for the crushed rock. Even the introduction of the actual 
crushed rock surface into the calculations did not lower the value of the Nu number to the level of 
the values obtained for the spheres. Moreover, the nature of the change in the Nu number is different 
for these geometries. 
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Figure 9. The dependence between the Nusselt number and the Reynolds number during the charging 
process of the bed storage filled with granite. 

4. Discussion and Conclusions 

As mentioned in the introduction, most of the work is focused on the discharge process and 
long-term charging of the heat storage. The conducted research showed that after the charging time 
of about 3 h, the outlet air temperature for the sphere is close to the temperature for the crushed rock. 
For the flow of 0.006 m3/s, it differs by 1.9%; for the flow of 0.008 m3/s, it differs by 0.9%, and for the 
flow of 0.010 m3/s, it differs by 2.1%. All the obtained discrepancies are within the measurement error 
limit. However, as can be seen from Figure 5, the greatest difference in the value of outlet air 
temperature occurs during the first hour of charging. The temperature of the air at the outlet for the 
crushed rock as a storage material is lower than for the sphere. For the lowest flow it is lower by 
40.4%, for the average flow it is lower by 22.0% and for the highest flow it is lower by 18.5%. These 
values exceed the maximum error resulting from the accuracy of the measuring devices. However, 
when the heat source cooperating with the bed storage supplies heat for short periods of time, or 
with breaks, it is important to know the process in the first hours of charging. Some of the information 
is obtained using model calculations. They take into account the amount of heat supplied to the bed 
storage and the losses from the surface of the tank. The process of heat penetration into the storage 
material is described by the heat transfer coefficient, which depends on the Nusselt number. 
Available equations describing the heat transfer process are used, and computational algorithms are 
created. However, the criterion equations available in literature for the Nu number of heat transfer 
into a bed storage, such as those summarized in Table 5, assume that parameters such as the 
equivalent diameter and the area of crushed rock are determined in the same way as for a sphere. 
This means that the model calculations performed with the use of these equations give the same 
results for the crushed rock as for the sphere. 
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Table 5. Selected Nusselt number formulas for packed beds. 

No. Dimensionless Equation Notes Ref. 

1 𝑁𝑢௪ = 2 + 1.8 ∙ 𝑅𝑒଴.ହ ∙ 𝑃𝑟ଵ/ଷ  (16) 
100 ≤ Re 

Pr for typical 
gases and liquids 

[16] 

2 𝑁𝑢௪ = 2 + 1.1 ∙ 𝑅𝑒଴.଺ ∙ 𝑃𝑟ଵ/ଷ  (17) 15 ≤ Re ≤ 8500 [40] 
3 𝑁𝑢௪ = 3.22ሺ𝑅𝑒 ∙ 𝑃𝑟ሻଵ/ଷ + 0.117 ∙ 𝑅𝑒଴.଼ ∙ 𝑃𝑟଴.ସ (18) 40 < Re [41] 

4 𝑁𝑢௪ = 𝑅𝑒 ∙ 𝑃𝑟ଵ/ଷ𝜀 ൬0.0108 + 0.929𝑅𝑒଴.ହ଼ − 0.483൰ (19) 20 < Re [42] 

5 𝑁𝑢௘௤ = 𝑃𝑟ଵ/ଷ𝜀 ൫2.876 + 0.3023 ∙ 𝑅𝑒௘௤଴.଺ହ൯ (20) 10 < Reeq [43] 

6 𝑁𝑢௪ = 0.29 ∙ 𝑅𝑒଴.଼ ∙ 𝑃𝑟ଵ/ଶ  (21) Re ≤ 2400 [44] 
7 𝑁𝑢௪ = 2 + 1.354 ∙ 𝑅𝑒ଵଶ ∙ 𝑃𝑟ଵଷ + 0.0326 ∙ 𝑅𝑒 ∙ 𝑃𝑟ଵ/ଶ (22) 60 ≤ Re [45] 

8 𝑁𝑢௪ = 2 + 0.6 ∙ 𝑅𝑒଴.ହ ∙ 𝑃𝑟ଵ/ଷ  (23) 1 ≤ Re ≤ 70,000 
0.6 ≤ Pr ≤ 400 

[46] 

9 𝑁𝑢௪ = 0.8 ∙ 𝑅𝑒଴.଻ ∙ 𝑃𝑟଴.ଷଷ  (24) 500 ≤ Re ≤ 50,000 [45] 
10 𝑁𝑢௪ = 2 + 0.03 ∙ 𝑅𝑒଴.ହସ ∙ 𝑃𝑟 భయయ + 0.35 ∙ 𝑅𝑒଴.ହ଼ ∙ 𝑃𝑟଴.ଷହ଺  (25) - [47] 

11 𝑁𝑢௪ = 0.437 ∙ 𝑅𝑒଴.଻ହ ∙ 𝜓ଷ.ଷହ ∙ 𝜀ିଵ.଺ଶ ∙ ሾ𝑒𝑥𝑝ሼ29.03ሺ𝑙𝑜𝑔𝜓ሻଶሽሿ (26) 
 𝜀 ∗ = 𝑉௕ − 𝑉௦𝑉௕  𝜓 ∗∗ = 𝑎௦𝑎௖ 

[19] 

* ε is the filling factor of the packed bed with air, Vb is the bed volume, Vs is the volume of the filler 
material, ** ψ is the area ratio, as is the area of the sphere, and ac is the area of the selected material. 

The conducted research showed that there are clear differences in the heat transfer to the storage 
material with different geometries. This affects the temperature of the storage material. In the case of 
the performed tests, the temperature of the spheres was always lower than in the case of the crushed 
rock. After three hours of charging, it was lower by 25.2% for the flow of 0.006 m3/s, 12.3% for the 
flow of 0.008 m3/s, and 8.6% for the flow of 0.010 m3/s. It is worth noting that the Nusselt number, 
which characterizes the process of heat transfer into the material, assumed almost the same values at 
the end of the measurements. However, the biggest differences were found in the second hour of 
charging. The Nu number was greater for the crushed rock - for the lowest flow by 222.6%, for the 
average flow by 151.4%, and for the highest flow by 161.3%. The introduction of the correction in the 
form of taking into account the actual surface of the crushed rock only partially approximates the 
results obtained for the crushed rock. This proves that the larger actual surface of the crushed rock 
has an impact on the calculation result, and that its determination by treating the crushed rock as 
spheres causes erroneous results to be obtained. However, as the analysis shows, it is not the only 
factor that determines the intensity of the charging process of the heat storage. It is worth paying 
attention to the streamlined shape of the sphere, which is opposite to the shape of the crushed rock. 
This fact causes a less turbulent flow in the case of the sphere, which in turn reduces heat transfer. 
Moreover, equations 1 to 10 in Table 5 treat the heat transfer process very generally. Only in equation 
11 was the correction for the filling factor of the heat storage introduced, and importantly, the 
correction resulted from the difference of the actual material surface in relation to the sphere. The 
conducted research leads to the conclusion that the mathematical description of heat transfer into the 
storage material could contain more parameters that determine the process, such as e.g., a material’s 
roughness or sphericity. The created models, due to the increasing role of stored heat, would then 
better reflect this process from the very beginning. 

Finally, it is worth noting that the range of settings that are adapted to the cooperation between 
the bed storage and heat sources, such as solar air collectors, was tested. It is worth extending these 
tests in order to include higher flow rates of the working medium and higher temperatures. 
Moreover, it is worth checking the influence of the model describing heat losses on the uncertainty 
of the results, e.g., by using additional heat flux sensors. 
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