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ABSTRACT 

This research investigates the heat transfer behavior of a sand-filled thermal energy 

storage (TES) system by designing and simulating a three-dimensional spatial model in 

COMSOL Multiphysics. Inspired by a physical test setup, the model uses sand as the 

TES medium, housed in an aluminum container with an outer plywood layer. For the 

heat transfer analysis, heat is supplied using two embedded resistance heaters in a sand-

packed bed TES, which are raised to approximately 500°C and controlled within that 

temperature range using a heater thermocouple sensor and PID controller during the 

experiment. Temperature variations are recorded using thermocouples placed within 

the sand, capturing time-dependent temperature profiles at specific locations. The 

simulated temperature distribution using COMSOL Multiphysics is then assessed 

against experimental data. 

Temperature predictions in the TES are obtained by solving the heat equation, with 

sand's effective thermal conductivity (ETC) determined using the effective medium 

method. Additionally, a secondary Excel-based numerical model is implemented to 

assess effective thermal conductivity, applying the Yagi-Kunii (YK) model, Kunii-

Smith (KS), Zehner-Schlünder (ZS), Zehner-Bauerr(ZBS), and Zehner-Damköhler 

correlations with radiation terms, allowing for comparison and validation of results. The 

modified Zehnerr-Bauer (ZBS) correlation, enhanced with radiative heat transfer components, 

yielded an ETC increasing from 0.16 to 0.34 W/(m·.K) between 25-500°C, exhibiting a near-

exponential growth trend influenced by thermal radiation at elevated temperatures. 

Implementing these conductivity values in the COMSOL model improves the 

agreement between simulated and experimental temperature distributions.  

The investigation also examines the thermal conductivity enhancement of sand using 

scrap cast iron chips. Experiments were conducted to evaluate two integration 

techniques using aggregate and metallic chips mixed with sand. The results showed that 

incorporating 7.8% cast iron metallic chips (by volume) into the sand-aggregate 

mixture improved heat transfer, increasing the center temperature of the TES from 

416°C to 448°C compared to pure sand. The TES with layered mixed sand aggregate 

with metallic chips was studied for 50 hours (0 to 49.5 hours) and it was noticed that 

during charging (0–5h), heater temperature reached 500°C in 1.3h (369°C/h), 

corresponding to initial sand heating at 96°C/h, showing thermal gradients with 
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charging rate at core (86°C/h) and in outer zone (T4: 46.8°C/h). In cooling (5–50h), 

temperatures dropped after a 1-hour delay, with the temperature briefly rising 12°C in 

between the heater and wall due to heat redistribution. The core (T2) cooled slowly 

(448°C→300°C in 11h), while the outer zone (T4) dissipated at 2.6°C/h, confirming 

effective heat retention and controlled release, making it suitable for long-term energy 

storage.  



vi 

 

ACKNOWLEDGEMENT 

Research is a collaborative endeavor, and this work would not have been possible 

without the support of many individuals. I extend my deepest gratitude to my 

supervisor, Assistant Prof. Dr. Sanjeev Maharjan, for his unwavering guidance, 

insightful feedback, and relentless encouragement throughout this research. His 

expertise and dedication were instrumental in refining the study’s objectives and 

strengthening its outcomes. Our countless discussions and brainstorming sessions not 

only sharpened the focus of this work but also deepened my confidence as a researcher. 

I would like to express my sincere gratitude to the Department of Mechanical and 

Aerospace Engineering for their unwavering support and coordination at every stage of 

this research. My heartfelt appreciation also extends to all the department professors 

for their invaluable guidance, insightful suggestions, and generous assistance 

throughout this project.  

I extend my special appreciation to Maj Nitish Shrestha, Lt Sambat Basnet, and the 

entire School of EME, Nepali Army team for their invaluable assistance in the 

experimental setup, provision of critical data, and expert insights. Their contributions 

were indispensable to the success of this research. 

Finally, I am profoundly grateful to my family for their endless encouragement and the 

supportive environment to complete my research work. 

 

Surendra Gurung 

  PUL079MSREE018 

  



vii 

 

TABLE OF CONTENTS 

COPYRIGHT ................................................................................................................ ii 

APPROVAL PAGE ..................................................... Error! Bookmark not defined. 

ACKNOWLEDGEMENT ........................................................................................... vi 

TABLE OF CONTENTS ............................................................................................ vii 

LIST OF TABLES ....................................................................................................... ix 

LIST OF FIGURES .......................................................................................................x 

LIST OF ABBREVIATIONS ..................................................................................... xii 

CHAPTER ONE: INTRODUCTION..........................................................................13 

1.1 Background ................................................................................................... 13 

1.2 Problem statement ......................................................................................... 14 

1.3 Research Objectives ...................................................................................... 15 

1.3.1 Main objective ............................................................................................... 15 

1.3.2 Specific objectives ......................................................................................... 15 

1.4 Limitations & Assumptions .......................................................................... 16 

CHAPTER TWO: LITERATURE REVIEW ..............................................................17 

2.1 Energy Storage Systems ................................................................................ 17 

2.2 TES and Classification .................................................................................. 17 

2.3 Sand as a TES Medium ................................................................................. 20 

2.4 Modelling Heat Transfer in Granular Mediums ............................................ 21 

2.5 Characterization of ETC in Granular Medium .............................................. 31 

2.6 Examples of Packed Bed Models .................................................................. 32 

CHAPTER THREE: METHODOLOGY ....................................................................34 

3.1 The Finite Element Method........................................................................... 34 

3.2 Effective Thermal Conductivity (ETC) Models............................................ 35 

3.3 Research Framework ..................................................................................... 35 



viii 

 

3.4 Excel Model for Effective Thermal Conductivity ......................................... 37 

3.5 COMSOL Modeling Workflow for the Heat Transfer Analysis................... 38 

3.5.1 Geometry Definition in the COMSOL .......................................................... 38 

3.5.2 Materials Assignments ................................................................................... 39 

3.5.3 Container ........................................................................................................ 39 

3.5.4 Heating Element ............................................................................................ 39 

3.5.5 TES Material .................................................................................................. 40 

3.5.6 COMSOL Physics ......................................................................................... 41 

3.5.7 COMSOL Mesh and Time-steps ................................................................... 42 

3.6 Design & Experimental Setup ....................................................................... 43 

CHAPTER FOUR: RESULTS AND DISCUSSIONS ................................................47 

4.1 Experimental Results: Temperature Profiles of the Thermocouples ............ 47 

4.2 Excel-Based Calculations: ETC Trends Curves............................................ 49 

4.3 COMSOL Results for Heat Transfer Analysis .............................................. 51 

4.3.1 Heat transfer analysis at various locations of the sand-packed TES ............. 51 

4.3.2 Heatflux Distribution Pattern within sand packbed TES ............................... 54 

4.4 Parametric Studies and Sensitivity Analysis ................................................. 56 

4.5 Comparative Analysis of TES System Performance: Simulation versus 

Experimentation ........................................................................................................... 59 

4.6 Thermal Conductivity Enhancement in Sand-Filled Thermal Storage ......... 61 

4.6.1 Thermal Performance of Layered Sand-Metal Composite TES .................... 64 

CHAPTER FIVE: CONCLUSION AND RECOMMENDATION ............................66 

5.1 Conclusion ..................................................................................................... 66 

5.2 Recommendation ........................................................................................... 67 

REFERENCES ............................................................................................................68 

 



ix 

 

LIST OF TABLES 

Table 2.1: Radiation exchange factors ......................................................................... 27 

Table 2.2: The Kunii and Zehner model equations, enhanced with Damhöhler's 

radiative transfer terms. ............................................................................................... 29 

Table 2.3: The functional forms used in the ETC correlations .................................... 30 

Table 3.1: Container Parameter ................................................................................... 39 

Table 3.2: Heating Element Parameter ........................................................................ 40 

Table 3.3: Parameters used to define the sand-packed-bed TES material... ................ 41 

Table 3.4: Table showing the blend percentages (based on volume) of sand for the two 

composite preparation strategies .................................................................................. 46 

Table 4.1: Parameter values for solving all ETC correlations across temperature 

inputs.... ........................................................................................................................ 49 

Table 4.2: Comparison of 3D model and experimental parameters ............................ 59 

 

 

 

 

  



x 

 

LIST OF FIGURES 

Figure 2.1: Heat energy stored in the water tank ......................................................... 18 

Figure 2.2: Classification of TES systems. .................................................................. 20 

Figure 2.3: Interacting conduction, convection and radiation mechanisms in packed 

granular media ............................................................................................................. 21 

Figure 2.4 Unit cell and resistance representations.. ................................................... 23 

Figure 2.5: Zehner Model unit cell representation ....................................................... 25 

Figure 3.1: The modeling framework comprising primary and secondary components 

...................................................................................................................................... 36 

Figure 3.2: Complete TES model system layout. ........................................................ 38 

Figure 3.3: Conventional tetrahedral elements meshed using COMSOL ................... 43 

Figure 3.4: TES experimental arrangements. .............................................................. 44 

Figure 3.5: TES material sample.. ............................................................................... 45 

Figure 4.1: Thermocouple-recorded temperature data collected at distinct positions over 

a five-hour experimental duration.. .............................................................................. 47 

Figure 4.2: Graphical representation of the ETC correlations incorporating radiative 

transfer terms ............................................................................................................... 50 

Figure 4.3: Impact of different correlations at heater thermocouple location (T1) ..... 51 

Figure 4.4: Impact of different correlations at the middle thermocouple location (T2) 

between two heaters ..................................................................................................... 52 

Figure 4.5: Impact of different correlations at the thermocouple location (T3) in 

between close to the heater and boundary wall ........................................................... 52 

Figure 4.6: shows the impact of different correlations at the thermocouple location (T4) 

in between close to the boundary wall and heater ....................................................... 53 

Figure 4.7: Horizontal exploded view of sand-packed bed TES during charging ....... 54 

Figure 4.8: Vertical exploded view of sand-packed bed TES during charging ........... 55 

 



xi 

 

Figure 4.9: Comparison between the modeled temperature at the middle thermocouple 

location (T2) with the experimental data ..................................................................... 56 

Figure 4.10: Sensitivity analysis of different parameters at the middle thermocouple 

location (T2)................................................................................................................. 57 

Figure 4.11: Different mixture variations at the middle thermocouple location (T2) 

between two heater ...................................................................................................... 61 

Figure 4.12: Different mixture variations at the thermocouple location (T3) in between 

close to the heater and the boundary wall .................................................................... 62 

Figure 4.13: Different mixture variations at the thermocouple location (T4) in between 

close to the boundary wall and heater .......................................................................... 63 

Figure 4.14: Temperature variations during charging and discharging of layered mixed 

sand aggregate with metallic chips .............................................................................. 64 

 

 

 

  

 

 

  



xii 

 

LIST OF ABBREVIATIONS 

 

IEA : International Energy Agency ............................................................................. 13 

IRENA : International Renewable Energy Agency ..................................................... 13 

ESSs : Energy Storage Systems ................................................................................... 13 

CO2 : Carbon dioxide .................................................................................................. 13 

GHG : Green House Gases .......................................................................................... 13 

TES : Thermal Energy Storage .................................................................................... 14 

PCMs : Phase Change Materials .................................................................................. 14 

FEM : Finite Element Method ..................................................................................... 17 

HTF*: Heat Transfer Fluid. ......................................................................................... 19 

ETC*: Effective Thermal Conductivity. ...................................................................... 19 

CFD : Computational Fluid Dynamics ........................................................................ 32 

FEA : Finite Element Analysis .................................................................................... 34 

MgO : Magnesium Oxide ............................................................................................ 39 

ETES : Electrothermal Energy Storage ....................................................................... 39 

 

 

 

  



13 

 

CHAPTER ONE: INTRODUCTION 

1.1 Background 

As worldwide populations keep rising, so does the demand for food and energy. This 

rising energy demand is primarily met through burning fossil fuels, which is a 

significant concern due to their environmental impact. The International Energy 

Agency (IEA) reports that fossil fuels supply about 80 percent of the world’s energy. 

However, they also contribute significantly to environmental issues, accounting for 

roughly 89% of global carbon dioxide (CO2) emissions and 75% of total greenhouse 

gas emissions, key factors fueling climate change and global temperature rise (Calvin 

et al., 2023). The urgent need to mitigate fossil fuel-derived CO2 and other greenhouse 

gas (GHG) emissions has necessitated accelerated development of clean energy 

resources, including photovoltaic, wind turbine, hydroelectric, bioenergy, and 

geothermal systems, to meet growing energy demand while significantly reducing 

emissions. These renewable energy sources are key to transitioning towards a low-

carbon economy, helping to mitigate climate change and improve environmental 

sustainability (Calvin et al., 2023; IEA, 2023; IRENA, 2023). These renewable energy 

sources are considered crucial substitutes to fossil fuels because they produce energy 

without emitting greenhouse gases. 

To keep Earth's warming under 2 degrees by reducing reliance on fossil fuels as pledged 

in the Paris Agreement, the International Renewable Energy Agency (IRENA) 

estimates that by 2030, renewable generation needs to supply 57% of worldwide power 

(IEA, 2023). As of 2022, the percentage composition of renewable generation in the 

global energy portfolio reached the highest ever recorded of 29%, reflecting the 

growing adoption of these sources. Projections indicate solar PV and wind energy will 

lead this growth, with renewable electricity generation projected to increase by roughly 

18% and 17%, respectively, by 2023 (IEA, 2023; IRENA, 2023). Unlike conventional 

power, photovoltaic and wind energy systems pose intermittency issues. The sun is only 

available during the day and can be obscured by clouds, while the wind can vary in 

strength and may not blow at all times. The unpredictable supply variability of these 

renewable energies poses a challenge to couple them into the grid, requiring advanced 

energy storage systems (ESSs) solutions to keep the power supply stable and reliable 
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(Mitali et al., 2022). Among various ESSs, TES systems stand out as a cost-effective 

solution. These systems efficiently store thermal energy for later use, reducing the 

reliance on more expensive battery technologies and optimizing available resources 

(Sunku Prasad et al., 2019; Tetteh et al., 2021). TES systems generally have lower 

upfront costs than mechanical, electrical, electrochemical, or hydrogen storage 

methods, because of their less complex infrastructure and material needs. Additionally, 

they often incur fewer maintenance expenses over their operational lifespan. This 

makes TES systems a more cost-effective option for energy storage (Alva et al., 2017; 

Villasmil et al., 2019). The economic advantage of TES systems is their use of simple, 

easily obtainable materials like crushed rock, liquid salt compounds, fine sand, and 

other phase-change materials (PCMs). Unlike more complex storage technologies, 

which require rare or processed components, these materials are affordable and 

scalable, helping reduce overall system costs. This lower cost comes mainly from using 

simple, widely available materials like salts, sand, rocks, or phase-change materials. 

These materials are less expensive than those used in other storage technologies. As a 

result, TES systems can offer a more economical solution for energy storage (Lou et 

al., 2021). This scalability contributes to making TES systems an even more cost-

effective option. Given the increasing need for flexible and responsive energy solutions 

in a grid dominated by renewables, the economic feasibility of TES makes it a critical 

solution for balancing variable renewable generation, accelerating the shift to 

decarbonized energy systems (Al-Ghussain et al., 2022).  

1.2 Problem statement 

The accelerating global transition to renewable energy has increased the need for 

dependable and eco-friendly storage solutions for power management to manage the 

variability of energy sources like solar and wind, making this need more pressing than 

ever (IEA, 2023). Although significant progress has been made, a major issue still 

stands: the unavailability of sunlight for solar power and the unpredictability of wind 

situations for wind power. As a result, having reliable energy storage solutions is crucial 

to storing surplus energy produced during high-generation intervals for utilization 

during production shortfalls. Traditional battery technologies are effective but 

constrained by their high costs, limited material availability, and environmental 

concerns, which have raised questions about their scalability and long-term viability.  
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TES systems help solve this through the accumulation of thermal energy, which doesn’t 

fade quickly and can be used on demand. Among the various TES technologies, sand-

packed bed TES, which utilizes the inherent heat capacity of sand for long-term energy 

storage, offers a promising solution. Sand is abundant, inexpensive, and possesses 

excellent thermal retention properties, making it a worthwhile option for large-scale 

energy storage (Polar Night Energy, n.d.-b). Despite its potential as a TES medium, 

sand's relatively low thermal conductivity presents a major limitation for system 

efficiency. Despite the potential benefits, there is a critical gap in research focused on 

optimizing TES materials. This research seeks to explore how to improve sand’s 

thermal conductivity through the incorporation of metallic additives can enhance TES 

efficiency. By advancing these technologies, the study aims to contribute to more 

reliable and sustainable energy systems, helping the world cut carbon emissions and 

fight climate change. 

1.3 Research Objectives 

1.3.1 Main objective 

To model and analyze the heat distribution behavior of a sand-filled thermal energy 

storage (TES) system. 

1.3.2 Specific objectives 

• To design a sand-filled TES system for studying heat transfer characteristics 

inside TES.  

• To simulate a sand-filled TES system for analysis of the heat transfer behavior 

inside it. 

• To perform an experimental study of a sand-filled TES prototype and enhance 

thermal conductivity using aggregate and scrap cast iron metallic chips. 
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1.4 Limitations & Assumptions 

The model proposed in this work will be validated via side-by-side examination with 

experimental data from a single experiment, which could limit both the experimental 

and modelling perspectives in the following ways. 

• Experimental limitations could include errors in the measurement apparatus as 

well as limitations of the experimental design. 

• In model development, various material property values are sourced from the 

literature. This can be a limitation since material properties tested under 

different conditions may yield varying results. Thus, it is essential to carefully 

choose literature values for material properties. 

The experimental limitations are reduced by careful design, thorough equipment 

testing, and conducting repeated trials to accomplish a reasonable level of confidence 

in the observed results. High-quality material property values and parametric studies 

are used to refine modeling accuracy.  
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CHAPTER TWO: LITERATURE REVIEW 

This literature review will provide a foundation for developing a 3-dimensional 

numerical model using the finite element method (FEM) and conducting experimental 

work to obtain time-dependent temperature curves at critical points in the TES system. 

This review explores the key parameters affecting temperature in TES systems, 

specifically those utilizing sand beds for thermal conductivity enhancement. The study 

will review existing research on TES systems, focusing on sand bed thermal 

conductivity improvements. 

2.1 Energy Storage Systems 

Energy storage systems (ESS) act as a key component in maintaining modern power 

grids by storing surplus energy for a longer duration when production is high and 

releasing energy in the form of electricity when demand spikes or supply drops, thereby 

ensuring consistent grid operation. Through the mitigation of power variability, ESS 

enhances grid stability and decreases dependence on fossil fuel peaking plants, 

improving the dependability and efficiency of renewable energy integration (Mitali et 

al., 2022). These technological improvements allow better renewable energy utilization 

by storing excess production, regulating voltage and frequency instabilities in the power 

grid. As a result, a fully renewable energy grid is becoming increasingly attainable (Al-

Ghussain et al., 2022). Lithium-ion batteries demonstrate unparalleled energy storage 

capacity, long-term durability, and fast recharge performance, make them the dominant 

technology powering the e-mobility revolution (Chen et al., 2020; Olivetti et al., 2017). 

Meanwhile, alternative ESS such as TES are emerging as cost-effective and resource-

efficient options for stationary electric-grid storage applications. TES can substitute 

lithium-ion batteries, thereby reducing storage costs and making better use of limited 

materials and resources. This shift towards diverse ESS technologies is critical for 

delivering clean energy solutions that are environmentally sustainable and 

commercially competitive (Kebede et al., 2022).   

2.2 TES and Classification  

The TES system works by storing thermal heat when the energy generation system is 

on by charging and releasing it when needed during discharging. This process relies on 
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how thermal energy naturally spreads from warmer objects to cooler ones whenever 

there's a temperature difference between two objects. Heat can be transferred via three 

mechanisms: conductive contact between materials, convective fluid motion, or 

radiative electromagnetic waves (Dinçer & Rosen, 2010). TES is generally categorized 

into heat storage methods like sensible, latent, and thermochemical systems. 

Sensible heat storage functions by heating a medium like water or sand, storing energy 

through temperature increase. The stored energy is influenced by the medium's storage 

mass, specific heat capacity, and the difference in temperature (Alva et al., 2018). While 

this is a simple, durable method that offers cost-effective advantages, its energy density 

may fall below alternative TES approaches. Energy is accumulated by elevating the 

temperature of solid or liquid media (e.g., water, concrete). The storage capacity scales 

with the medium's ΔT, mass, and 𝐶𝑝, making these properties critical for material 

selection (Dinçer & Rosen, 2010). The governing thermodynamic relationship is: 

𝑄 =  𝑚 ×  𝐶𝑝 ×  ∆𝑇                Eq. 2.1 

Sensible TES systems commonly utilize materials that offer high thermal capacity and 

cost-effectiveness. As shown in Figure 2.1, sensible TES system efficiency is enhanced 

through adaptable configurations and optimized heat exchanger arrangements. 

 

Figure 2.1: Heat energy stored in the water tank(Greenspec, 2024). 

Latent heat TES, in contrast, offers more energy in less space by storing heat when 

materials melt or solidify. These materials are called phase change materials (PCMs), 
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which retain and discharge significant thermal energy as they change between solid and 

liquid states. Due to their poor thermal conductivity, PCM-based systems often 

experience extended charge/discharge durations (Lin et al., 2023). 

Thermochemical energy storage (TCES) corresponds to the third TES category, which 

exploits reversible chemical processes (metal oxidation, ammonia cycles) for thermal 

storage. Despite their potential for exceptional storage capacity and cycle stability, 

these systems currently face technological challenges (Lin et al., 2023). 

When talking about TES systems, we often focus on how they store energy through 

sensible, latent, or thermochemical heat. But there’s more to it than just the storage 

method. TES systems can also be understood by looking at how they’re charged, how 

heat is transferred, or what kind of reservoir they use. For example, in active TES 

systems, heat is added to the system through some form of work, such as circulating a 

heat transfer fluid (HTF) through the storage material. Conversely, passive systems 

operate differently, by exploiting convective heat transfer and thermal buffering. A 

prime example of passive TES is how brick walls in a building gradually soak up heat 

during sunny days and slowly release it at night, naturally balancing indoor 

temperatures (Alva et al., 2018). 

As shown in Figure 2.2, the Classification of TES distinguishes between direct and 

indirect approaches. Direct systems employ a unified medium, like mineral oils, that 

functions simultaneously as a heat transfer fluid (HTF) and thermal storage medium, 

contained within specialized reservoirs. However, this method can be costly because it 

requires large quantities of potentially expensive heat transfer fluid. In contrast, indirect 

TES involves separate mediums for thermal exchange and storage. For example, a heat 

transfer fluid (HTF) like water is circulated to conduct thermal energy into a particulate 

storage medium (e.g., sand or gravel), which is then retained in an insulated reservoir 

(Alva et al., 2018).  
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Figure 2.2: Classification of TES systems (Alva et al., 2018). 

The TES system explored in this study consists of a densely packed sand bed that 

operates without the need for HTF (Tetteh et al., 2021). Rather than using a heat transfer 

fluid, the system undergoes direct Joule heating via electrical resistance elements 

embedded within the sand. This design eliminates the need for pumping and decreases 

the heat exchanger expenses commonly found in traditional TES systems. However, 

for optimal performance, the packed bed material must have sufficient thermal 

conductivity and be well-optimized for efficient heat storage and release. 

2.3 Sand as a TES Medium 

Examining the practical design of a TES system, Polar Night Energy specializes in 

developing TES system solutions for industrial applications. Their system utilizes sand 

as a storage medium, heating it to temperatures ranging from 600°C to 1000°C. The 

thermal battery reportedly provides 10 MW of power output and can store 1,000 MWh 

of energy (Polar Night Energy, n.d.-a). 

Sand’s most notable qualities include its abundance, low cost, and wide operating 

temperature range. The specific heat of sand shows a positive temperature dependence, 

with an average value of 980 J/(kg·K) across the tested samples within the 200°C to 

1100°C range. The heat capacity exhibits a noticeable maximum at approximately 

575°C, caused by the alpha-to-beta quartz transition (Diago et al., 2016). Exceeding 
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this temperature threshold could optimize the sand's storage potential by leveraging this 

thermal behavior. 

2.4 Modelling Heat Transfer in Granular Mediums 

Modeling heat flow in a granular material-filled thermal energy storage (TES) can be 

complex, but simplified methods can make the process more manageable. These models 

primarily focus on tracking temperature changes within the storage material over time, 

using the heat equation to predict how heat spreads and dissipates: 

𝜌𝐶𝑝
𝛿𝑇

𝛿𝑡
   −  𝑘𝛻2𝑇 =  𝑄              Eq. 2.2 

heat equation incorporates: T (temperature, K), ρ (density, kg/m³), Q (heat source, 

W/m³), Cp (specific heat capacity, J/(kg·K)), k (thermal conductivity, W/(m·K)), and t 

(time, s) to describe the storage medium’s thermal behavior. While 3D simulations 

provide deeper insights into thermal storage behavior, including geometric effects, they 

are computationally exhaustive and numerous parameter inputs, often requiring 

experimental support (Liang et al., 2022).  

Two-phase thermal models separately analyze the solid particle and fluid phases while 

considering their interactive heat transfer processes. These simulations must 

incorporate multiple thermal transport phenomena that occur at the particle-fluid 

interface, as demonstrated in Figure 2.3. The key mechanisms involve: (1) radiative and 

conductive heat transfer between adjacent particles, (2) conductive pathways through 

individual particles and their contact points, and (3) convective heat transfer through 

the interstitial fluid regions. 

 

 

 

Figure 2.3: Interacting conduction, convection and radiation mechanisms in packed 

granular media (Díaz-Heras et al., 2020). 
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This study examines a sand-based TES that functions without an HTF, eliminating the 

need for fluid flow models. To enhance its utility as a design tool, the model is 

developed in 3D. Simulating the system as a two-phase medium, with separate 

calculations for sand grains and air, is too complex for practical computation, and 

simple one-dimensional models don’t provide accurate results. Instead, researchers use 

the Effective Medium Technique, which treats the sand-air mixture as a single, uniform 

material. This approach simplifies the heat transfer process by combining various 

factors into a single parameter: effective thermal conductivity. Similarly, the overall 

properties of the material are averaged to make calculations more manageable.  

Solving the heat equation for TES temperature profiles requires thermal conductivity 

data. The Effective Medium Technique replaces granular heat transfer mechanisms 

with a single effective thermal conductivity (ETC), for which researchers have 

developed multiple empirical correlations to predict the ETC of packed beds. 

Yagi-Kunii (YK) Model  

The unit cell derived by Yagi and Kunii evaluates thermal conductivity by integrating 

various heat transfer mechanisms, including solid-phase conduction, contact-point 

conduction between particles, surface-to-surface radiation, radiative transfer through 

voids, fluid-film conduction around solids, micro-scale convection in particle gaps, and 

macro-scale convective mixing (under flow conditions). 

The model demonstrates that mechanisms 1–5 remain unaffected by fluid dynamics, 

while mechanism 6 contributes insignificantly compared to the other pathways. 

Moreover, mechanisms 1–5 operate independently of mechanisms 6 and 7. 

Consequently, under static (no-flow) conditions, the effective thermal conductivity 

(ETC) is governed exclusively by mechanisms 1–5 (Yagi & Kunii, 1957). As shown in 

Figure 2.4, the numerical labels appear in descending order as 2, 3, 1, 5, and 4, 

referencing the previously listed heat transfer pathways. 
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Figure 2.4: Unit cell and resistance representations (a) the Yagi-Kunii unit cell, (b) 

Yagi-Kunii resistances (Yagi & Kunii, 1957). 

The YK model describes heat transfer occurring through simultaneous pathways. The 

top pathway represents heat conduction via direct particle contact following mechanism 

2. The core pathway combines various mechanisms: solid conduction by mechanism 1, 

surface radiation by mechanism 3, and fluid-film conduction by mechanism 5, where 

mechanisms 1 and 5 are connected in series alongside mechanism 3. The lower pathway 

accounts for heat transfer through empty spaces by mechanism 4 (Botterill et al., 1989; 

Yagi & Kunii, 1957). Utilizing electrical resistance analogies and simplifying leads to 

the following correlation: 

𝑘𝑒 = 𝑘𝑓

(

 ϵ
β⋅𝑑𝑝⋅ℎ𝑟𝑣

𝑘𝑓
+

β(1−ϵ)

γ(
𝑘𝑓

𝑘𝑠
)+

1

1
ϕ
+
𝑑𝑝⋅ℎ𝑟𝑠
𝑘𝑓 )

              Eq. 2.3

    

Also, ℎ𝑟𝑠 =
0.1952ψ

2−ψ
⋅ (

𝑇

100
)
3

 

and  ℎ𝑟𝑣 = 0.1952 (1 +
ϵ(1−ψ)

2ψ(1−ϵ)
)
−1

⋅ (
𝑇

100
)
3

 

Where δ represents the contact area ratio between adjacent particles, β describes the 

geometric arrangement of particles within the bed, hrv quantifies radiation through 

empty spaces, and hrs evaluates radiation between solid materials. These parameters 

collectively govern the thermal resistance network in the granular system. 
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The equation consists of three key terms, each representing a different heat transfer 

mechanism, including: (1) conduction via contact surfaces, (2) the solid-void 

conduction within the mixture, and (3) radiation between void spaces. Under 

atmospheric conditions below 400°C, the effects of contact conduction and radiation 

are minimal and can be ignored. Since the exact contact parameters are unknown, the 

first term is omitted, and rest are set to γ = 2/3 and β = 0.9, as recommended by (Qian 

et al., 2018).  

Kunii-Smith Model 

An extension of the Yagi-Kunii model, the Kunii-Smith framework simplifies analysis 

to two parallel paths instead of three. This simplified approach merges conduction 

through particle contact points facilitated through conduction via a surrounding thin 

fluid layer and solid-surface radiation into a single parallel path. A key advancement is 

the incorporation of convective heat transfer occurring through voids, connected in 

sequence with void-to-void radiation (Kunii & Smith, 1960). Though contact area 

effects are negligible, void convection markedly increases ETC predictions. Both 

models assume spherical particles with minimal contacts. 

𝑘𝑒 = 𝑘𝑓

(

 ϵ(1 +
β⋅ℎ𝑟𝑣⋅𝑑𝑝

𝑘𝑓
) +

β(1−ϵ)

γ(
𝑘𝑓

𝑘𝑠
)+

1

1
ϕ
+
𝑑𝑝⋅ℎ𝑟𝑠
𝑘𝑓 )

              Eq. 2.4 

Where the radiative coefficient for void spaces hrv, and the radiative coefficient for solid 

surfaces hrs 

 ℎ𝑟𝑣 = 0.227 (1 +
𝜖(1−𝜓)

2𝜓(1−𝜖)
)
−1

⋅ (
𝑇

100
)
3

 

and  ℎ𝑟𝑠 =
0.227ψ

2−ψ
⋅ (

𝑇

100
)
3

 

Among all parameters, ϕ is particularly difficult to assess as it represents the apparent 

thickness of the fluid layer surrounding particle contact points. 

Packed beds can be fundamentally characterized by two packing configurations: (1) a 

loose state (1, with coordination number n1 = 1.5 and void fraction 1 = 0.476) and (2) 
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a dense state (2, where n2 = 4/3 and 2 = 0.26). Given a particulate system with 

quantified void fraction, can be expressed through: 

ϕ = ϕ2 + (ϕ1 + ϕ2)
ϵ−0.26

0.216
   for 0.26 ≤ ϵ ≤ 0.476 

Zehner (ZS & ZBS) Models  

According to the Zehner-Schlünder (ZS) model, as in Figure 2.7.4a, a unit cell is 

represented by two coaxial cylinders, where the outer region is fluid-only and the inner 

region contains a combination of solid and fluid. The solid phase geometry within the 

inner cylinder is characterized by a shape factor "B" as of the authors. Heat transfer 

occurs through parallel pathways in both cylinders, with the inner cylinder's solid and 

fluid phases exhibiting series thermal resistance. The model creates a relationship 

between the outer cylinder's radius and medium porosity with empirical data (Hsu et 

al., 1994). 

 

Figure 2.5: Zehner Modal unit cell representation, (a) The Zehner-Schlünder unit cell, 

(b) Zehner-Bauer model unit cell (Hsu et al., 1994). 

Introducing a contact factor, as in Fig. 2.7.4b, refines the model by accounting for finite 

particle contact. This modification yields marginally higher thermal conductivity 

predictions, especially for systems with high solid-to-fluid conductivity ratios (ks/kf > 

103). The enhanced formulation considers three parallel routes: (1) conduction through 

the outer fluid annulus, (2) combined solid-fluid conduction in the intermediate 

cylinder, and (3) pure solid conduction in the central core. The incorporation of contact 
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area terms transforms the original Zehner-Schlünder model into what is now designated 

as the Zehner-Bauer (ZB) model (Qian et al., 2018). 

Sih et al. further enhanced the Zehner-Schlünder framework through the integration of 

a radiative heat transfer component originally developed by Damköhler (Sih & Barlow, 

n.d.). The Zehner-Damköhler correlation represents an enhanced formulation that 

incorporates radiative heat transfer effects in both cylindrical components of the unit 

cell, consolidating these contributions into a unified expression 𝑘𝑒
𝑡𝑜𝑡 =  𝑘𝑒

𝑐 + 𝑘𝑒
𝑟, where 

with 𝑘𝑒
𝑐 being the correlated effective conductivity and 𝑘𝑒

𝑟 the radiative contribution. 

The Zehner approach utilizes parameter B to quantify deformation effects, specifying 

how the solid phase is geometrically structured inside a unit cell's particle arrangement. 

𝐵 = 1.25 (
1−ϵ

ϵ
)
10/9

               Eq. 2.5 

The enhanced Zehner-Bauer model incorporates two important refinements. First, it 

accounts for pressure dependence, which is determined by the bed’s Knudsen number 

(Kn), calculated as the ratio of gas molecule mean free path to characteristic pore 

dimension. At higher Kn values, the conductivity of the gas phase becomes sensitive to 

pressure changes. Second, it includes radiative transfer effects, represented by the 

Damköhler-derived radiative conductivity (kᵣ), which captures the impact of thermal 

radiation. 

kr= 4σFdpT
3                 Eq. 2.6 

The parameters in this formulation include: the Stefan-Boltzmann constant (σ), which 

governs radiative heat transfer; the radiation exchange factor (F), representing the 

efficiency of thermal radiation exchange between surfaces; the average particle 

diameter (dₚ) measured in meters; and the absolute temperature (T) in Kelvin. 

 

Similar to the diverse mathematical representations for ETC, multiple definitions exist 

for the radiation exchange factor (F) as characterized by Qian et al. This study 

comparatively assesses three prominent F formulations, outlined as in Table 2.1. 
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Table 2.1: Radiation exchange factors (Qian et al., 2018) 

Authors Radiation Exchange Factor, F 

Wakaot 𝐹𝑊 =
02

02/ψ − 0.2640
 

Zehner Schlünder(ZS) 𝐹𝑍 =
(1 − √1 − k𝑓)k𝒇

2/ψ − 1
+
√1 − 𝑘𝑓

2/ψ − 1
⋅
𝐵 + 1

𝐵
⋅  

1

01 +
1

(2/ψ−1)Λ

 

Breitbach Barthels(BB) 𝐹𝐵 = (1 −√1.0 − k𝑓) k𝒇 +
√1 − 𝑘𝑓

2/ψ − 1
⋅
𝐵 + 1

𝐵
⋅  

1

1 +
1

(2/ψ−1)Λ

 

  

Table 2.1 illustrates that radiative conductivity is influenced by several factors, 

including the deformation factor, porosity, particle emissivity, particle diameter, and 

temperature. When the deformation factor is considered through Equation 3.6 and an 

emissivity value of 0.7 is assumed, the three-radiation exchange factor (F) formulations 

yield nearly identical ETC predictions. However, at higher emissivity and deformation 

factor values, discrepancies between the equations emerge, underscoring the sensitivity 

of radiative heat transfer to these parameters. For modeling accuracy, this study adopts 

the Breitbach-Barthels formulation for F, validated as the most reliable across diverse 

conditions. Unlike simpler alternatives that only consider intra-cell radiation, this 

comprehensive formulation accounts for (Qian et al., 2018). 

The Zehner-Bauer model accounts for particle contact area effects through a contact 

parameter (ω). While Qian et al. established an empirical value of ω = 0.0072 for 

ceramic spheres, Tsotsas and Martin recommend ω = 0.0010 for fractured sand grains 

- the material system examined in this work (Tsotsas & Martin, 1987). We evaluate two 

model implementations: with and without the contact term. Results demonstrate that 

accounting for the contact area produces minimal influence on effective thermal 

conductivity (ETC) calculation when using the sand-specific ω value of 0.0010. 
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Due to limited data on precise data regarding sand's shape factor, granular size 

spreading, and Knudsen number for this system, we adopt a reduced-complexity 

formulation of the Zehnerr-Bauer (ZB) model that omits these parameters. The 

complete model formulation, including all terms, is thoroughly described in (Tsotsas & 

Martin, 1987). The simplified version implemented in this study is given by: 

𝑘𝑒
𝑍𝐵𝑆 = 𝑘𝑓 ((1 − √1 − ϵ) + √1 − ϵ ⋅ (ωκ + (1 − ω)Γ))            Eq. 2.7 

And,  

Γ =
2

1−
𝐵

κ

(
κ−1

(1−
𝐵

κ
)
2

𝐵

κ
⋅ 𝑙𝑛 (

κ

𝐵
) −

𝐵−1

1−
𝐵

κ

−
1

2
(𝐵 + 1))            Eq. 2.8 
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Tables 2.2: The Kunii and Zehner model equations, enhanced with Damhöhler's 

radiative transfer terms. 

 

  

Correlation ETC Representation 

Yagii-Kunii(YK) with 

radiation (Yagi & 

Kunii, 1957) 

𝑘𝑒
𝑌𝐾,𝑟 = 𝑘𝑓

(

 
 
ϵ
β ⋅ 𝑑𝑝 ⋅ ℎ𝑟𝑣

𝑘𝑓
+

β(1 − ϵ)

γ (
𝑘𝑓

𝑘𝑠
) +

1

1

ϕ
+
𝑑𝑝⋅ℎ𝑟𝑠

𝑘𝑓 )

 
 

 

ℎ𝑟𝑣 = 0.1952(1 +
ϵ(1 − ψ)

2ψ(1 − ϵ)
)

−1

⋅ (
𝑇

100
)
3

 

ℎ𝑟𝑠 =
0.1952ψ

2 − ψ
⋅ (
𝑇

100
)
3

 

Kunii-Smith with 

radiation (Kunii & 

Smith, 1960) 

𝑘𝑒
𝐾𝑆,𝑟 = 𝑘𝑓

(

 
 
ϵ(1 +

β ⋅ ℎ𝑟𝑣 ⋅ 𝑑𝑝
𝑘𝑓

) +
β(1 − ϵ)

γ (
𝑘𝑓

𝑘𝑠
) +

1

1

ϕ
+
𝑑𝑝⋅ℎ𝑟𝑠

𝑘𝑓 )

 
 

 

ℎ𝑟𝑣 = 0.227(1 +
ϵ(1 − ψ)

2ψ(1 − ϵ)
)

−1

⋅ (
𝑇

100
)
3

 

ℎ𝑟𝑠 =
0.227ψ

2 − ψ
⋅ (
𝑇

100
)
3

 

Zehner-Schlünder (ZS)  𝑘𝑒
𝑍𝑆 = 𝑘𝑓 ((1 − √1 − ϵ) + √1 − ϵ ⋅ Γ) 

Γ =
2

1 −
𝐵

κ
(

 
κ − 1

(1 −
𝐵

κ
)
2

𝐵

κ
⋅ 𝑙𝑛 (

κ

𝐵
) −

𝐵 − 1

1 −
𝐵

κ

−
1

2
(𝐵 + 1)

)

  

Zehner-Bauer-

Schlünder (ZBS)  

𝑘𝑒
𝑍𝐵𝑆 = 𝑘𝑓 ((1 − √1 − ϵ) + √1 − ϵ ⋅ (ωκ + (1 − ω)Γ)) 

Zehner-Schlünder with 

radiation (Qian et al., 

2018) 

𝑘𝑒
𝑍𝑆,𝑟 = 𝑘𝑒

𝑍𝑆 + 𝑘𝑒
𝑟 and  𝑘𝑒

𝑟 = 4𝐹𝐵σ𝑑𝑝𝑇
3 

𝐹𝐵 = (1 − √1 − ϵ)ϵ +
√1 − ϵ

2/ψ − 1
⋅
𝐵 + 1

𝐵
⋅

1

1 +
1

(2/ψ−1)Λ

 

ZBS with radiation 

(Qian et al., 2018) 

𝑘𝑒
𝑍𝐵𝑆,𝑟 = 𝑘𝑒

𝑍𝐵𝑆 + 𝑘𝑒
𝑟 
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Table 2.3: The functional forms used in the ETC correlations. 

Parameter Expression  Descriptions 

κ 
𝑘𝑠
𝑘𝑓

 
The relative thermal 

conductivity of solid 

versus fluid components 

Λ 
𝑘𝑠

4σ𝑑𝑝𝑇3
 

Term simplification 

(Qian et al., 2018) 

ϕ 

ϕ = ϕ2 + (ϕ1 + ϕ2)
ϵ−0.26

0.216
   for 0.26 ≤ ϵ ≤ 0.476 

ϕ = ϕ1 for ϵ ≥ 0.476 

And 

ϕ = ϕ2 for ϵ ≤ 0.26 

ϕ1𝑜𝑟2 = 

0.5((κ − 01)/κ)
2
⋅ 𝑠𝑖𝑛2(θ0)

𝑙𝑛(κ − (κ − 1)0𝑐𝑜𝑠(θ0)) − ((κ − 1)/κ)(1 − 𝑐𝑜𝑠(θ0))
 

−
2

3κ
 

𝑠𝑖𝑛2(θ0) = 2/3 for ϵ ≥ 0.476 

𝑠𝑖𝑛2(θ0) = 01/(4√3) for- ϵ ≤ 0.26 

fittingg parameter that 

represents the fluid film 

thickness surrounding 

granular material (Kunii 

& Smith, 1960) 

ϵ 
ϵ = 1 −

ρ𝑏𝑢𝑙𝑘
ρ𝑔𝑟𝑎𝑖𝑛

 
the porous volume 

fraction within the sand 

bed 

𝑘𝑠 0.95 + 1.21 ⋅ 10−3 ⋅ 𝑇 + 7.19 ⋅ 10−7 ⋅ 𝑇2 

TES grain thermal 

conductivity W/(m.K) 

(COMSOL) 

𝐵 1.250 (
1 − ϵ

ϵ
)
10/9

 
Deformation parameter 

(Qian et al., 2018) 

ρ𝑏𝑢𝑙𝑘 1425 
Bulk density of the sand 

kg/m^3(Quartz, n.d.) 

ρ𝑔𝑟𝑎𝑖𝑛 2650 
Density of a sand grain 

kg/m^3(Quartz, n.d.) 

ψ 0.7 Sand Emissivity  

𝑑𝑝 0.5 
Average grain size 

(mm)(Qian et al., 2018) 

𝑘𝑓 6 ⋅ 10−5 ⋅ 𝑇 + 0.0081 
TES air thermal 

conductivity W/(m.K) 

(COMSOL) 

β 0.9 
Deformation parameter 

((Yagi & Kunii, 1957)) 

γ 2/3 
Fitting parameter ((Yagi 

& Kunii, 1957)) 

ω 0.0010 
Contact surface 

parameter ((Hsu et al., 

1994)) 

σ 5.67 ⋅ 10−8 W/(𝑚2 ⋅ 𝐾4) 
Stefan-Boltzmann 

constant 

 



31 

 

2.5 Characterization of ETC in Granular Medium 

Díaz-Heras et al. highlighted limitations of the Kunii-Smith model for the ETC in 

packed beds, particularly its tendency to underestimate stagnant thermal conductivity 

compared to experimental data. In contrast, the Zehner-Schlünder correlations show a 

much closer match with real-world measurements, especially when the thermal 

conductivity ratio of solid to fluid phases (ks/kf) ranges from 10 to 200 (Díaz-Heras et 

al., 2020). While most studies reviewed focused on large-particle systems like ball 

bearings and glass beads, Tavman’s study extended the Zehner-Schlünder model to 

finer granular materials such as sand (grain size: 0.85–1.18 mm; porosity: 0.215–0.476) 

(Tavman, 1996). Though the model slightly underpredicted ETC for smaller grains, it 

remained largely valid. The review also concludes that radiative heat transfer has 

minimal impact at temperatures below 900°C (Díaz-Heras et al., 2020). 

The fluid phase's thermal conductivity significantly influences the system's effective 

thermal conductivity (ETC). For the temperature range relevant to this TES study, air's 

thermal conductivity exhibits substantial variation (Hamdhan & Clarke, 2010; Kadoya 

et al., 1985), rendering the ETC inherently temperature-dependent. Research by 

Hamdhan et al. demonstrates that while standard reference values suffice at ambient 

conditions, they systematically underpredict thermal conductivity at elevated 

temperatures (Hamdhan & Clarke, 2010). This temperature dependence necessitates 

particular attention, as the TES's ETC will show a measurable increase with rising 

operational temperatures. 

Through a comprehensive analysis of experimental thermal conductivity data across 

multiple materials and temperature ranges, Tsotsas and Martin demonstrate a consistent 

positive correlation between particle size and effective thermal conductivity (ETC). 

Their findings reveal that larger mean particle diameters amplify radiative heat transfer 

contributions, with this effect growing progressively more pronounced at elevated 

temperatures (Tsotsas & Martin, 1987). 

Botterill et al. analyzed seven different ETC models and found that none could fully 

capture the strong temperature dependence above 350°C. Their study showed that unit-

cell models tend to overlook long-range radiation effects, leading to underestimations 
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at higher temperatures (350–900°C). One key factor behind this discrepancy is sand’s 

high optical transmittance (0.54), which increases as temperature rises, resulting in 

experimental ETC values that exceed model predictions. Accuracy improved when 

models incorporated temperature-dependent transmittance effects (Botterill et al., 

1989). 

Qian et al. examine various ETC models and their suitability for CFD simulations, 

finding that the Zehner-Bauer (ZB) model, when accounting for a radiative contribution 

(𝑘𝑒
𝑡𝑜𝑡 = 𝑘𝑒

𝑍𝐵 + 𝑘𝑒
𝑟), closely matches experimental results under diverse conditions. 

Their analysis, conducted with three distinct mean particle diameters, showed that for 

particles smaller than 0.5 mm, the radiative component of thermal conductivity has 

minimal impact at temperatures below 1000°C. This suggests that radiation plays an 

insignificant role in overall heat transfer for finer particles (Qian et al., 2018). 

Although several methodologies have been formulated to calculate ETC in particle 

beds, all show some discrepancy when compared to empirical results. By systematically 

comparing experimental results, this study aims to identify the correlation that best 

predicts temperature distributions in packed beds. 

2.6 Examples of Packed Bed Models 

Researchers have developed various 3D packed bed models with different levels of 

complexity. For example, Mahfoudi et al. demonstrate a streamlined COMSOL-based 

modelling to conduct a simplified study on sensible heat storage in sand. Although their 

paper provides few details about the model’s construction, this approach implies 

treatment of the sand as a uniform solid having consistent thermal conductivity, with 

heat transfer limited to conduction between the sand and working fluid (Mahfoudi et 

al., 2014). 

Laubscher et al. created a 2D CFD model using ANSYS Fluent to analyze a TES system 

utilizing packed rock beds, where forced air was used as the HTF. This initial study 

aimed to provide qualitative insights before conducting experimental tests. The model 

represented the rock pile as a permeable medium having 0.45 porosity, with airflow 

dynamics calculated using the k−ϵ turbulent flow model. The results played a key role 
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in optimizing the design by identifying critical areas that required better insulation 

(Laubscher et al., 2017). 

Zavattoni et al. created a computational model of a pebble-filled TES system encased 

in concrete, employing forced air convection for heat transfer. This approach was based 

on the Kunii-Smith method for ETC but included additional terms to account for 

Darcian airflow through the porous medium. The study revealed that radiative heat 

transfer gains prominence at 300°C and dominates thermal transport beyond 500°C in 

their pebble-packed system (Zavattoni et al., 2012).  
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CHAPTER THREE: METHODOLOGY 

The research procedure is segmented into four phases. Firstly, a comprehensive 

literature review was performed to identify existing knowledge gaps to understand the 

significant parameters that may negatively impact the TES system's operational 

efficiency when sand is used as the thermal medium. The study begins with 

experimental work to obtain time-dependent temperature profiles at three points within 

the TES system. While the full experimental design is beyond the scope of this work, 

an overview is provided in the following chapter. To identify the parameters influencing 

the system's temperature, a finite element-based three-dimensional numerical 

simulation was implemented to model the TES system. This process involves 

examining the fundamental equations governing heat transfer in solid materials, 

highlighting the critical role of thermal conductivity for each material. A literature 

review in Section 2.7 emphasizes the complexity of thermal conductivity in granular 

materials. The work systematically examines the effective medium approach for 

granular thermal conductivity, followed by an exploration of different conductivity 

models. 

Additionally, a study is conducted to quantitatively analyze how each parameter 

influences the TES temperature during the charging process. By combining these 

approaches, the study characterizes the parameters affecting TES temperature, 

identifies accurate modeling techniques, and evaluates ETC correlations. Ultimately, 

the developed model serves as an exploratory research tool for optimizing the TES 

system design. 

3.1 The Finite Element Method 

This model aims to predict time-based temperature evolution across the entire system, 

enabling investigation of thermal behavior under design variations. Solving the heat 

equation (as shown in Equation 2) is essential for determining transient temperature 

distributions and corresponding heat fluxes. 

Considering both the nonlinear phenomena and intricate geometry of the system, 

finding an exact analytical solution is impractical, making numerical methods 

necessary. To address this, COMSOL Multiphysics was used for finite element analysis 
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(FEA), breaking the domain into a mesh where partial differential equations are 

approximated and solved through iterative calculations. This method enables a 

comprehensive and reliable assessment of the transient thermal behavior in the TES 

system. 

The analysis operates on COMSOL's heat transfer module, which solves the classical 

heat equation with temperature as the solution variable. This approach yields 

comprehensive time-dependent solutions for both temperature fields and heat flux 

distributions throughout the computational domain. 

3.2 Effective Thermal Conductivity (ETC) Models  

This study assesses selected ETC models that account for radiative heat transfer, as 

detailed in Section 2.7, including the Yagi-Kunii (YK) model, Kunii-Smith (KS), 

Zehnerr-Schlünder (ZS), Zehnerr-Bauer (ZBS), and Zehnerr-Damköhler with radiation 

terms. 

3.3 Research Framework 

As indicated in Equation 2.2, solving the heat equation necessitates input parameters 

including heat source, material density, effective thermal conductivity, and specific heat 

capacity terms. While density and heat capacity values can be acquired from published 

data or experimental measurements, evaluation of thermal conductivity requires 

application of effective medium approximations. Consequently, the modeling approach 

was organized into primary and secondary components, as depicted in the 

methodological framework presented in Figure 3.1. 
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Figure 3.1: The modeling framework comprising primary and secondary components. 

As depicted in Figure 3.1, the COMSOL primary model processes right-side inputs to 

solve the heat equation, while thermal conductivity values are generated by the Excel 

secondary model using left-side inputs. A secondary Excel model calculates ETC 

values at six different temperature points, ranging from 298 K to 773 K in specific 

increments, for each selected correlation. These values are then used as temperature-

dependent material inputs in the COMSOL simulation. Since different ETC models 

produce varying thermal distributions within the TES system, the COMSOL setup 

includes a Material Switch feature to allow systematic comparison between them. To 

achieve this, the model incorporates required sand material definitions, each 

representing a different thermal conductivity formulation. 
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3.4 Excel Model for Effective Thermal Conductivity 

The mathematical formulations for all ETC correlations covered in Section 2.4—

including Yagi-Kunii (YK) model, Kunii-Smith (KS), Zehner-Schlünder (ZS), Zehner-

Bauer (ZBS), and Zehner-Damköhler (with radiation terms)—are summarized in Table 

2.2. The implementation process included three key steps: (1) creating separate User-

Defined Materials for each ETC correlation, from Yagi-Kunii to Zehner-Damköhler, 

(2) assigning interpolated thermal conductivity functions derived from Excel data, 

assuming a linear variation between discrete temperature points, and (3) During 

simulation, performing a material sweep to analyze and compare the different ETC 

models effectively. 
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3.5 COMSOL Modeling Workflow for the Heat Transfer Analysis 

3.5.1 Geometry Definition in the COMSOL  

 The modeling process began with geometry preparation, where the TES system's CAD 

model was imported into COMSOL. To enable temperature monitoring and model 

validation, four specific points were added in the 3D model at the locations 

corresponding to experimental thermocouples. These reference points serve as 

monitoring stations for thermal analysis, allowing direct comparison between simulated 

and empirical results. The placement of these probe points within the overall geometry 

is illustrated in Figure 3.2.  

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Complete TES model system layout, (a) Full geometry of TES system, (b) 

TES container, (c) TES material reservoir, and (d) Heating elements. 

(b) (a) 

(c) (d) 
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3.5.2 Materials Assignments 

After defining the geometry, the next step involves assigning material properties to the 

various material domains and interfacial boundaries of the 3D model representing the 

TES system. This step is crucial in COMSOL because accurately selecting a domain 

and defining material properties ensures the model reflects real-world behavior and 

directly impacts the reliability and accuracy of the results.  

3.5.3 Container 

The aluminum container structure enclosing the thermal storage medium is defined by 

properties outlined in Table 3.1. 

Table 3.1: Container Parameter 

Parameter 
Numerical 

Value 
Units Data Source 

Heat capacity 0900 J/(kg·.K.) COMSOL Material Library  

Surface emissivity 0.1 — 
(Surface Emissivity 

Coefficients., n.d.) 

Thermal conductivity 238 W/(m·K.) COMSOL Material Library  

Density 02700 kg/.m³ COMSOL Material Library  

 

3.5.4 Heating Element 

The heaters are modeled based on an initial examination of tubular resistance heater 

designs. The heating units comprise zinc-alloy resistance coils embedded in dense 

magnesium oxide (MgO) powder, which provides electrical insulation while facilitating 

heat transfer to the surrounding Inconel 800 alloy casing.  A detailed heater model could 

be developed using COMSOL Multiphysics' electrical currents module, incorporating 

a complex geometry. Although applying voltage to the resistance wire could precisely 

replicate experimental power dissipation, the necessary multiphysics modeling is 

beyond the scope of this study. Instead, a simplified approach was used, representing 

the heater as an MgO volume encased in Inconel 800, with a uniform heat generation 

of 2000 W, based on manufacturer specifications. The material properties are detailed 

in Table 3.2. 
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Table 3.2: Heating Element Parameter 

Component Parameter Numerical Value Units Data Source 

Magnesium 

Oxide (MgO)  
Density 3500 0kg/m³ 

COMSOLl 

Material Library 

MgO  
Thermal 

conductivity 

0.99 + 3.68E − 4 · 

T + 5.86E − 8 · T2 
W/(m·K) 

COMSOL 

Material Library 

MgO  Heat capacity 877 J/(kg·K) 

(Magnesium 

Oxide MgO 

Optical 

Material | 

Crystran, n.d.) 

Inconel 800  Surface 

emissivity 
0.2 — 

(Emissivities, 

n.d.) 
 

 

3.5.5 TES Material 

The thermal storage medium in this investigation is implemented as a custom-defined 

material within the simulation environment. To ensure the model functions correctly, 

key inherent material characteristics comprising heat capacity per unit mass, thermal 

conductivity, and volumetric density are required. The heat capacity (cₚ) and mass 

density (ρ), and parameters for the granular sand material can vary to some extent based 

on factors such as types of minerals present, porosity, grain diameter, and moisture 

concentration, which may differ depending on its geographical origin. However, in the 

case of dry sand, the variation is not drastic, and it is generally within a predictable 

range. Therefore, the selected secondary data for the heat capacity of sand is utilized 

from various literature sources, with the reported values presented in Table 3.3. 

ETC values were calculated in Excel using multiple correlation models, requiring 

separate TES material definitions to account for variations in conductivity, particularly 

at higher temperatures where radiation effects become significant. To incorporate this 

variability into the COMSOL model, a "Material Switch" node is implemented, 

allowing the simulation to run for each material and systematically evaluate ETC 

correlations. 
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Table 3.3: Parameters used to define the sand-packed-bed TES material. 

Material Property Value Unit Source 

Bulk density of the sand 

(ρbulk )  
1425 kg/m³ 

(Ižvolt & Dobeš, 2014; Qian 

et al., 2018; Specific Heat of 

Common Substances, n.d.) 
Sand specific heat 

capacity 

T [K] Cp [J/(kg·K)] 

333 776 

373 827 

473 936 

573 1009 

673 1072 

773 1133 

Sand surface emissivity 0.7 — [(Qian et al., 2018)] 

3.5.6 COMSOL Physics 

The simulation framework incorporates COMSOL's specialized Heat Transfer in Solids 

physics interface for modeling thermal behavior. The fundamental heat transfer 

equation governing this process is expressed as: 

𝜌𝐶𝑝
𝛿𝑇

𝛿𝑡
   −  𝑘𝛻2𝑇 =  𝑄           Eq. 2.2 revisited 

heat equation incorporates: T (temperature, K), ρ (density, kg/m³), Q0 (heat source, 

W/m³), Cp (heat capacity, J/(kg·K.)), k (thermal conductivity, W/(m·K.)), and t (time, 

s) to describe the storage medium’s thermal behavior. 

Initial conditions set all material domains to 298K (25°C). To replicate experimental 

conditions, the base surface of the aluminum enclosure is modeled with an insulated 

boundary condition, with radiative boundary conditions (Surface-to-Ambient) 

implemented on all air-exposed surfaces as per:  

−n̂ ⋅  q̂ =  εσ (𝑇𝑎𝑚𝑏
4 −  T⁴)               Eq. 3.1 
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Where n̂ (surface normal vector), q̂ (thermal flux in W/m²), and ε (surface emissivity). 

Radiation terms employ σ (Stefan-Boltzmann constant) and Tamb (ambient temperature 

in Kelvin) 

Further, a convective boundary condition is implemented using a steady 5 W/(m²·K) 

air convection coefficient across all surfaces. The governing equation for this process 

is expressed as: 

−n̂ ⋅  q̂ =  ℎ ( 𝑇𝑎𝑚𝑏 −  T0)               Eq. 3.2 

Where, ℎ represents convective heat transfer coefficient in W/(m2.K) 

To accurately replicate the laboratory setup, heaters are modeled as controlled thermal 

sources. Their operation follows a control logic if-statement similar to a PID controller: 

if the heater thermocouple-recorded temperature falls under 500°C, the heater turns on, 

supplying a constant 2 KW of heat. Once the temperature reaches or exceeds 500°C, 

the heater switches off (0 W output). This approach ensures the simulation accurately 

replicates the experimental control system. 

3.5.7 COMSOL Mesh and Time-steps 

The final step in the FEM involves generating a COMSOL-defined mesh with normal 

resolution, consisting of approximately around 3116142 domain elements as shown in 

Figure 3.3. The model runs over a 5-hour time range with 0.1-hour steps, taking about 

2 hours 51 minutes to complete on an Intel Core i7-based workstation with 16 GB 

memory capacity. 
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Figure 3.3: Conventional tetrahedral elements meshed using COMSOL. 

3.6 Design & Experimental Setup  

An experimental sand-based TES system was constructed to investigate sand's thermal 

heat transfer behavior. The apparatus features an aluminum containment vessel (500 × 

405 × 420 mm³ internal dimensions) partially filled to 380 mm depth with dry silica 

sand over a plywood base layer. Two centrally positioned tubular resistance heaters 

(2000 W each, 360 × 290 × 50 mm³) maintain operational temperature through PID 

control, spaced 95 mm apart with K-type thermocouples monitoring: (1) direct heater 

contacts points (500°C setpoint), (2) inter-heater midpoints, (3) near heater-wall 

interfaces, and (4) near wall-heater interfaces. As shown in Figure 3.4b, the upper sand 

surface remains exposed to ambient conditions, enabling natural convection heat 

transfer at the upper boundary. 

To achieve greater thermal diffusivity in the sand storage medium by improving ETC, 

we conducted a series of experiments by gradually introducing crushed stone and gravel 

aggregates, commonly used in construction to the sand. For this conductivity 

improvement experiment, the sand was layered with aggregates, and the experiment 

was conducted to observe the impact. Next, we mixed the aggregates uniformly with 

the sand and performed another round of testing. Finally, the uniformly mixed sand-
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aggregate combination was layered with mixed metal chips, and the experiment was 

repeated, as shown in Figure 3.4c.   

 

 

 

Figure. 3.4. TES experimental arrangements, (a) Overall system photograph, (b) 

Schematic cross-section of pure sand reference case with thermal component 

placement, (c) Stratified sand-aggregate mixture design, (d) Enhanced sand-aggregate-

iron chip composite structure. 

(d) (c) 

(a) (b) 
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This investigation employed three primary materials: silica sand, crushed stone/gravel 

aggregates, and mixed metal chips as in Figure 3.5. The thermophysical properties of 

these components are characterized below: 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5: TES material sample, (a) Silica sand, (b) Aggregates, (c) sand aggregate 

uniform mixture, and (d) Scrap cast iron metal chips. 

Silica sand is primarily composed of silica (SiO2) and is recognizable by its grey color 

(see Figure 3.5a). Its grain size ranges from 0.06 to 0.2 mm. The sand possesses bulk 

density of 1500 kg/m³, melting point around 1577°C, thermal conductivity ranging 

varies between 0.2 to 0.7 W/(m⋅K), and demonstrates a specific heat capacity of 830 

J/(kg⋅K)  (Material-Properties.Org, n.d.).  

Aggregates used in construction are sourced from natural materials such as gravel and 

crushed stone. These aggregates can vary in size, from fine sand particle sizes (0.15 

mm) to larger gravel (up to 40 mm). Their thermophysical properties depend on mineral 

composition and particle size. For instance, gravel and crushed stone from rocks like 

granite and basalt possess superior thermal conductivity relative to fine sand. 

Aggregates demonstrate thermal conductivity values spanning 0.20 to 1.5 W/(m·.K), 

(d) (c) 

(b) (a) 
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during which the heat capacity typically falls between 500 and 1000 J/(kg·K). The bulk 

density of aggregates used in construction typically ranges from 1600 kg/m³ to 2200 

kg/m³ (Howlader et al., 2012).  

Cast iron metal chips, a by-product of lathe machining processes, are primarily 

composed of an iron-carbon alloy, which may also include silicon, manganese, and 

other elements. These chips are typically small, irregularly shaped pieces, with sizes 

varying between 0.50 mm to 5 mm. The combination of high density (6800–7500 

kg/m³) and conductivity (50–70 W/(m·K)) makes cast iron ideal for heat retention in 

industrial furnaces. Unlike steel, cast iron’s broader melting range (1150–1200°C) 

arises from its higher carbon content (2–4%), which also influences its thermal 

conductivity (50–70 W/(m·K)) (Material-Properties.Org, n.d.). 

To address the low intrinsic thermal conductivity of sand, composite beds were created 

by mixing sand with materials exhibiting higher conductivity values. The experimental 

study was carried out with both stratified (layered) and homogeneous (uniform) 

configurations, with quantitative comparisons provided in Table 3.4. In the second 

layered method, sand and aggregate were packed in layers so that aggregate made up 

24% of the total volume, as shown in Figure 3.4c. In the third uniform method, the sand 

and aggregate mixture was fully blended, ensuring no changes in composition. In the 

final layered setup, cast iron chips were placed in discrete layers, constituting 7.8% of 

the entire volume in the sand-aggregate mixture as in Figure 3.4d. Additionally, the 

metal chip layers are directly in contact with the electric heating element.  

Table 3.4: Table showing the blend percentages (based on volume) of sand for the 

two composite preparation strategies 

Materials sample composition stratified (layered) mix 
Homogeneous 

(uniform) mix 

Silica Sand - - 

Aggregate mixed with sand 24.5% by volume 24.5% by volume 

Mixed-metallic chips mixed with 

the sand aggregate mixture 
7.8% by volume - 
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CHAPTER FOUR: RESULTS AND DISCUSSIONS 

This chapter details the outcomes of computational modeling aimed at gaining a deeper 

understanding of heat conduction in the packed sand bed. Additionally, Experimental 

measurements are included to verify the computational models, along with proposed 

strategies for improving sand's thermal conductivity. 

4.1 Experimental Results: Temperature Profiles of the Thermocouples  

Heater surfaces reached and maintained the 500°C operational temperature within 30 

minutes, as evidenced in Figure 4.1, and remained stable throughout the sustained 

heating operation, suggesting efficient heating with effective temperature control but 

heat diffusion into the sand is relatively slow, as nearby areas (T2, T3, T4) do not heat 

up as quickly.  

 

Figure 4.1: Thermocouple-recorded temperature data collected at distinct positions over 

a five-hour experimental duration.  

Initially, near the heater but outside the main heating zone, the temperature at T3 rises 

significantly, reaching 237°C in 1 hour and later 367°C in 5 hours, but remains lower 

than the midpoint T2, which is located between the heater and the wall. Heat flows 

primarily through the sand by conduction, with limited additional radiation coming 
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from the heater, making it slower yet effective. The midpoint T2 heats up slowly due 

to gradual conduction through sand, reaching 177°C in 1 hour, and the temperature 

increase slows down after 3 hours, stabilizing around 426°C at 5 hours. Sand’s thermal 

inertia causes a delayed temperature rise, creating a steady-state temperature gradient, 

but full thermal equilibrium has not yet been reached in 5 hours. The temperature at T4 

region 38 mm near the wall rises slowly, reaching only 201°C in 5 hours, with a much 

lower temperature gradient than T2 and T3. This difference is because the T4 region 

experiences different system boundaries exhibiting substantial environmental heat 

losses due to a low level of insulation. Since the sandbox is not fully insulated, the 

temperature drops quickly in the area between the heating elements and the walls, 

unlike in the T2 region, where heat retention is higher. Unlike the outer boundary, 

where heat escapes rapidly due to direct exposure to the environment, T2 experiences 

different boundary conditions, allowing it to retain heat more effectively. 

First, the T2 region acts as a heat trap because the heat sources present on both sides 

prevent heat from escaping quickly into the surroundings. Additionally, thermal lag 

occurs in this area because of sand’s low thermal conductivity and high heat capacity, 

meaning it retains heat longer and cools down slowly even when the heat sources are 

turned off. As a result, a nearly steady-state thermal gradient establishes itself between 

adjacent heating elements. This understanding helps in designing TES systems using 

packed beds, which can maintain uniform temperature distribution without requiring a 

mixing mechanism. This approach improves efficiency, reduces costs, and simplifies 

system design by eliminating unnecessary moving parts. 

Keeping this in mind, going forward, the temperatures shown in Figure 4.1 are 

important for future reference, as they will help model validation. Accurate temperature 

predictions at all four monitoring locations throughout the experimental duration would 

confirm the model's reliability in representing the actual TES system's behavior.  
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4.2 Excel-Based Calculations: ETC Trends Curves   

Examination of the correlation models presented in Tables 2.2 and 2.3 identifies several 

key variables that are fundamental to solving all predictive equations. Using the key 

parameter values listed in Table 4.1, all mathematical expressions and its constituent 

subexpressions become solvable. These variables maintain fixed values during the 

evaluation of each correlation equation. 

Table 4.1: Parameter values for solving all ETC correlations across temperature inputs. 

 

Parameter Values  Descriptions Data Source 

ρbulk 1425 
Bulk density of the sand 

[kg/m³] 
(Quartz, n.d.) 

ρgrain 2650 
Density of a sand grain 

[kg/m³] 

𝝐 1 - (ρbulk/ρgrain) = 0.46 Sand Porosity  Derived 

ks 
0.95 + 1.21×10-30. T 

+ 7.19×10-7. T2 

TES grain thermal 

conductivity W/(m·K) 
(Shi et al., 2023) 

𝜓 0.7 Sand grain emissivity  (Qian et al., 2018) 

dp 0.5 Average grain size [mm] (Quartz, n.d.) 

kf 6 × 10-5 · T + 0.0081 
TES air thermal 

conductivity W/(m·K) 

(Stephan & Laesecke, 

1985) 

𝜷 0.9 
Deformation parameter 

(Yagi-Kunii; Kunii-Smith) 

(Kunii & Smith, 1960; 

Qian et al., 2018) 

ℽ 2/30 Fitting parameter  
(Kunii & Smith, 1960; 

Qian et al., 2018) 

ω 0.0010 
Contact area parameter 

(Zehner models) 

(Tsotsas & Martin, 

1987) 

 

Employing these parameter values, the ETC was computed at five discrete temperature 

points for each conductivity model. The outcomes of this analysis are illustrated in 

Figure 4.2. 
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Figure 4.2: Graphical representation of the ETC correlations incorporating radiative 

transfer terms. 

The analysis of Figure 4.2 provides several key insights into the behavior of effective 

thermal conductivity. The modified Zehnerr-Bauer (ZBS) correlation, enhanced with 

radiative heat transfer components, yielded an ETC increasing from 0.16 to 0.34 

W/(m·.K) between 25-500°C. This near-exponential growth trend reflects the growing 

influence of thermal radiation at elevated temperatures. Among the models considered, 

the Zehner-Bauer model, which incorporates a contact area term between particles, 

shows only a minor increase in predicted ETC in contrast to the Zehnerr-Schlünder 

(ZS) model. This suggests that the particle contact area effect is insignificant on heat 

transfer for the specific sand grain size used in this study. 

The Zehner-Damköhler correlation produces results similar to the other Zehner models, 

demonstrating consistency across different derivations. Meanwhile, the Yagi-Kunii and 

Kunii-Smith models tend to underestimate ETC at higher temperatures, as they do not 

fully capture the radiation contribution. The linear growth of ks and kf with temperature 

becomes more evident when radiation effects are included, introducing an exponential 

influence that becomes more pronounced under elevated temperature conditions, with 

increased particle diameters, or for materials exhibiting higher emissivity 

characteristics. 

Due to the similarity among Zehner's radiative transfer models, Zehner-Bauer values 

are selected for further use in the COMSOL model, as they provide a more 

comprehensive representation of heat transfer in granular materials. 
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4.3 COMSOL Results for Heat Transfer Analysis  

The COMSOL simulation inputs are comprehensively specified in Tables 3.1 through 

3.3. Effective thermal conductivity values, completely imported from the Excel 

computational model, represent the only parameters varied across simulation iterations. 

The effect of implementing varying thermal conductivity models that include radiation 

effects: Zehner-Bauer, Kunii-Smith, and Yagi-Kunii within the COMSOL model at 

four different thermocouple locations is illustrated in Figure 4.3.  

4.3.1  Heat transfer analysis at various locations of the sand-packed TES 

Figure 4.3 suggests that the TES system undergoes a rapid heating phase before 

stabilizing, and the models effectively capture the thermal storage behavior with 

minimal deviation from the experimental data. Nearness to the heat source caused 

minimal variation in recorded temperatures among different correlation methods. The 

proximity of the measurement point to the heat source drives the Laplacian term (∇²T) 

to approach zero in the governing heat equation, thereby reducing the influence of TES 

thermal conductivity at this position. Initial model-measurement discrepancies at the 

heater location indicate potential oversimplification of the heating element 

representation in the COMSOL simulation framework. 

 

Figure 4.3: Impact of different correlations at heater thermocouple location (T1). 



52 

 

. 

 

 

 

 

 

 

 

 

Figure 4.4: Impact of different correlations at the middle thermocouple location (T2) 

between two heaters. 

Figure 4.4 clearly shows that correlations predicting higher thermal conductivity led to 

elevated temperatures at the middle thermocouple. This occurs because materials with 

higher conductivity result in more efficient heat transfer, causing the midpoint to reach 

the temperature of the heaters more rapidly. This trend is also evident for both outside 

points, as illustrated in Figure 4.5 and 4.6.  

 

 

 

 

 

 

 

 

 

Figure 4.5: Impact of different correlations at the thermocouple location (T3) in 

between close to the heater and the boundary wall. 
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Figure 4.6: Impact of different correlations at the thermocouple location (T4) in 

between close to the boundary wall and the heater. 

The third and fourth charts highlight significant deviations among the measured data 

and the three models and exhibited that Zehner-Bauer over-predicts, while Kunii-Smith 

and Yagi-Kunii under-predict heat storage performance. Among all evaluated 

correlations, the modified Zehnerr-Bauer formulation with radiative terms, considered 

to have higher thermal conductivity estimates, returned the closest agreement with 

experimental temperature measurements at every monitoring point. Interestingly, none 

of these effective thermal conductivity (ETC) correlations accurately predicted the 

measured data as indicated by the deviation seen in the figures. This suggests that the 

Yagii-Kunii and Kuniii-Smith models may be more suitable for approximating the ETC 

at lower temperatures. These results are consistent with Botterill et al.'s research, 

suggesting that enhanced accuracy may be achievable through an ETC correlation 

exhibiting stronger temperature dependence, as evidenced by a steeper slope (Botterill 

et al., 1989). 
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4.3.2 Heatflux Distribution Pattern within sand packbed TES  

The horizontally exploded view of the sand-packed TES system demonstrates effective 

heat distribution of the base case model Zehnerr-Bauer(ZB) correlation, with the 

radiative term, with high temperatures of 3500C concentrated around the heating 

elements and gradual dissipation towards the periphery around 500C. 

 

Figure 4.7: Horizontal exploded view of sand-packed bed TES during charging 

The model effectively captures thermal conduction within the sand medium, though 

heat retention near the sources suggests potential optimization for more uniform 

distribution. Peripheral thermal losses indicate the need for improved insulation, while 

the layered structure facilitates heat transfer but may require adjustments to enhance 

efficiency. This further suggests design improvements by enhancing conduction 

pathways by embedding higher-conductivity materials to improve heat distribution and 

optimization of heating element placement to avoid localized overheating and enhance 

overall efficiency. The system appears well-suited for long-term storage of thermal 

energy, but improvements may be needed for faster heat retrieval. Further refinements 

in material selection, insulation, and heat exchanger design can enhance energy 

retention and retrieval, making it more effective for practical applications. 
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Figure 4.8: Vertical exploded view of sand-packed bed TES during charging 

The vertically exploded view of the sand-packed TES system highlights efficient 

layered heat transfer in which temperature distribution is visualized using a color 

gradient, where red represents high temperatures of 500°C concentrated around the 

heating elements and blue represents lower temperatures 150°C representing gradual 

dissipation outwardly. The multi-layered structure represents vertical heat propagation 

through conduction and radiation, with lower layers heating up first before transferring 

energy to the upper layers. However, peripheral areas remain cooler, indicating 

potential thermal losses due to insufficient insulation. Additionally, improving the 

thermal conductivity of the packed material by incorporating higher-conductivity 

additives or optimizing particle size distribution can enhance heat transfer across layers 

and reduce thermal resistance. 
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4.4 Parametric Studies and Sensitivity Analysis 

During charging, the temperature profile development of sand-filled TES systems 

depends on several variables, demanding a parametric investigation to evaluate critical 

contributing factors. This investigation was conducted using the COMSOL model, 

which focuses on identifying the effects of TES material property variations, including 

mass density, ETC, and heat capacity. The analysis further investigates thermal 

dissipation effects on temperature profiles through systematic variation of crucible 

surface emissivity (ε) and convective heat transfer coefficients (h) for TES-air 

boundary.  Additionally, the analysis evaluates how thermal dissipation influences 

temperature distribution inside TES through systematic variations of crucible 

emissivity properties and TES boundary convection heat transfer coefficients. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9: Comparison between the modeled temperature at the middle thermocouple 

location (T2) with the experimental data. 

The base reference configuration employs parameters specified in Table 3.3, with ETC 

values calculated via the modified Zehnerr-Bauer radiation correlation in the Excel 
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framework. Comparative scenarios are created by increasing designated parameters by 

10 percent above their tabulated baseline values. 

Figure 4.9 shows that thermal conductivity is the most influential factor affecting 

temperature distribution. The ten percent increase in ETC of TES closely matched the 

experimental data throughout the curve in the modeled temperature at the middle 

region, indicating strong alignment where 10 percent enhancement in both density (ρ) 

and heat capacity (cₚ) of the TES material leads to a significant temperature decrease at 

the central measurement location. 

 

Figure 4.10: Sensitivity analysis of different parameters at the middle thermocouple 

location (T2). 

Figure 4.10 demonstrates that the TES material's enhanced ETC exerts more influence 

during the initial charging phase, when a large amount of thermal energy is introduced 

during this time. As the system approaches thermal equilibrium with the heater and 

stabilizes, the energy input rate decreases, diminishing the parameter's relative impact.  

Therefore, increasing the ETC of the TES material improves charging rates while 

maintaining stable peak temperatures at the central region. Consequently, while 

enhanced ETC reduces charging time, its effect on the steady-state midpoint 
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temperature is negligible, as the system is thermally bounded by the heater's fixed 

500°C limit. 

Varying both the convective heat transfer parameter and radiative emissivity of the 

crucible by ten percent each has a minimal effect on the midpoint temperature compared 

to the previously discussed parameters. Notably, at elevated temperatures, higher 

crucible emissivity reduces the midpoint temperature due to increased radiative heat 

losses from the system. To mitigate this effect, additional insulation is recommended 

to minimize thermal losses. The investigation demonstrated that the ETC of TES 

materials directly impacts the energy transfer from the heater during charging. By 

carefully managing heat flux boundaries and minimizing thermal losses, the effects of 

intrinsic thermal conductivity can be analyzed more accurately. 
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4.5 Comparative Analysis of TES System Performance: Simulation versus 

Experimentation 

A systematic evaluation of the thermal energy storage (TES) system was conducted 

through both numerical modeling and experimental validation, with key parameters and 

results summarized in Table 4.2. The study reveals important insights into system 

performance under simulated and actual operating conditions. 

Table 4.2: Comparison of 3D model and experimental parameters 

Parameter  3D Model  Experiment  Difference 

Input energy (kWh)  10 9.9 -1.0% 

Stored energy (kWh) 8.63 8.94 +3.6% 

System efficiency (%)  86.26 90.33 +4.07% 

 

The actual tests through the experimental setup showed 90.33 percent efficiency, which 

was 4.07 percent higher than the 3D simulation’s 86.26 percent. The efficiency of the 

sand-packed bed TES system was evaluated through both 3D computational modeling 

and experimental testing.  

In the 3D COMSOL model, a heater operating at 2000 W supplied energy for 5 hours, 

resulting in a total energy input of 10 kWh. The energy stored in the sand bed was 

calculated using the fundamental heat storage equation mentioned in equation 2.1, 

Qstored = m.Cp.ΔT, with temperature-dependent specific heat capacity and density 

mentioned in Table 3.3.  The heat stored is the integral of m.Cp(T) over the temperature 

and the mass was determined through volumetric estimation based on the system’s 

geometry, resulting in an average stored energy of 8.63 kWh (31.05 MJ) and an 

efficiency of 86.26%. 

The experimental setup, the heater drew 220 V and 9 A for the same duration, supplying 

9.9 kWh of energy. The energy stored in the sand bed was calculated using the same 

heat storage equation with temperature-dependent specific heat capacity as mentioned 

earlier, and the heat stored is the integral of m.Cp(T) over the temperature. Unlike the 

simulation, the sand mass was measured directly, eliminating volumetric 
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approximation errors. The experimental setup results in an average stored energy of 

8.94 kWh (32.19 MJ), confirming superior real-world performance attributed to the 

elimination of volumetric estimation errors through direct mass measurement, 

improved thermal distribution characteristics in the actual system configuration, and a 

more precise representation of real-world operating conditions.  

Both the simulation and experiments confirmed the sand-packed bed TES as a highly 

efficient (over 85 to 90 percent) sensible heat storage system, competitive with 

conventional solutions like molten salt (85 to 95 percent) and packed-rock beds (70 to 

90 percent). However, the experimental results suggest that further refinements to the 

simulation, such as incorporating more precise power input parameters, could enhance 

model accuracy. This comparison not only validates the system’s feasibility but also 

shows how real-world testing can help fine-tune simulations for better energy storage 

designs.  
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4.6 Thermal Conductivity Enhancement in Sand-Filled Thermal Storage  

To enhance the sand-filled bed's thermal conductivity while maintaining minimal cost 

overhead, we started mixing aggregate from a layered mix to a uniform mix with sand 

and ended with mixing waste metal chips in a layer uniformly mixed with sand 

aggregate. Aggregate with sand and cast-iron metallic chips, with mixed sand 

aggregate, was examined. The experiments were conducted using aggregate used in 

building construction and sand, maintaining an aggregate-to-sand volume ratio of 1:3. 

Later the experiment was conducted using the same sand aggregate mix with cast iron 

metallic chips in layers, maintaining a metallic chips-to-sand-aggregate volume ratio of 

1:11.8. Figures 4.11 represents the temperature variation over time at different locations 

in the Thermal Energy Storage (TES) system under different experimental 

configurations. 

 

Figure 4.11: Different mixture variations at the middle thermocouple location (T2) 

between two heaters. 

Here, the temperature at T2, which is the core region of TES, rises steadily across all 

configurations. Among them, the Layered Mixed Sand-Aggregate with Metal exhibits 

the fastest heat penetration, reaching the highest temperature, resulting from metallic 

materials' elevated thermal conductivity. The Uniform Mixed Sand-Aggregate heats up 

more quickly than both the Sand Bed and Layered Mixed Sand-Aggregate, but its final 

temperature stabilizes at a similar level. Meanwhile, the Layered Mixed Sand-
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Aggregate initially heats up slower than the Sand Bed but eventually reaches a 

comparable temperature. Critically, the Layered Mixed Sand-Aggregate with Metal 

significantly enhances heat transfer, as expected from the presence of metal, while the 

Uniform Mixed Sand-Aggregate shows improved heat retention over time. However, 

the Layered Mixed Sand-Aggregate and Sand Bed perform almost identically, 

suggesting that layering alone does not provide a substantial advantage in heat transfer 

 efficiency at this region.  

Figure 4.12: Different mixture variations at the thermocouple location (T3) in between 

close to the heater and the boundary wall. 

In Figure 4.12, the temperature variations at the T3 region, which is between the wall 

and close to the heater, show that the sand bed and layered mixed sand aggregate exhibit 

nearly identical temperature profiles. The uniformly mixed sand aggregate initially 

heats up more slowly but eventually stabilizes at a slightly lower temperature. Notably, 

the layered mixed sand aggregate with metal chips records a significantly lower 

temperature at T3 compared to other configurations, suggesting that heat is being 

transferred more efficiently to other regions. Critically, this lower temperature in the 

layered mixed sand-aggregate with metal chips configuration is due to its higher 

thermal conductivity, allowing heat to disperse quickly. Meanwhile, the Sand Bed and 

layered mixed sand aggregate retain moderate amounts of heat, performing similarly. 
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The uniformly mixed sand-aggregate stabilizing at a slightly lower final temperature 

suggests potential inefficiencies in heat distribution within this setup.  

Figure 4.13: Different mixture variations at the thermocouple location (T4) in between 

close to the boundary wall and heater. 

In Figure 4.13, the temperature variations at T4 region which is between the heater and 

close to the wall reveal that the sand bed and layered mixed sand-aggregate once again 

perform almost identically, maintaining similar temperature profiles. The uniformly 

mixed sand aggregate follows a comparable trend but remains slightly lower in 

temperature throughout. However, the layered mixed sand aggregate with Metal 

deviates significantly, displaying a much higher temperature profile than the other 

configurations. Critically, this elevated temperature in the layered mixed sand 

aggregate with metal is attributed to the high thermal conductivity of metal, which 

likely causes localized overheating in this region. The sand bed and layered mixed sand 

aggregate continue to perform consistently across different locations. Meanwhile, the 

uniform mixed sand aggregate shows slightly reduced efficiency at T4 compared to the 

core T2, suggesting variations in heat transfer behavior within this configuration. 

This result showed that incorporating 7.8% cast iron metallic chips (by volume) layered 

into the sand-aggregate mixture improved heat transfer, increasing the center 

temperature of the TES from 416°C to 448°C compared to pure sand, demonstrating 

superior heat transfer, allowing for quicker heating. However, its high thermal 

conductivity also leads to significant heat dispersion, resulting in lower temperatures of 
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363°C at certain locations, such as T3. The uniformly mixed sand aggregate performs 

efficiently at the core but shows slightly reduced effectiveness near the walls, 

suggesting some limitations in heat retention. Metal composite cases achieve higher 

temperature levels compared to pure sand. While sand has a remarkably high 

temperature tolerance, its high thermal resistance makes efficient heat transfer difficult. 

However, the inclusion of metallic chips within the sand enhances heat conduction by 

creating efficient pathways for heat transfer, allowing for better utilization of the 

storage space. Meanwhile, the Sand Bed and layered mixed sand aggregate exhibit 

nearly identical performance, indicating that layering alone does not substantially 

impact heat distribution. For configuration selection, the layered mixed sand aggregate 

with metallic chips is ideal for rapid heating, while the uniformly mixed sand aggregate 

provides a more balanced heat distribution.  

4.6.1 Thermal Performance of Layered Sand-Metal Composite TES 

The TES with layered mixed sand aggregate with metallic chips was studied for 50 

hours (0 to 49.5 hours) with temperature readings taken at different locations. The goal 

is to assess the TES system’s heat retention capabilities and identify areas for future 

optimization based on the temperature data recorded across four different locations: 

Heater (T1), mid (T2), outside close to the heater (T3), and outside close to the wall 

(T4). 

 

Figure 4.14: Temperature variations during charging and discharging of layered mixed 

sand aggregate with metallic chips. 
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During the charging phase (0–5 hours), the central thermocouple (T1) rapidly attained 

500°C within 1.3 hours, corresponding to an initial heating rate of 369°C/h. The heater 

T1 heats the sand rapidly with a high charging rate of 96°C per hour. A thermal gradient 

across the system is observed, with temperatures decreasing as you move away from 

the heat source. The charging rate decreases, with T2 at 86°C per hour, T3 at 59.6°C 

per hour, and T4 at 46.8°C per hour as the distance from the heater increases. This 

temperature drop confirms the system maintains effective heat diffusion through the 

sand bed. 

In the subsequent cooling phase (5–50 h), after the heater was turned off, the system 

exhibited a 1-hour thermal inertia period before temperature decline commenced. 

Notably, T4 temporarily increased by 12°C, suggesting internal heat redistribution. The 

central core (T2) retained the highest thermal energy, cooling from 448°C to 300°C, 

over 11 hours, while outer regions exhibited slower thermal dissipation. Specifically, 

T4 cooled at a rate of just 2.6°C/h after 12 hours, highlighting the system’s effective 

heat retention and controlled release.  

This behavior highlights the sand bed’s intrinsic thermal retention properties, as 

temperatures decayed uniformly yet gradually. The delayed cooling in peripheral 

regions suggests that the system effectively minimizes thermal losses, making it 

suitable for long-duration energy storage. However, while the existing insulation 

contributes to heat preservation (evidenced by slower cooling at T3 and T4), further 

enhancements, such as integrating advanced insulation materials (e.g., aerogels, 

vacuum panels), could significantly reduce heat loss and extend thermal retention times. 
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CHAPTER FIVE: CONCLUSION AND RECOMMENDATION 

5.1 Conclusion 

A comprehensive numerical analysis was conducted to systematically examine heat 

transfer behavior in sand-filled TES using an advanced 3D simulation framework. It 

analyzed the governing equations to identify key parameters influencing the 

temperature variations in a sand-packed bed TES. Various modeling techniques were 

reviewed in the literature, among which the effective medium approximation proved 

most effective for simulating the system's granular thermal properties. To enhance 

understanding of heat transfer processes, different correlations for the effective thermal 

conductivity were systematically tested for agreement with empirical data, leading to 

these key findings: 

a. This study demonstrates that the transient thermal distributions in the sand-filled 

based TES system are governed by the coupled effects of specific heat capacity, 

thermal conductivity, and density, alongside heat source effects, as quantified 

by Equation 2.2. Despite sand’s advantageous thermal stability, its low intrinsic 

thermal conductivity significantly limits heat transfer efficiency. To overcome 

these limitations, we developed an experimental sand-bed TES apparatus 

coupled with computational modeling to investigate heat transfer mechanisms 

and identified performance enhancement strategies. 

b. COMSOL-Multiphysics simulations were employed to assess the thermal 

behavior of sand-filled TES thermal performance, confirming effective medium 

method is computationally efficient while accurately representing the granular 

medium. Among all the models tested, modified Zehnerr-Bauer (ZB) with 

radiative term showed the closest match to experimental results, especially at 

higher temperatures above 400°C. Parametric analyses confirmed that the 

thermal conductivity of TES materials plays a crucial role in determining the 

efficiency of energy transfer from the heater to the bed, which ranged between 

85% and 90% during charging. Both numerical simulations and experimental 

findings validated the sand-filled bed as a highly efficient sensible heat storage 

system, comparable to traditional TES solutions.  
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c. The study developed low-cost thermal conductivity enhancement in sand-based 

TES by incorporating waste cast iron metallic chips. Among the tested 

configurations, a layered arrangement of 7.8% cast iron chips (by volume) 

within the sand-aggregate bed yielded optimal performance, increasing the core 

temperature by 32°C (from 416°C to 448°C) during charging while retaining 

more than 85% thermal efficiency. The metallic chips formed conductive 

networks, improving heat transfer without sacrificing the sand’s inherent 

thermal retention capacity, verified through post-heating decay analysis. These 

findings demonstrate that strategically layered low-cost additives can 

economically optimize TES performance by balancing enhanced conductivity 

with sustained energy release.  

5.2 Recommendation 

Based on the research, the following are the major recommendations: 

• Future research should explore alternative high-conductivity materials beyond 

metallic chips, such as ceramic-metal composites, which may offer improved 

thermal performance and durability. It is also essential to investigate the long-

term stability and thermal cycling effects of different composite mixtures to 

ensure sustained performance over multiple charge-discharge cycles. 

• Advancing modeling and validation techniques will further improve the 

accuracy of TES simulations. The COMSOL model should be expanded to 

incorporate fully electrothermal energy storage (ETES) systems, integrating 

both thermal and electrical storage components. Moreover, refining the 

Zehnerr-Bauer correlation at high temperatures leads to better predictive 

accuracy.  

• Lastly, to ensure the practicality of these theoretical improvements, large-scale 

experimental validation is necessary. A full-scale TES prototype with a heat 

retrieval mechanism should be developed to test system performance under real 

operating conditions. Understanding heat loss mechanisms and optimizing 

insulation techniques will be crucial for improving energy retention. 

Furthermore, experimental studies should examine various charging and 

discharging cycles to evaluate the long-term stability and efficiency of the TES 

system, ensuring it can meet practical energy storage demands. 
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APPENDIX 

1. The efficiency of 3D computational modeling of the sand-packed bed TES 

system  

To calculate input energy (Wh), Q = P X T, 

Heater Capacity = 2000 W 

Heat supplied duration = 5 h 

Input energy = 10 kWh 

To calculate stored energy (Wh),  

As per Geometric Design, Volume (V) = 0.0773 m³ 

As per Table 4.1, Density (ρ) = 1425 kg/m³ 

Mass (m) = ρ × V = 110.2 kg 

Defining Cp(T) as a linear function, ranging from 776 J/kg·K at 60°C to 1133 

J/kg·K at 500°C as of Table 3.3. 

 

 

Calculating the heat stored at each thermocouple with an initial temperature of 

25°C, 

 

 

    

 

Calculating the heat stored at each thermocouple location to find out the efficiency 

Thermocouple 

Location   

Final 

Temperature 

Heat 

Stored, 

Qi in 

(MJ) 

Average  

Heat Stored 

(MJ) 

Heat 

Stored 

(KWh) 

Efficiency 

of the 3D 

Model (%) 

T₁ (Heater) 487 47.60 

31.05 8.63 86.26% 
T₂ (Core) 428 40.46 

T₃ (Mid) 296 25.61 

T₄ (Wall) 145 10.53 

  

𝐶𝑝(𝑇) = 776 + (
1133 − 776

500 − 60
) (𝑇 − 60) = 776 + 0.8114 (𝑇 − 60) 

Qi = m ∫ Cp(T) dT
T
i
(t)

T
0

  

Qi = 𝑚 [776 (𝑇𝑖 − 𝑇0) +
0.8114

2
  ((𝑇𝑖 − 60)

2 − (𝑇0 − 60)
2)]  

Qi =  110.2  [776(𝑇𝑖 − 25) + 0.4057  ((𝑇𝑖 − 60)
2 − 1225)] 
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2. The efficiency of the experiment setup of the sand-packed bed TES system  

To calculate Input energy (Wh), Q= P X T = V X I X T, (the heater draws 220V, 9-

amp current for 5 hours) 

Voltage, V = 220 V 

Current, I = 9 A 

Time, T = 5 h 

Input energy = 9.9 kWh 

To calculate stored energy (Wh),  

Measured Mass (m) = 101.8 kg 

Defining Cp(T) as a linear function, ranging from 776 J/kg·K at 60°C to 1133 J/kg·K at 

500°C as of Table 3.3. 

 

 

Calculating the heat stored at each thermocouple with an initial temperature of 

23°C, 

 

 

    

 

Calculating the heat stored at each thermocouple location to find out the efficiency 

Thermocouple 

Location   

Final 

Temperature 

Heat 

Stored, 

Qi in 

(MJ) 

Average  

Heat Stored 

(MJ)  

Heat 

Stored 

(KWh) 

Efficiency 

of the 

Experiment 

Setup (%) 

T₁ (Heater) 500 45.62 

32.19 8.94 90.33 
T₂ (Core) 426 37.31 

T₃ (Mid) 367 31.01 

T₄ (Wall) 201 14.83 

 

  

𝐶𝑝(𝑇) = 776 + (
1133 − 776

500 − 60
) (𝑇 − 60) = 776 + 0.8114 (𝑇 − 60) 

Qi = m ∫ Cp(T) dT
T
i
(t)

T
0

  

Qi = 𝑚 [776 (𝑇𝑖 − 𝑇0) +
0.8114

2
  ((𝑇𝑖 − 60)

2 − (𝑇0 − 60)
2)]  

Qi =  101.8  [776(𝑇𝑖 − 23) + 0.4057  ((𝑇𝑖 − 60)
2 − 1369)] 
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