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ABSTRACT 

The study investigates experimentally and numerically the problem of turbulent convective 

heat transfer and pressure drop in a packed bed with internal heat generation. The main 

objective is to develop correlations for the heat transfer between the bed and coolant as well as 

the pressure drop in the system using detailed experimental and 3-dimensional pore-scale 

numerical simulation. The system analysed is a horizontal circular channel filled with different 

stainless steel spheres with diameters of 5.5 mm, 6.5 mm and 7.5 mm. Dry air is used as 

working fluid. The study is performed for turbulent flow regimes with different Reynolds 
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number (based on the spheres diameter) in the range of 900-2600. The spheres are heated using 

an electromagnetic induction heating method. Based on the experimental data, empirical 

correlations for turbulent pressure drop and convective heat transfer coefficient are developed. 

Results of pore-scale analysis show the complexity of the flow domain, which the velocity 

experiences a considerable increase compared to inlet velocity and is more evident in narrow 

gaps between spheres. Moreover, numerical results indicate the coupling of temperature and 

velocity fields, which a non-uniform velocity filed leads to non-uniform temperature 

distributions of air and solid spheres in the packed bed. 

 

Introduction  

Convective heat transfer between the solid and fluid phases is a physical phenomenon, which 

plays an important role in studying heat transfer for industrial thermal systems. To gain deep insight 

into this physical phenomenon, fluid flow and heat transfer in porous materials have been studied 

experimentally, numerically and analytically considering various conditions and configurations. 

Upalkar et al. [1] discussed a mathematical model for predicting the fluid flow and heat transfer in a 

Z-shaped corrugated foam heat sink and validated the model with experimental data. They [1] studied 

foams with different permeability and reported low permeable foams are more efficient due to the 

ability to achieve uniform flow [1]. In another work, Yang et al. [2] investigated the flow and heat 

transfer performances numerically inside small pores of structured packed beds of dimple particles. 

They reported with the same inlet velocity, the pressure drop and heat transfer in the packed bed with 

dimple particles would be lower than those in the packed bed with smooth particles. Heat transfer 

and fluid flow behaviors in pebble beds [3] and packed beds with spherical spheres [4] and packed 
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beds of shredded materials [5] were studied experimentally to understand the effect of different 

arrangements of particles in the media. One of the key practical applications of this problem is packed 

bed thermal energy storage system in which the efficiency of the system is directly affected by the 

convective heat transfer between these two phases [6]. In packed bed thermal energy storage systems 

using sensible or latent heat, thermal energy is stored and released by heating or cooling a fluid [7]. 

During charging the system, a fluid with a temperature higher than solid particles passes through the 

medium and by exchanging energy between two phases, this energy is absorbed and stored by 

particles. However, during discharging, the stored energy inside the particles is released to heat up a 

cooler fluid.  

Many attempts have been made to study the thermal and hydrodynamic aspects of packed 

bed thermal energy storage systems. In this regard, previous experimental [8] and numerical [9, 10] 

studies concentrated on flow and thermal characteristics of the system during the 

charging/discharging process. Some other works studied steady state single charging-discharging 

process [11, 12] and transient response [13]. Zavattoni1 et al. [11] investigated effect of performing 

an initial charging, or pre-charging, on thermal stratification of an industrial-scale thermocline 

thermal energy storage (TES) unit. Three different scenarios, characterized by 4 hours, 6 hours and 

8 hours of pre-charging were compared with the reference case of TES system operating without pre-

charging. Results showed that the effect of pre-charging is more pronounced during the first cycles, 

which reduces the time required by the TES to achieve a stable thermal stratification into the packed 

bed. McTigue et al. [6] discussed that when the system is repeatedly charged and discharged with an 

identical duration, the storage process passes through a transient phase to reach a steady state 

situation. However, they [6] further discussed that for a realistic load cycle of a packed bed thermal 

energy storage, the system is less likely to follow regular charge-discharge duration due to variations 
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in demand and the available energy supply leading to certain perturbation in packed bed thermal 

energy storage operation. Some of these perturbations are related to variations in energy during 

charging (e.g. overcharged) or discharging. However, in this study the heat is constantly applied 

during the experiments to avoid time-dependent variations in the heat transfer process between the 

particles and air, hence minimising the effect of unwanted perturbations. Moreover, variations in 

energy exchange between the two phases do not affect the heat transfer coefficient (Nu) [14].  

In comparison to laminar flow regimes, turbulent flow enhances the rate of convective heat 

transfer between the two phases (solid and fluid). However, turbulent flow results in a higher pressure 

drop, leading to a drop in the energy storage capacity [15]. Therefore, it is required to study pressure 

drop and heat transfer simultaneously to find a trade-off between these two parameters, at which the 

system works optimally [6, 16, 17]. In the literature, there is a lack of experimental and pore-scale 

numerical data on the correlations for the pressure drop (or friction factor) and heat transfer 

coefficient in turbulent flow during the discharging process of a packed bed thermal storage system. 

This problem needs to be studied experimentally and numerically using pore-scale modelling, since 

the fluid flow and the heat transfer between hot particles and fluid in a turbulent regime is really 

complex and almost impossible to be addressed using volume-averaged theoretical analysis.    

In the volume-averaged method for packed bed energy storage systems, the local thermal 

non-equilibrium (LTNE) model is deployed to calculate temperatures of the fluid and particle phases 

in the packed bed by solving different energy equations for each phase in the bed [18-21]. However, 

for the LTNE model, the internal heat transfer coefficient between the spheres and fluid has to be 

known a priori. This coefficient is required to couple the two energy equations of the spheres and 

fluid phases in the packed bed. Hence, the main objective of this study is to perform a detailed 

experimental and pore-scale analyses in order to gain more insight into the turbulent flow features 
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inside a packed bed system. In the numerical study, Reynolds-Averaged Navier-Stokes (RANS) 

equations turbulence model is used to explore the details of the flow and thermal field in the packed 

bed system. Experimental data are analysed to develop a correlation for the heat transfer coefficient 

between the particles and fluid. The correlation developed can be used by the volume-averaged 

solvers for large-scale applications where the pore-scale analysis is computationally prohibitive. 

 

Experimental study 

Experimental rig  

The set-up and the test section are shown schematically in Figs. 1 and 2, respectively. The 

system comprises of a compressor, volumetric flowmeter, test section, electrical power inputs, 

electromagnetic induction heating system, and instrumentation to measure temperatures and 

pressures drop in the test section. Details of the experimental set-up can be found elsewhere [14]. 

Here the test conditions at which the data are collected will be presented. The test section is a 

cylindrical channel, which was filled with packed steel spheres. The experiments are performed for 

three different numbers of steel sphere balls (N) with different diameters (d), which give small 

different porosity (𝜀) of the packed bed in the channel. These are (i) d = 5.5, N = 473,  = 0.45 (ii) d 

= 6.5, N = 290,  = 0.46 and (iii) d = 7.5, N = 177,  = 0.49. The rate of internal heat inside the test 

section is controlled and varied between 54 W and 82 W by adjusting the input electric power. Dry 

compressed air used as the working fluid in the heat transfer process inside the test section. In order 

to measure the fluid temperature, five thermo sensors are inserted in the air flow near the test section 

wall. Five more sensors are embedded inside the test section to measure the local temperatures of the 

surface of heated spheres. Two thermo sensors measure the temperatures of the fluid at the inlet and 

outlet of the channel. The pressure drop between the inlet and outlet of the test section is measured 
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using a U-type manometer. A rotameter type flow meter is used to measure the flow rate of the 

injected air into the test section. Tests are carried out at different volumetric flow rates of air and 

power inputs. During each test, a constant power is supplied and the air volumetric flow rate is 

adjusted for a specified Re (defined based on the cylindrical channel diameter) which varies from 

4500 to 10000. This range is equivalent to Re based on the spheres diameter (Red) ranging from 900 

to 2600. An initial period of approximately 25-30 minutes is required to reach a steady-state condition 

(i.e. the temperatures measured by the thermocouples do not vary more than ±0.1 ºC within a period 

of about 10 minutes). At the end of each test and after collecting a set of data under steady-state 

condition, the volumetric flow rate of the injected air and/or the rate of supplied power is changed to 

collect a new set of data. 

Experimental uncertainty analysis 

Experimental uncertainty of parameters is mainly introduced by the experiments errors, error 

calculations and accuracy of the measurement equipment. In this work, the maximum errors 

associated with the temperature sensors, volumetric flow meter and U-type manometer, are 

respectively ±0.1 ºC, ±5 lit/min and ±0.5 mm-Hg. The uncertainty analysis is calculated using the 

method by Kline and McClintock [22]. The uncertainty equation is generally presented as:  

𝑈𝑅 = [∑(
𝜕𝑅

𝜕𝑉𝑖
𝑈𝑉𝑖

)2

𝑗

𝑖=1

]

1
2

 (1) 

where R and 𝑉𝑖 , 1 ≤ i ≤ j, are dependent and independent variables respectively. 𝑈𝑅 and 𝑈𝑉𝑖
 

are the uncertainties for the dependent and the independent variables respectively. The non-

dimensional form of Eq. (1) is ((𝑈𝑅 𝑅⁄ ) × 100) is presented to be in percentage [22-24]. The detailed 

procedure for the calculation of uncertainty is provided in Appendix A.  
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Experimental results  

 

Pressure drop and friction factor  

Pressure drop along the packed bed channel is directly taken from the experiments and the 

results are found elsewhere [14]. In this work, the results are used to develop a correlation for friction 

factor inside the porous medium for turbulent flow. Eq. (2) is utilized to calculate the friction factor 

from the experimental pressure drop (based on spheres diameter).  

𝑓 =
2∆𝑝

𝜌𝑢2

𝑑

𝐿
  (2) 

where ∆𝑝 is the pressure drop in the porous medium, which is directly measured. 𝑑 and 𝐿 are 

the sphere diameter and length of the channel, respectively. 𝜌 is the density of the fluid and 𝑢 is the 

inlet velocity of the flow obtained as: 

𝑢 =
4�̇�

𝜋𝐷2      (3) 

where �̇� is the volumetric flowmeter and D is the diameter of the channel. The uncertainty of the 

inlet velocity is obtained 3.6%. 

Fig. 3 shows the friction factor inside the packed bed and relevant developed correlation. In 

accordance with the previous experimental correlations, for the studied packed bed, the effect of Re 

on friction factor is expressed by the following relation [25]: 

𝑓 =
𝐶1

Re𝑑
𝑛 + 𝑐2            900 < Red < 3000 (4) 

where, 𝑐1, 𝑛 and 𝑐2 in Eq. (4) are determined using a least squares analysis of the experimental data 

to be 189.861, 0.528 and 0.3 respectively. The uncertainty related to the measurement instrument for 

the friction factor is 8.6%. In Fig. 3, error bars represent the uncertainty of the data points. The data 



 

8 

 

spread around the developed correlation, and the correlation is in the range of uncertainty of the data 

points.   

Red is defined in Eq. (5). The uncertainty of Reynolds number is obtained to be 3.9%. 

 Re𝑑 =
𝜌𝑢𝑑

𝜇
  (5) 

Therefore, the following correlation predicts the friction factor for turbulent flow calculated 

from the present experimental data. 

𝑓 =
189.861

Re𝑑
0.528 + 0.3         900 < Red   < 3000,    𝜀 = 0.45 (6) 

Thermal analysis of the packed bed  

In this section, the thermal behaviour of both phases and heat transfer between them are 

discussed. Fig. 4 shows the temperature distribution along the channel length for solid and fluid 

phases for the case of 160 lit/min. As expected, for both phases along the channel length, the 

temperatures increase and follow a linear trend. The figure shows that an increase in the internal heat, 

increases the temperatures. Fig. 5 shows the solid and fluid temperatures versus Red for different 

spheres diameters. It is seen that by increasing the Re, temperatures of the solid and fluid decrease. 

Furthermore, by decreasing the spheres diameter, the temperature of the solid phase decreases. A 

decrease in the spheres diameter results in smaller pores between the spheres. Therefore, for a 

constant flow rate, the local velocity in the pores increases, which consequently increases the rate of 

heat transfer from the heated spheres to the flowing air. This eventually decreases the temperature of 

solid phase. 

In the following the results of the internal heat transfer coefficient are presented in the form 

of Nusselt number (Nu). To calculate Nu, the following procedure is taken. In the experiments, the 

flowrate, solid and fluid temperatures are directly recorded. The rate of generated heat inside the test 

section is calculated using Eq. (7) [14]: 
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𝑄 = �̇�𝐶𝑝(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛) (7) 

where Cp is the air specific heat at constant pressure and �̇� is the air mass flow rate. 𝑇𝑖𝑛 and 𝑇𝑜𝑢𝑡 are 

the inlet and outlet temperatures of air, respectively. The average heat transfer coefficient is obtained 

as [14]: 

ℎ̅ =
𝑄

𝐴(𝑇𝑠−𝑇𝑓)
  (8) 

where, 𝐴 = 𝜋𝑑2𝑁 , 𝑇𝑠 =
1

5
∑ 𝑇𝑠𝑖

5
𝑖=1  and 𝑇𝑓 =

1

5
∑ 𝑇𝑓𝑖

5
𝑖=1 . ‘-‘denotes the average value. 𝐴 is 

the heat transfer area, 𝑑 is the spheres diameter, 𝑁 is number of spheres, and 𝑇𝑠 and 𝑇𝑓 are spheres 

and fluid (air) temperatures, respectively. As explained above, the temperature of the fluid and solid 

phases are measured at five locations in the packed bed. The average of these temperatures are used 

in the calculation of the heat transfer coefficient. Here, it is assumed that at each x-location the 

spheres temperature along the pipe radius are uniform and thus the sensor measurements at each x-

position represents the average temperature of the spheres at this location [14, 26]. It is also assumed 

that for each x-location, the air temperature measured near the channel wall represents the average 

temperature of the air at x-location, and thus uniform air temperature is assumed at each x-location. 

The average Nu is then evaluated by [14]: 

Nu =
ℎ̅𝑑

𝑘
  (9) 

where 𝑘 is the thermal conductivity of the air and d is the sphere diameter. The uncertainty 

analysis of the experimental data show that the uncertainties for heat transfer surface area A, 

generated heat, the heat transfer coefficient and Nu are found to be 2.8%, 3.5%, 4.9% and 5%, 

respectively.  

To develop a correlation for heat transfer coefficient for turbulent flow over a Re range 

based on spheres diameter of 900 < Re𝑑 < 3000, Eq. (10) is used [27].  
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Nu

Pr1/3
= 𝑎Re𝑑

𝑚 (10) 

The effect of the Prandtl number is considered to be in a similar form presented in previous 

studies (e.g. [27]), in this study, the working fluid is dry air with Pr of 0.7. Fig. 6 shows 
Nu

Pr1/3 for 

different spheres diameters studied in the present work, and the proposed correlation is compared 

with previous correlations [27-30]. Coefficient a and power m in Eq. (10) are 0.1363 and 0.8097, 

respectively and the proposed correlation is obtained as the following equation with the uncertainty 

of 5%. 

Nu = 0.1363Re𝑑
0.8097Pr1/3   900 < Red   < 3000,    𝜀 = 0.45,   Pr = 0.7 (11) 

The proposed correlation is close to that of Nie et al. [27] (Eq. (12)) and Saito and de Lemos 

[30] (Eq. (13)). The present experiment and that of Nie et al. [27] both were conducted for steady 

heat transfer between spheres and passing air flow. Nie et al. [27] also considered transient data, 

however, based on theoretical studies the average Nu is not a time dependent parameter [21]. 

Moreover, the correlation of Nie et al. [27] could be used for the charging process in which the 

spheres are heated up using hot fluid. While the proposed correlation (Eq. (11)) can be used for the 

discharging process, which cold fluid is heated up by exchanging energy with hot spheres. The 

present correlation is also closed to that of Saito and de Lemos [30] (Eq. (13)), it may be because 

both correlations are valid for turbulent flow and porous media with same porosity. However, the 

correlation presented in ref. [30] was developed for porous media made of square rods. In some 

studies, (e.g. [31, 32]) the correlation proposed by Wakao and Kaguei [28] (Eq. (14)) is used for the 

packed bed energy storage system. However, Kuwahara et al. [33] commented that the correlation 

proposed by Wakao and Kaguei [28] (Eq. (14)), which was obtained by combining steady and 

unsteady data for packed bed porous media, need to be corrected. Their [33] unsteady numerical 

solutions suggested that a separate equation should be established for correlating the unsteady data, 
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and later Nakayama [29] discussed that there was an erroneous with correlation presented in ref. [33] 

and suggested a modified one as shown in Eq. (15), which was discussed that the correlation (Eq. 

(15)). 

Nu =
ℎ𝑑

𝑘
= (0.0491 ± 0.0236)Re𝑑

(0.857±0.0937)
Pr1/3     5 < Red < 280,      Pr = 0.7 (12) 

Nu =
ℎ𝑑

𝑘
= 0.08 (

Re𝑑

𝜀
)
0.8

Pr1 3⁄    104 <
Re𝑑

𝜀
< 2 × 107,      0.2 < 𝜀 < 0.9,    Pr = 0.7 (13) 

Nu =
ℎ𝑑

𝑘
= 2 + 1.1Re𝑑

0.6Pr1 3⁄                       15 < Red < 104,       Pr = 0.7 (14) 

Nu =
ℎ𝑑

𝑘
= (2 +

12(1−𝜀)

𝜀
) + (1 − 𝜀)1 2⁄ Re𝑑

0.6Pr1 3⁄    10−2 < Re𝑑 < 104,     0.2 < 𝜀 < 0.9,  

Pr = 0.7 

(15) 

 

Pore-scale simulation 

Governing equations and boundary conditions 

A pore-scale computational fluid dynamics (CFD) is performed in order to gain deeper insight 

into the details of the fluid flow and thermal field of packed bed system studied experimentally in 

previous section. The air flow is assumed to be incompressible and steady. Therefore, the continuity 

and momentum governing equations for fluid in the media can be written as follows [30, 34]: 

Continuity equation: 

∇. �⃗� = 0 (16) 

Momentum equation: 

𝜌(∇. �⃗� )�⃗� = −∇𝑝 + (𝜇 + 𝜇𝑡)∇
2�⃗�  (17) 

Energy equation for the fluid [34]: 

𝜌𝐶𝑝(�⃗� . ∇𝑇) = ∇. [(𝑘𝑓 +
𝐶𝑝𝜇𝑡

Pr𝑡
)(∇𝑇)] (18) 
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Conjugate heat transfer analysis is performed in this simulation and hence the steady heat 

condition with internal heat generation is solved for the spheres as [35] 

0 = ∇. [𝑘𝑠(∇𝑇)] + 𝑄 (19) 

In the above equations, u is the velocity, 𝑝 is the pressure and µ is the fluid viscosity. 𝜌, 𝐶𝑝 

and 𝑘 are density, specific heat capacity and thermal conductivity, respectively. Q is the internal heat 

generation in the spheres specified in W/m3. The turbulent Prandtl number (Prt) of 0.85 is used in 

this work [36]. To simulate turbulent viscosity the RANS standard K– 𝜖  turbulence model with 

enhanced wall treatment is utilized [34, 37, 38]. For the K– 𝜖 model considered in the numerical 

solution, turbulent kinetic energy (K) equation, and turbulent kinetic energy dissipation (𝜖) equation 

are written as follow [34]: 

 𝜌(�⃗� . ∇𝐾) = ∇. [(𝜇 +
𝜇𝑡

𝜎𝐾
)∇𝐾] + 𝑃𝐾 − 𝜌𝜖            

𝜌(�⃗� . ∇𝜖) = ∇. [(𝜇 +
𝜇𝑡

𝜎𝜖
)∇𝜖] +

𝑐𝜖1𝜖

𝐾
𝑃𝐾 − 𝑐𝜖2𝜌

𝜖2

𝐾

  (20) 

where 𝑃𝐾  is the shear production of turbulence, 𝜎𝐾  and 𝜎𝜖  are Prandtl numbers for 𝐾  and 𝜖 

equations, respectively. 𝑐𝜖1 and 𝑐𝜖2 are turbulence model constants. Then the turbulent viscosity is 

obtained as 𝜇𝑡 =  𝜌𝑐𝜇
𝐾2

𝜖
 [34]. The constants used in the K– 𝜖 model are [36, 39]: 

 𝑐𝜇 = 0.09, 𝜎𝐾 = 1, 𝜎𝜖 = 1.3, 𝑐𝜖1 = 1.44   and 𝑐𝜖2 = 1.92 (21) 

Turbulence shear production is as [34] 

𝑃𝐾 = 𝜇𝑡. (∇�⃗� + (∇�⃗� )T) (22) 

Boundary conditions used to solve the governing equations are the same as the experiment, 

which are describes in the following. A range of Red (1050-2600) are investigated using different 

velocity at the channel inlet, respectively uin = 2.4 m/s-5.2 m/s. The air is assumed to discharge to 

the ambient at the channel outlet.  A no-slip condition is applied at the sphere and channel walls. The 
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fluid is set as dry air with standard properties ( = 1.225 kg/m3, µ = 1.79×10-5 kg/m s and k = 0.024 

W/m K) with Pr equal to 0.74. The ambient air temperature is 300 K. The spheres material is steel 

with standard properties ( = 8025 kg/m3, Cp = 488 J/kg K and k = 13.4 W/m K) [40, 41]. A heat 

generation rate of 71.52 W produced by electromagnetic induction in the experiment is translated to 

a volumetric heat generation rate of 2.2×106 W/m³ in the spheres.  The channel wall is adiabatic.   

 

Computational domain and Mesh generation 

The computational domain consists of randomly stacked spheres with diameter of 6.5 mm 

similar to the experiment (for model validation simulations are also performed for diameter of 6.5 

mm and 7.5 mm). A circular cross-sectional pattern of eleven spheres is created, which is then 

repeated longitudinally along the length of the cylindrical channel. A gap of 3 mm is created between 

the most downstream spheres and the outlet in order to prevent errors caused by reversed flow at the 

outlet. In addition, a gap of 4 mm is considered between the first spheres and the channel inlet. Fig. 

7 depicts the geometry used for the pore-scale simulation.  

Meshing is performed using the meshing program in Ansys® Workbench™ version 2019 R2 

[41]. To overcome the problem of meshing a single point of contact between spheres, a gap of 1 mm 

is implemented between all the spheres [42]. Fully unstructured tetrahedral mesh is generated for the 

pebble bed channel, and the mesh density adjusted simply by altering the global element size. Due 

to the small size of the gaps, creating structured prism layers at the sphere or channel walls became 

problematic without again increasing the mesh density by too large a factor. Hence, prism layers are 

abandoned. Three different meshes of 0.9 million, 1.5 million and 3.5 million elements are tested. 

According to Table 1, the average Nu calculated for coarse mesh found to be less than 1.5% different 

from that obtained using the fine mesh. Hence, the 0.9 million mesh is utilised for the analysis of the 
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packed bed system.  The mesh structure for half of the domain is presented in Fig. 8. To solve 

governing equations, commercial software Fluent® version 2019 R2 is used [41]. The semi-implicit 

method for pressure linked equations-consistent (SIMPLEC) algorithm is used, limited by pressure-

velocity coupling to help the solution converge more quickly. Second order upwind and central 

discretisation schemes are used for the convection and diffusion terms, respectively. Convergence 

criterion for governing equations is 10-6. A core i7 computer with three processors is used to perform 

the simulations. Each simulation takes around 3-4 hours to converge on the computer. 

To assess the validity of the present computational model, using Eq. (9) Nusselt numbers 

obtained from the pore-scale CFD are compared with those obtained from the experimental data and 

the results are shown in Fig. 9. Similar to the experiments, the CFD-Post processing is used to drive 

the solid and fluid temperatures at five locations along the channel length (corresponding to the 

thermo sensors locations in the experiment shown in Fig. 2). The average of (𝑇𝑠 − 𝑇𝑓) at five 

locations are considered in the anlaysis. Then, Eq. (8) and Eq. (9) are used to calculate the Nusselt 

number.  It is seen in Fig. 9 that the maximum difference between the pore-scale CFD results and the 

experimental data is 3%, confirming the validation of the present CFD analysis.  

 

Numerical results  

The selected flow domain is fairly complex and a qualitative representation is therefore given 

to better understand the global variation of flow and temperature field in the system. Fig. 10 displays 

an isometric view of the obtained numerical solution, highlighted by the flow streamlines for sphere 

diameter of d = 6.5 mm and Red = 1800 (for uin = 4.07 m/s). A quick look would reveal the 

complexities appearing in the flow regime are evident. The result indicate that the velocity magnitude 

has a maximum about 4 times higher than its inlet value. In order to evaluate the flow distribution 
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and its corresponding magnitude, contour of the velocity magnitude at mid plane (z = 0) and different 

axial locations are shown in Fig. 11 and Fig. 12, respectively. The spheres are identified by assigned 

numbers (Fig. 12 middle) for clarity. In Fig. 11 cold fluid enters at the left of the domain and heats 

up as it flows to the right through the sphere domain. The iso-contours of velocity magnitude display 

a range of low and high velocity streaks, including stagnation regions and high velocity jets appearing 

in the narrow gaps between spheres. Moreover, sudden jumps appear in the velocity fields, such as 

near the spheres 1–4, 8–9, 10–11. Appearance of high velocity magnitudes in Figs. 11 and 12, 

suggests highly three-dimensional flow with rotational and stream curvatures in the packed bed 

system. In order to better understand the influence of flow directions, the three components of the 

velocity field are shown in Figs. 13 and 14 for mid plane (from x= 110 mm to x = 130 mm) and x-

plane (x = 130 mm), respectively (u, v and w represent velocity components in x-, y- and z- direction, 

respectively). The results indicate that the magnitude of the u-velocity component exhibits some 

reverse flow (regions with negative velocities in Fig. 13) and has a maximum around 4 times (Fig. 

14) higher than its inlet value in gap region near the channel wall. A switch between high and low 

velocity regions is observed in the v- and w- components, indicating a strong cross flow with highly 

three-dimensional flow characteristics in the bed. 

In the following, the effects on the local heat transfer around the spheres is considered. Fig. 

15 displays the temperature distribution over a selected set of spheres. It should be noted here that, 

as previously discussed, in order to overcome the problem of contact point while meshing the spheres, 

small gaps are considered between spheres. Hence, heat conduction through solid spheres is not 

solved. Fig. 15 shows a wide range of temperature distributions, demonstrating non-uniform 

temperatures of the spheres. The air coolant temperatures for the z- and x- plane are also shown in 

Figs. 16 and 17, respectively. Similar to the spheres temperatures, the figures show non-uniform 
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distribution of air temperature in the bed. Comparing Figs. 16 and 17 with Figs. 11 and 12, it can be 

noted that while air flows in the domain, the air temperature increases and decreases in 

correspondence to low and high velocity regions, respectively. Furthermore, because the cooling 

fluid along the channel length heats up, the air temperature rises toward the end of the channel. This 

in turn will lead to a lower heat transfer rate between the air and spheres. Therefore, spheres 

temperatures increase toward the end of the domain as seen in Fig. 15.  

 

Conclusions 

In this paper, the fluid flow and thermal features of turbulent heat transfer in a packed bed 

system were discussed experimentally and numerically. Pore scale modelling deploying RANS K-𝜖 

turbulence model was used to explore the deatails of the flow and thermal field in the system. Pore-

scale numerical results were found to be in good agreement (maximum error of 3%) with the 

experimental data. Based on the experimental data, new correlations for pressure drop and heat 

transfer coefficients between solid to fluid were developed. The correlations are valid for turbulent 

flow in the range of Red from 900 to 3000 in steady state condition in a packed bed system. New 

correlations for friction factor and Nu depend only on Red based on sphere diameter presented by Eq. 

(6) and Eq. (11), respectively.  

These correlations can be for analysing turbulent flow during the discharging process of 

packed bed energy storage systems. Using the pore-scale analysis details of the velocity and 

temperature distributions of fluid (air) and solid (steel sphere) phases. Numerical results showed that 

the flow domain is complex and there is coupling between velocity and temperature fields in the 

system. The air velocity field inside the bed increases considerably compared to that at the inlet and 

this increase is more observed in narrow gaps between spheres. The results show a three dimensional 
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flow feature with an evidence of rotational and stream curvatures in the packed bed. Numerical 

results also indicate that for lower air velocity in the system, some spheres yield higher temperatures 

than others, indicating a low heat exchange between the air and hot spheres. The large eddy 

simulation turbulence modelling is the focus of ongoing research by the authors to gain more in-

depth insight into the details of the turbulent flow and thermal field of the packed bed system. 
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Nomenclature  

A Contact surface area [m2] 

a Coefficient used in Eq. (10) 

𝐶𝑝 Fluid specific heat [J/(kg K)] 

𝑐1, 𝑐2 Coefficient used in Eq. (4) 

𝑐𝜖1, 𝑐𝜖2, 𝑐𝜇 Constants of K – 𝜖 model 

CFD Computational Fluid Dynamics 

D Channel diameter [m] 

d Spheres diameter [m] 

𝑓 Friction factor 

h Heat transfer coefficient [W/m2 K] 

j Number of dependent and independent variables 
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k Thermal conductivity [W/m K] 

K Turbulent kinetic energy, m²/s² 

L Length of the channel [m] 

LTNE Local Thermal Non-Equilibrium 

�̇� Mass flow rate [kg/s] 

N Number of spheres 

Nu Nusselt number 

p Pressure [Pa] 

𝑃𝑘 Shear production of turbulence (kg/ms2) 

Pr Prandtl number 

Q Generated heat [W] 

R Dependent variables used in Eq. (1) 

Re Reynolds number based on the channel diameter (𝜌𝑢𝐷 𝜇⁄ ) 

Re𝑑 Reynolds number based on the spheres diameter (𝜌𝑢𝑑 𝜇⁄ ) 

RANS Reynolds-Averaged Navier–Stokes 

T Temperature [K] 

TES Thermal Energy Storage 

u Flow velocity in streamwise direction [m/s] 

U Uncertainty 

v Flow velocity in wall normal direction [m/s] 

V Independent variables used in Eq. (1) 

�̇� Volumetric flow rate [m3/s] 

w Flow velocity in  spanwise direction [m/s] 
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x Streamwise direction  

y Wall normal direction  

z Spanwise direction  

- Average value 

→ Vector 

Greek symbols  

 Porosity 

𝜖 Dissipation of kinetic energy, m²/s³ 

𝜌 Density [kg/m3] 

𝜎𝐾 , 𝜎𝜖 Turbulent Prandtl number for K and 𝜖 

∆𝑝 Pressure drop [pa] 

𝜇 Dynamic viscosity [kg/m s] 

∇ Differential operator 

Subscripts  

f Fluid 

in Inlet 

out Outlet 

s Solid  

t Turbulent 

Superscripts  

n Coefficient used in Eq. (4) 

m Coefficient used in Eq. (10)  

 



 

20 

 

References 

[1] S. A. Upalkar, S. Kumar, and S. Krishnan, "Analysis of Fluid Flow and Heat Transfer in 

Corrugated Porous Fin Heat Sinks," Heat Transfer Engineering, vol. 42, no. 18, 2021 (in press). doi: 

10.1080/01457632.2020.1807099.  

[2] J. Yang, L. Zhou, Y. Hu, S. Li, Q. Wang, "Numerical study of forced convective heat transfer in 

structured packed beds of dimple-particles" Heat Transfer Engineering, vol. 39, no. 17-18, pp.1582-

1592, Nov. 2018. doi: 10.1080/01457632.2017.1370311.  

[3] S. Rimkevicius, J. Vilemas, and E. Uspuras, "Experimental Investigation of Heat Transfer and 

Flow Mixing in Pebble Beds," Heat Transfer Engineering, vol. 27, no. 8, pp. 9-15, Sep. 2006. doi: 

10.1080/01457630600793939.  

[4] J. Yang, Y. Hu, P. Qian, Z. Guo, and Q. Wang, "Experimental Study of Forced Convective Heat 

Transfer in Packed Beds with Uniform and Non-Uniform Spheres," Heat Transfer Engineering, vol. 

41, no. 4, pp. 351-360, Jan. 2019. doi: 10.1080/01457632.2018.1540460. 

[5] M. S. Saidi, F. Rasouli, and M. R. Hajaligol, "Heat Transfer Coefficient for a Packed Bed of 

Shredded Materials at Low Peclet Numbers," Heat Transfer Engineering, vol. 27, no. 7, pp. 41-49, 

Feb. 2007. doi: 10.1080/01457630600745079. 

[6] J. D. McTigue, C. N. Markides, and A. J. White, "Performance response of packed-bed thermal 

storage to cycle duration perturbations," Journal of Energy Storage, vol. 19, pp. 379–392, Oct. 

2018. doi: 10.1016/j.est.2018.08.016. 

[7] T. Erkinaci, F. Baytas, "CFD investigation of a sensible packed bed thermal energy storage 

system with different porous materials," International Journal of Heat and Technology, vol. 35, pp. 

281-287, Sep. 2017. doi: 10.18280/ijht.35Sp0138. 

https://doi.org/10.1080/01457632.2017.1370311
https://doi.org/10.1016/j.est.2018.08.016
https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.18280%2Fijht.35Sp0138?_sg%5B0%5D=CXc55D3DO8PCp0XamBkOlm2lp1FpXtVZuuhAdy21nHU-o7UMiYOI0pRmmUIcjGtlxr6SYFPE1qk-Olpl01S1xBA-UQ.41fYP6Bwa_UGDCco9vjIajARYQ8D-5un6zwWNa9951tzX5DnTVWrEzKgp-bSjm9L5xJVG5_vhDIMaEL_HlINOw


 

21 

 

[8] R. Anderson, L. Bates, E. Johnson, and J. F. Morris, "Packed bed thermal energy storage: A 

simplified experimentally validated mod," Journal of Energy Storage, vol. 4, pp. 14-23, Dec. 2015. 

doi: 10.1016/j.est.2015.08.007.  

[9] L. Geissbühler, A. Mathur, A. Mularczyk, and A. Haselbacher, "An assessment of thermocline-

control methods for packed-bed thermal energy storage in CSP plants, Part 2: Assessment strategy 

and results," Solar Energy, vol. 178, pp. 351–364, Sep. 2019. doi:10.1016/j.solener.2018.12.016. 

[10] T. Esence, A. Bruch, S. Molina, B. Stutz, and J. F. Fourmigué, "A review on experience feedback 

and numerical modeling of packed-bed thermal energy storage systems," Solar Energy, vol. 153, pp. 

628-654, Sep. 2017. doi: 10.1016/j.solener.2017.03.032. 

[11] S. A. Zavattoni, M. C. Barbato, G. Zanganeh, and A. Pedretti, "High temperature thermocline 

TES - Effect of system pre-charging on thermal stratification," AIP, Cape Town, South Africa, Rep. 

2016-1734, 2016. doi: 10.1063/1.4949141. 

[12] A. J. White, J. D. McTigue, and C. N. Markides, "Analysis and optimisation of packed-bed 

thermal reservoirs for electricity storage applications," Journal of Power Energy, vol. 230, pp. 739-

754, Nov. 2016. doi:10.1177/0957650916668447. 

[13] A. Bruch, S. Molina, T. Esence, J. F. Fourmigue, and R. Couturier, "Experimental investigation 

of cycling behaviour of pilot-scale thermal oil packed-bed thermal storage system," Renewable 

Energy, vol. 103, pp. 277-285, Apr. 2017. doi: 10.1016/j.renene.2016.11.029.  

[14] M. Nazari, D. J. Vahid, R. K. Saray, and Y. Mahmoudi, "Experimental investigation of heat 

transfer and second law analysis in a pebble bed channel with internal heat generation," International 

Journal of Heat and Mass Transfer, vol. 114, pp. 688–702, Nov. 2017. doi: 

10.1016/j.ijheatmasstransfer.2017.06.079.  

http://dx.doi.org/10.1016/j.est.2015.08.007
https://doi.org/10.1016/j.solener.2018.12.016
https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.1016%2Fj.solener.2017.03.032?_sg%5B0%5D=zGM_xrCqdUOmmNFIJ1ahij-x1JGq4OLdnx7_l_CYtbecnqcpBEEIGI0c3vGLXxWXjSryJGZoedGZ22tL7XDC4Qrr6w.6P6GLhI8P9TQ6K4lrhRhfmV7pox4n4S4S7JmWw9oQpfz-Q1-LxbS3MW_nkM8VIWBdfbFlOZEtlAhiqJUI46_nQ
https://doi.org/10.1063/1.4949141
https://doi.org/10.1177%2F0957650916668447
https://doi.org/10.1016/j.renene.2016.11.029
https://doi.org/10.1016/j.ijheatmasstransfer.2017.06.079
https://doi.org/10.1016/j.ijheatmasstransfer.2017.06.079


 

22 

 

[15] H. Kerskes, B. Mette, F. Bertsch, S. Asenbeck, and H. Drück, "Chemical energy storage using 

reversible solid/gas-reactions (CWS) - Results of the research project, " Energy Procedia, vol. 30, 

pp. 294-304, Jan. 2012. doi: 10.1016/j.egypro.2012.11.035. 

[16] A.J. White, "Loss analysis of thermal reservoirs for electrical energy storage schemes," Applied 

Energy, vol. 88, pp. 4150–4159, Nov. 2011. doi: 10.1016/j.apenergy.2011.04.030. 

[17] B. Baghapour, M. Rouhani, A. Sharafian, S. Behboodi Kalhori, and M. Bahrami, "A pressure 

drop study for packed bed adsorption thermal energy storage," Applied Thermal Engineering, vol. 

138, pp. 731–739, Jun. 2018. doi: 10.1016/j.applthermaleng.2018.03.098. 

[18] M. Maerefat, S. Y. Mahmoudi, and K. Mazaheri, "Numerical simulation of forced convection 

enhancement in a pipe by porous inserts," Heat Transfer Engineering, vol. 32(1), pp. 45-56, Nov. 

2010. doi:10.1080/01457631003732854. 

[19] Y. Mahmoudi, "Constant wall heat flux boundary condition in micro-channels filled with a 

porous medium with internal heat generation under local thermal non-equilibrium condition," 

International Journal of Heat and Mass Transfer, vol. 85, pp. 524-542, Jun. 2015. 

doi:10.1016/j.ijheatmasstransfer.2015.01.134. 

[20] Y. Mahmoudi, K. Hooman, and Kambiz Vafai, "Convective Heat Transfer in Porous Media," 

vol. 1, CRC Press, Boca Raton, 2019.  

[21] A. Fathi‑kelestani, M. Nazari, and Y. Mahmoudi, "Pulsating flow in a channel filled with a 

porous medium under local thermal non‑equilibrium condition: an exact solution," Journal of 

Thermal Analysis and Calorimetry, Jun. 2020. doi: 10.1007/s10973-020-09843-0. 

[22] S. J. Kline and F. McClintock, "Describing uncertainties in single-sample experiment," 

Mechanical engineering, vol. 75, pp. 3-8, 1953. doi: 10.1016/0894-1777(88)90043-X.  

https://doi.org/10.1016/j.egypro.2012.11.035
https://doi.org/10.1016/j.apenergy.2011.04.030
https://doi.org/10.1016/j.applthermaleng.2018.03.098
https://doi.org/10.1016/0894-1777(88)90043-X


 

23 

 

[23] R. J. Moffat, "Describing the uncertainties in experimental results," Experimental Thermal and 

Fluid Science, vol.1, no. 1, pp. 3-17, Jan. 1988. doi: 10.1016/0894-1777(88)90043-X. 

[24] H. W. Coleman and W. G. Steele, "Experimentation, Validation, and Uncertainty Analysis for 

Engineers" (3rd ed.), John Wiley and Sons Inc., Hoboken, New Jersey, 2009. 

doi:10.1002/9780470485682. 

[25] P. X. Jiang, G. S. Si, M. Li, and Z. P. Ren, "Experimental and numerical investigation of forced 

convection heat transfer of air in non-sintered porous media," Experimental Thermal and Fluid 

Science, vol. 28, pp. 545-555, Jun. 2004. doi:10.1016/j.expthermflusci.2003.07.006.  

[26] X. Meng, Z. Sun, and G. Xu, "Single-phase convection heat transfer characteristics of pebble-

bed channels with internal heat generation," Nuclear Engineering and Design, vol. 252, pp. 121–

127, Nov. 2012. doi:10.1016/j.nucengdes.2012.05.041. 

 [27] X. Nie, R. Besant, R. Evitts, and J. Bolster, "A new technique to determine convection 

coefficients with flow through particle beds," ASME Journal of Heat Transfer, vol. 133, 041601, 8 

pages, Apr. 2011. doi:10.1115/1.4002945. 

[28] N. Wakao, and S. Kaguei, Heat and Mass Transfer in Packed Beds. Vol. Gorden and Breach, 

New York, 1982. 

[29] A. Nakayama, "A note on the confusion associated with the interfacial heat transfer coefficient 

for forced convection in porous media," International Journal of Heat and Mass Transfer, vol. 79, 

pp. 1–2, Dec. 2014. doi:10.1016/j.ijheatmasstransfer.2014.07.088. 

[30] M. B. Saito, and M. J. S. de Lemos, "A Correlation for Interfacial Heat Transfer Coefficient for 

Turbulent Flow Over an Array of Square Rods," Journal of Heat Transfer, vol.  128, pp. 444-452, 

May 2006. doi:10.1115/1.2175150.  

https://doi.org/10.1016/0894-1777(88)90043-X
https://doi.org/10.1016/j.expthermflusci.2003.07.006
https://doi.org/10.1016/j.nucengdes.2012.05.041
https://doi.org/10.1115/1.4002945
https://doi.org/10.1016/j.ijheatmasstransfer.2014.07.088
javascript:;
javascript:;
https://doi.org/10.1115/1.2175150


 

24 

 

[31] M. Prenzel et al., "Thermo-fluid dynamic model for horizontal packed bed thermal energy 

storages," Energy Procedia, vol. 135, pp. 51-61, Oct. 2017. doi:10.1016/j.egypro.2017.09.486.  

[32] I. Ortega-Fernández, et al., "Parametric Analysis of a Packed Bed Thermal Energy Storage 

System," AIP Conference Proceedings, Abu Dhabi, United Arab Emirates, Rep. 2017-1850, 2017. 

doi:10.1063/1.4984442. 

[33] F. Kuwahara, M. Shirota, and A. Nakayama, "A numerical study of interfacial convective heat 

transfer coefficient in two-energy equation model for convection in porous media," International 

Journal of Heat and Mass Transfer, vol. 44, pp.1153–1159, Mar. 2001. doi:10.1016/S0017-

9310(00)00166-6. 

 [34] J. Yang, Q. Wang, M. Zeng, and A. Nakayama, "Computational study of forced convective heat 

transfer in structured packed beds with spherical or ellipsoidal particles," Chemical Engineering 

Science, vol. 65, pp. 726–738, Jan. 2010. doi:10.1016/j.ces.2009.09.026.  

[35] A. Kopanidis, A. Theodorakakos, E. Gavaises, and D. Bouris, "3D numerical simulation of flow 

and conjugate heat transfer through a pore scale model of high porosity open cell metal foam," 

International Journal of Heat and Mass Transfer., vol. 53, pp. 2539–2550, May 2010. 

doi:10.1016/j.ijheatmasstransfer.2009.12.067. 

 [36] A. Malhotra, and S. S. Kang, "Turbulent Prandtl number in circular pipes," International 

Journal of Heat and Mass Transfer, vol. 27, pp. 2158-2161, Nov.1984. doi:10.1016/0017-

9310(84)90203-5. 

[37] A. Farhadi, A. Mayrhofer, M. Tritthart, M. Glas, H. Habersack, "Accuracy and comparison of 

standard k-ε with two variants of k-ω turbulence models in fluvial applications," Engineering 

Applications of Computational Fluid Mechanics, vol. 12:1, pp. 216-235, Nov. 2017. doi: 

10.1080/19942060.2017.1393006. 

https://doi.org/10.1016/j.egypro.2017.09.486
https://doi.org/10.1063/1.4984442
https://doi.org/10.1016/S0017-9310(00)00166-6
https://doi.org/10.1016/S0017-9310(00)00166-6
https://doi.org/10.1016/j.ces.2009.09.026
https://doi.org/10.1016/j.ijheatmasstransfer.2009.12.067
https://www.sciencedirect.com/science/article/abs/pii/0017931084902035#!
https://www.sciencedirect.com/science/article/abs/pii/0017931084902035#!
https://www.sciencedirect.com/science/journal/00179310
https://www.sciencedirect.com/science/journal/00179310
https://doi.org/10.1016/0017-9310(84)90203-5
https://doi.org/10.1016/0017-9310(84)90203-5


 

25 

 

[38] P. Kundu, V. Kumar, I. M. Mirshra, " Numerical modeling and simulation of turbulent flow of 

Newtonian fluids through porous media using RANS and LES approach," Eleventh International 

Conference on CFD in the Minerals and Process Industries CSIRO, Melbourne, Australia, 7-9 Dec. 

2015. 

[39] N. C. Markatos, "The mathematical modelling of turbulent flows," Applied Mathematical 

Modelling, vol. 10, pp. 190-220, Jun.1986. doi:10.1016/0307-904X(86)90045-4.  

[40] Van Wylen, Gordon John, Richard Edwin Sonntag, and Claus Borgnakke. Fundamentals of 

classical thermodynamics, Wiley, New York, 1976. 

[41] Fluent, Ansys Fluent, version 19.2, United Kingdom, 2019. https://www.ansys.com.   

 [42] A. G. Dixon, M. Nijemeisland, and E. H. Stitt, "Systematic mesh development for 3D CFD 

simulation of fixed beds: Contact points study," Computers and Chemical Engineering, vol. 48, 

pp.135-153, Jan. 2013. doi: 10.1016/j.compchemeng.2012.08.011. 

 

 

 

 

 

 

 

 

 

 

 

https://www.sciencedirect.com/science/article/pii/0307904X86900454#!
https://www.sciencedirect.com/science/journal/0307904X
https://www.sciencedirect.com/science/journal/0307904X
https://doi.org/10.1016/0307-904X(86)90045-4
https://www.ansys.com/
https://doi.org/10.1016/j.compchemeng.2012.08.011


 

26 

 

 

 

Appendix A 

This apendix presents the relations used to calculate the uncertainty of inlet velocity, 

Reynolds number, friction factor, heat transfer coefficient and Nusselt. The independent measured 

variables used to calculate the uncertainties of the experiment are reported in Table A1. 

Considering Eqs. (3), (5) and (1), the relations to calculate the uncertainty of inlet velocity 

and Reynolds number are as: 

 𝑈𝑢 = [(
𝜕𝑢

𝜕�̇�
𝑈�̇�)2 + (
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2

]1 2⁄   (A. 2) 

Considering Eqs. (2) and (1), the relation to calculate the uncertainty of friction factor is: 

 𝑈𝑓 = [(
𝜕𝑓

𝜕∆𝑝
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2
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Based on Eqs. (7), (8), (9) and (1), the relations to calculate the uncertainties in heat transfer 

coefficient and Nu are presented as: 

𝑈ℎ = [(
𝜕ℎ

𝜕𝑄
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𝑈𝑄 and 𝑈𝐴 are given as: 

𝑈𝑄 = [(
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  (A. 7) 

where, in the above relations, 𝑈�̇� , 𝑈𝐷 , 𝑈𝑑 , 𝑈∆𝑝 , 𝑈𝐿 , 𝑈𝑇𝑠
, 𝑈𝑇𝑓

, 𝑈𝑇𝑖𝑛
and 𝑈𝑇𝑜𝑢𝑡

 are uncertainty of 

measurement instrument which is given in the Table A.1. 𝑈𝜌, 𝑈𝜇, 𝑈𝐶𝑝
and 𝑈𝑘 are uncertainty for the 
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density, viscosity, specific heat at constant pressure and thermal conductivity, which are assumed to 

be zero. The uncertainty specification of the instruments used in the experiment are presented in 

Table A.1. 

After conducting above mathematical operations and by substituting the nominal values given 

in Table A.1 and normalization, the uncertainty for the inlet velocity, Reynolds number and friction 

factor are obtained to be 3.6%, 3.9% and 8.6%, respectively. The uncertainty values for the heat 

transfer surface area and generated heat are found to be 2.8% and 3.5%, respectively. The 

uncertainties for the heat transfer coefficient and Nu are obtained to be 4.9% and 5%, respectively. 
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Table. A.1. Uncertainty specification of instruments.   

Parameter  Uncertainty symbol Nominal value Accuracy 

Volumetric flowrate (kg/m3) 𝑈�̇� 0.0023  ±0.0000833 

Diameter of the channel (m) 𝑈𝐷 0.027 ±0.00005 

Diameter of the spheres (m) 𝑈𝑑 0.0055 ±0.00005 

Length of the channel (m) 𝑈𝐿 0.133 ±0.0005 

Pressure drop (mm-Hg) 𝑈∆𝑝 7 ±0.0005 

Mass flow rate (kg s⁄ ) 𝑈�̇� 0.0027 ±9.5×10-5 

Number of spheres, N 𝑈𝑁 473 ±10 

Temperature difference (°C), ∆𝑇𝑜𝑖 = 𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛 𝑈𝑇 26.3 ±0.1 

Temperature difference(°C),  ∆𝑇𝑠𝑓 = 𝑇𝑠 − 𝑇𝑓 𝑈𝑇 7 ±0.1 
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Table. 1. Average Nu with different element numbers.   

Number of Elements (million) Nu  Difference (%) 

0.9 55.4 - 

1.5 56 1.08 

3.5 56.2 1.44 
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List of Figure Captions  

Fig. 1. Schematic of the experimental set-up. 1: compressor, 2: water filter, 3: pressure regulator, 4: 

volumetric flow meter, 5: test section, 6: digital thermometer, 7: heating system controller, and 8: 

power supply. 

Fig. 2. Schematic of the test section. 

Fig. 3. Experimental data of friction factor versus Red number for different spheres diameters and 

correlation presented using the experimental data. 

Fig. 4. Fluid and solid temperature distribution along the channel length for sphere diameter of 5.5 

mm and at the flow rate of 160 lit/min. 

Fig. 5. Solid and fluid mean temperatures versus Red number for different spheres diameters and 

internal heat of Q = 72 W. 

Fig. 6. 
Nu

Pr1/3  versus Red number for experimental data, and correlation presented using the 

experimental data and compared with previous correlations. 

Fig. 7: Pebble bed channel geometry considered for the pore-scale simulation. 

Fig. 8. Mesh used for the pore-scale simulation of the packed bed. 

Fig. 9. Comparison of Nusselt numbers obtained from pore-scale simulation with the experimental 

data for heat generation of Q = 71.52 W, and different Red and spheres diameters.  

Fig. 10. Streamline and vortex of the fluid along the channel (left), and enlargement of the flow 

streamlines around x = 110 to x = 130 mm (right) for sphere diameter of d = 6.5 mm and Red = 1800. 

Fig. 11. Iso-contours of the velocity magnitude at the mid plane (z = 0) along the channel between 

(x = 110 mm and x = 133 mm) for sphere diameter of d = 6.5 mm and Red = 1800. 

Fig. 12. Iso-contours of the velocity magnitude at (a) x=30 mm, (b) x=65 mm and (c) x=130 mm 

along the channel for sphere diameter of d = 6.5 mm and Red = 1800. 
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Fig. 13. Iso-contours of the (a) u-velocity, (b) v-velocity and (c) w-velocity between x = 110 mm and 

x = 133 mm for sphere diameter of d = 6.5 mm and Red = 1800. 

Fig. 14. Iso-contours of the (a) u-velocity, (b) v-velocity and (c) w-velocity at x = 130 mm for sphere 

diameter of d = 6.5 mm and Red = 1800. 

Fig. 15. Iso-contours of temperature distribution over the sphere in the packed bed for (a) x = 110 

mm to x = 133 mm and (b) x = 130 mm. 

Fig. 16. The contour plots of the air temperature at the mid plane (z = 0) along the channel between 

(x = 110 mm and x = 133 mm) of the channel for internal heat of Q = 72 W, sphere diameter of d = 

6.5 mm and Red = 1800. 

Fig. 17. Contour plots of air temperature at (a) x=30 mm, (b) x=65 mm and (c) x=130 mm along 

the channel for internal heat of Q = 72 W, sphere diameter of d = 6.5 mm and Red = 1800.  
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Fig. 1. Schematic of the experimental set-up. 1: compressor, 2: water filter, 3: pressure regulator, 4: 

volumetric flow meter, 5: test section, 6: digital thermometer, 7: heating system controller, and 8: 

power supply. 
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Fig. 2. Schematic of the test section. 
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Fig. 3. Present experimental data of friction factor versus Red for different spheres diameters and 

correlation obtained using the experimental data collected in the present work. 
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Fig. 4. Fluid and solid temperature distribution along the channel length for sphere diameter of 5.5 

mm and at the flow rate of 160 lit/min. 
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Fig. 5. Solid and fluid mean temperatures versus Red number for different spheres diameters and 

internal heat of Q = 72 W. 

 

 

  



 

37 

 

 

 

 

 

             

Fig. 6. 
Nu

Pr1/3  versus Red number for experimental data, and correlation presented using the 

experimental data and compared with previous correlations. 
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Fig. 7: Pebble bed channel geometry considered for the pore-scale simulation. 
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Fig. 8. Mesh used for the pore-scale simulation of the packed bed. 
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Fig. 9. Comparison of Nusselt numbers obtained from pore-scale simulation with the present 

experimental data for heat generation of Q = 71.52 W, and different Red and spheres diameters.  
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Fig. 10. Streamline and vortex of the fluid along the channel (left), and enlargement of the 

flow streamline around x = 110 to x = 130 mm (right) for sphere diameter of d = 6.5 mm 

and Red = 1800. 

 

  



 

42 

 

 

 

Fig. 11. Iso-contours of the velocity magnitude at the mid plane (z = 0) along the channel between 

(x = 110 mm and x = 133 mm) for sphere diameter of d = 6.5 mm and Red = 1800. 
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(a) x = 30 mm (b) x = 65 mm (c) x = 130 mm 

   
 

Fig. 12. Iso-contours of the velocity magnitude at (a) x=30 mm, (b) x=65 mm and (c) x=130 mm 

along the channel for sphere diameter of d = 6.5 mm and Red = 1800. 
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(c) 

Fig. 13. Iso-contours of the (a) u-velocity, (b) v-velocity and (c) w-velocity between x = 110 mm and 

x = 133 mm for sphere diameter of d = 6.5 mm and Red = 1800. 

   
(a) (b) (c) 

Fig. 14. Iso-contours of the (a) u-velocity, (b) v-velocity and (c) w-velocity at x = 130 mm for sphere 

diameter of d = 6.5 mm and Red = 1800. 
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(a) 

x = 30 mm x = 65 mm x = 130 mm 

   
(b) 

Fig. 15. Iso-contours of temperature distribution over the sphere in the packed bed for (a) x = 110 

mm to x = 133 mm and (b) at different x-locations along the channel. 
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Fig. 16. The contour plots of the air temperature at the mid plane (z = 0) along the channel between 

(x = 110 mm and x = 133 mm) of the channel for internal heat of Q = 72 W, sphere diameter of d = 

6.5 mm and Red = 1800. 
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(a) x = 30 mm (b) x = 65 mm (c) x = 130 mm 

   
Fig. 17. Contour plots of air temperature at (a) x=30 mm, (b) x=65 mm and (c) x=130 mm along the 

channel for internal heat of Q = 72 W, sphere diameter of d = 6.5 mm and Red = 1800. 
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