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Modelling of a thermocline thermal energy storage system equipped with 3 

serpentines. 

 

Abstract 

Hybrid solar plants that combine concentrated solar power (CSP) and photovoltaic (PV) 

technologies require efficient thermal energy storage (TES) to ensure continuous and flexible 

operation. This work was carried out within the framework of an ongoing project supported by the 

Italian National Agency for New Technologies, Energy, and Sustainable Economic Development 

(ENEA). 

Thermocline single-tank systems are a promising solution because of their compactness and cost 

advantages, but their performance strongly depends on how effectively the thermocline can be 

maintained during charging and discharging. In this thesis, a computational fluid dynamics (CFD) 

model of a thermocline TES tank with three internal serpentine coils is developed. The system is 

examined under different charging compositions: CSP-only, PV-only, balanced CSP–PV input, and 

simultaneous CSP–PV charging at high power. The results show that the time required to reach a 

target outlet temperature varies across scenarios, yet the thermocline shape remains broadly similar 

in all cases, and its quality is not satisfactory. To improve thermal stratification, orifices were 

introduced inside the charging/discharging channel. Several parameters were investigated, 

including their position, radius, and number. The study finds that while the position of orifices has 

little impact, increasing the number of orifices and reducing their radius significantly enhances the 

sharpness of the thermocline and delays its degradation. Overall, the study highlights that while 

the composition of CSP and PV inputs mainly affects charging time rather than thermocline shape, 

the integration of channel orifices provides a practical and effective way to improve stratification 

quality. These findings offer valuable guidance for the design of advanced TES systems to support 

flexible operation in hybrid solar plants. 

Keywords: Concentrated Solar Power (CSP), Photovoltaic (PV), Hybrid Solar Plants, 

Thermocline Thermal Energy Storage, Computational Fluid Dynamics (CFD), Orifice 

Optimization 
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1.1 Background and Motivation 

In the face of accelerating climate change, the transition toward renewable energy systems has 

become a defining challenge for the global energy sector. Among the available renewable 

resources, concentrated solar power (CSP) provides dispatchable thermal energy that can be 

efficiently stored and later converted into electricity. Because solar radiation is intermittent, 

thermal energy storage (TES) is a fundamental component of modern CSP plant design, a point 

established both by recent reviews and by early CSP development work on advanced TES for 

parabolic trough systems [1,5]. 

Among the TES options, thermocline single-tank systems have gained attention for their 

compactness, reduced capital cost, and the potential to maintain stratification over repeated 

charge–discharge cycles [1]. These systems operate via sensible heat storage: natural density 

differences in the molten salt form a thermocline layer that separates hot and cold regions during 

operation. 

Despite these advantages, thermocline tanks face challenges of thermal mixing, heat loss, and 

stratification degradation, especially over long or cyclic operation. To mitigate these issues, 

researchers have explored internal heat exchangers to enhance heat transfer while limiting 

disturbance of the stratified layers. Recent studies consider multiple internal serpentines to separate 

charging and discharging paths and guide internal flow, improving temperature uniformity and 

control over the thermal gradient [2]. 

 

Figure 1 - Hybrid CSP/PV plant 
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When thermocline TES is integrated in hybrid CSP–PV plants, the system must handle variable 

charging inputs, calling for flexible thermal management strategies to avoid overheating or 

inefficiency [3,4]. 

 

1.2 Research Gap and Objective 

While many numerical and experimental studies have investigated single-coil or shell-and-tube 

configurations in TES tanks, the performance of a system with three distinct internal serpentines 

remains largely unexplored. Adding a third serpentine introduces new thermal–fluid interactions 

that may improve controllability or performance but can also create recirculation zones or non-

uniform stratification, as suggested by prior work on coil effects [2]. 

The aim of this work is to numerically model a thermocline TES tank equipped with three internal 

serpentines, analyzing its thermal behavior, flow distribution, and stratification quality under 

various operating conditions. By simulating this configuration, the study seeks to identify design 

parameters that optimize thermal efficiency and charging performance in hybrid CSP–PV contexts, 

building on both contemporary TES reviews and foundational CSP TES developments [1,5]. 

 

1.3 Thermocline Thermal Energy Storage: Operating Principles 

A thermocline TES tank typically consists of a single, well-insulated vessel filled with a heat 

storage medium such as molten salts, thermal oils, or water. Heat exchangers are strategically 

positioned to enable both charging and discharging operations. During charging, hot fluid enters 

through an inlet near the bottom of the tank, pushing the thermal front upward through the storage 

medium. The thermocline acts as a buffer zone, maintaining a steep temperature gradient between 

the hot and cold regions. During discharging, the flow direction reverses, and the stored thermal 

energy is extracted for use in the power cycle or load. 

Key performance indicators for thermocline systems include: 

• Thermocline thickness, which represents stratification quality 

• Energy efficiency, the ratio of recovered to stored thermal energy 
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• Thermal losses, which quantify heat dissipation through the tank walls, connections, and 

internal structures. 

Maintaining a thin thermocline is essential for maximizing exergy and minimizing mixing losses. 

Poorly designed internal flow paths or strong buoyant currents can lead to plume formation and 

diffusion, causing premature mixing and lower outlet temperatures during discharge [6,9]. 

 

1.4 Role of Internal Serpentines in Stratification Control 

Internal serpentines, helically coiled heat exchangers, are often employed to transfer heat between 

the heat transfer fluid (HTF) and the storage medium in indirect TES systems. Their number, 

geometry, and placement significantly influence internal flow distribution, mixing intensity, and 

heat transfer performance [7]. The presence of multiple coils enables localized heat release or 

extraction, helping to control the thermocline position and stability throughout charging and 

discharging processes. 

To better understand these interactions, computational fluid dynamics (CFD) has become a 

powerful tool for visualizing internal flow patterns, predicting temperature fields, and optimizing 

system design before experimental prototyping [8]. CFD analyses can capture buoyancy effects, 

temperature-dependent material properties, and transient flow development, providing valuable 

insight into how coil configuration or flow control strategies affect overall stratification [10]. 

 

1.5 Research Approach 

In this work, a three-serpentine thermocline TES configuration is numerically modeled to evaluate 

its thermal performance and flow characteristics. The analysis focuses on: 

• Quantifying charging performance under different inlet power scenarios 

• Assessing stratification quality when multiple charging sources operate simultaneously or 

sequentially 

• Evaluating thermal efficiency and temperature uniformity for the proposed design 
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The modeling framework employs CFD simulations for the molten-salt domain, coupled with 

appropriate boundary conditions representing the internal serpentines. The numerical model 

incorporates realistic thermophysical properties and operational constraints to reproduce practical 

conditions. This approach allows for a parametric investigation of different charging compositions 

and the impact of introducing orifices along the channels on the thermocline shape and stability. 

 

1.6 Advancements in Thermocline TES Design 

Over the past decade, extensive research has sought to enhance the thermal performance and 

reliability of thermocline TES systems. Improvements have focused on several design aspects: 

• Tank geometry optimization to minimize stagnant regions and maximize the active storage 

volume 

• Advanced insulation strategies to reduce conductive and radiative losses 

• Inlet and outlet flow-diffuser designs to suppress mixing and maintain stratification under 

high flow rates 

• Integration of latent-heat materials within or near the thermocline region to extend 

operational stability [11]. 

In hybrid CSP–PV systems, such innovations are especially valuable because charging profiles 

can vary significantly with weather conditions, solar-field layout, and instantaneous power 

demand. Efficient TES operation requires flexible control capable of handling partial loads, 

fluctuating inlet temperatures, and simultaneous charging from multiple sources [12]. 

 

1.7 Multi-Serpentine Configurations for Hybrid Integration 

Conventional thermocline tanks generally employ a single or dual heat exchanger, but recent 

studies have explored multi-serpentine configurations to divide the tank into functional thermal 

zones. In such designs: 

• One serpentine may serve high-temperature charging from the CSP loop 

• Another may manage mid-temperature charging from a PV-powered electric heater 
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• A third may be assigned to low-grade or auxiliary heating duties such as waste-heat recovery 

[13]. 

This spatial separation of functions allows optimized flow paths for each energy source, reducing 

thermal interference. However, the coexistence of multiple thermal fronts within the same tank 

can produce complex flow recirculation patterns and local mixing. For this reason, computational 

fluid dynamics (CFD) modeling is indispensable for predicting temperature evolution and 

verifying the stability of stratification [14]. 

 

1.8 Numerical Modeling Considerations 

Numerical analyses of thermocline TES systems require meticulous attention to several modeling 

factors: 

• Appropriate turbulence treatment for buoyancy-driven flows 

• Accurate representation of temperature-dependent thermophysical properties of molten 

salts 

• Grid-independence and time-step sensitivity assessments to guarantee numerical stability 

and convergence accuracy. 

Following these practices ensures reliable predictions and enables exploration of multiple 

operational scenarios, such as varying charging sequences or hybrid-source configurations, before 

committing to large-scale prototype development [15]. 

 

1.9 Challenges in Multi-Source Charging and Discharging 

Operating a thermocline TES tank with multiple charging and discharging sources introduces 

several engineering challenges. Thermal-front interference may occur when heat is injected at 

different heights or from different serpentines at the same time, causing the fronts to merge or 

distort and reducing the outlet temperature sooner than expected. Flow short-circuiting, in which 

heated fluid bypasses the thermocline region, can drastically diminish usable capacity. In addition, 
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non-uniform temperature gradients along the serpentines can decrease local heat-transfer 

effectiveness and promote material degradation through thermal-stress cycling [16]. 

Therefore, multi-source TES design and operation must balance thermal performance with 

mechanical reliability, ensuring consistent, high-quality thermal output under variable operating 

conditions. 

 

1.10 Control Strategies for Preserving Stratification 

To mitigate these challenges, researchers have proposed flow-control strategies that dynamically 

adjust charging and discharging behavior based on real-time temperature feedback. Typical 

approaches include: 

• Variable-flow-rate control to slow thermocline movement and reduce mixing 

• Sequential charging from different serpentines to prevent simultaneous thermal-front 

interaction 

• Bypass-flow diversion to stabilize temperature distribution in critical regions of the tank 

[17] 

Such control concepts can be implemented using automated valve systems or adjustable-speed 

circulation devices integrated with supervisory plant control, allowing optimized thermal 

management in hybrid CSP–PV operation. 

 

1.11 Significance of This Study 

This research contributes to the field of solar-thermal energy storage by: 

1. Providing a detailed CFD-based performance assessment of a thermocline TES tank 

equipped with three internal serpentines. 

2. Examining charging, discharging, and hybrid operating scenarios to identify strategies for 

maximizing thermal efficiency. 
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3. Proposing design and control recommendations relevant to hybrid renewable energy 

integration. 

4. Introducing orifices within the channels as a passive means to enhance heat distribution 

and stratification performance. 

The outcomes of this work are expected to offer practical guidance for system designers and 

operators of hybrid CSP–PV plants seeking improved reliability, higher renewable penetration, 

and greater dispatchability. 

1.12 Broader Context: Hybrid Renewable Energy Systems 

The ongoing transition toward high renewable-energy penetration is driving the development of 

hybrid power plants that integrate multiple renewable sources with flexible energy-storage 

technologies. Among these, CSP/PV hybrid systems are particularly promising because they 

combine low-cost electricity generation from PV with dispatchable thermal power from CSP. In 

such systems, the thermocline TES tank acts as a central thermal hub, enabling excess PV 

electricity to be converted into heat via electric heaters, while CSP heat can be stored directly 

through high-temperature molten-salt loops [21]. 

This hybrid configuration increases operational flexibility and plant dispatchability, allowing 

stable power delivery even under fluctuating solar-irradiance conditions [22–24]. 

 

1.13 Technological Relevance of 3-Serpentine TES 

A three-serpentine TES design offers several potential advantages over conventional single- or 

dual-coil systems: 

• Dedicated charging and discharging loops for different energy sources or thermal sinks. 

• The ability to isolate thermal fronts, maintaining stratification quality over extended 

operation. 

• Enhanced operational flexibility to adapt to varying resource availability and market 

demand. 
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Despite these theoretical benefits, no comprehensive CFD study has yet quantified the detailed 

thermofluidic behavior of such a configuration under realistic operating conditions. This is 

particularly relevant for molten-salt TES operating between 200 °C and 600 °C, where buoyancy-

driven convection, heat-transfer effectiveness, and material durability strongly influence 

performance. Addressing this research gap is the main focus of the present study [25]. 

 

1.14 Structure of the Thesis 

The remainder of this thesis is organized as follows: 

• Chapter 2 presents the theoretical background of thermocline TES operation, including 

governing equations, convection and conduction fundamentals, and heat-exchanger 

performance principles. 

• Chapter 3 describes the numerical-modeling methodology, computational domain, material 

properties, boundary conditions, and validation procedures. 

• Chapter 4 reports and discusses the simulation results. 

• Chapter 5 summarizes the conclusions and outlines recommendations for future work. 

Through this structure, the thesis provides both scientific understanding and practical design 

guidance for multi-serpentine thermocline TES systems used in hybrid solar-energy applications. 
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2.1 Heat Transfer in TES Systems 

2.1.1 Conduction Heat Transfer in TES Systems 

Conduction is the most fundamental mode of heat transfer in thermal energy storage (TES) systems 

and plays a central role in defining the thermal response of both the storage medium and the tank 

structure. It is governed by Fourier’s law of heat conduction, which states that the rate of heat 

transfer through a material is proportional to the negative gradient of temperature and the thermal 

conductivity of the medium. In TES applications, conduction occurs within the solid walls of the 

tank, the serpentine heat exchangers, and, to a smaller extent, within the storage medium itself 

when fluid motion is minimal. 

In molten salt thermocline systems, conduction becomes particularly significant in regions where 

fluid velocity is low, such as near the walls of the tank or in stagnant layers of the storage medium. 

Here, the thermal gradient between hot and cold layers is primarily dissipated by molecular 

diffusion of heat. Although conduction is typically less effective than convection in transferring 

energy in fluids, it is the dominant mechanism in establishing and smoothing the temperature 

stratification zone called the thermocline. A sharper thermocline corresponds to reduced 

conductive heat leakage between hot and cold regions, resulting in higher exergy efficiency during 

discharging [26]. 

The thermal conductivity of the heat storage medium (HSM) is therefore a critical design 

parameter. For instance, nitrate-based molten salts such as solar salt exhibit relatively low thermal 

conductivity which limits conductive heat transfer and helps preserve stratification [27]. By 

contrast, solid fillers or phase-change materials (PCMs) integrated into thermocline systems often 

display higher thermal conductivity, which accelerates heat diffusion but can also degrade 

stratification quality if not managed properly [28]. 

Conduction is also vital in the metallic components of TES systems. Serpentine tubes made of 

stainless steel or alloys conduct heat from the heat transfer fluid (HTF) to the molten salt medium. 

The efficiency of this process depends on both the conductivity of the tube material and the 

thickness of the tube wall. Thinner, high-conductivity materials enable faster thermal response but 

may raise concerns about structural durability at high operating temperatures [29]. Similarly, 

conduction through the insulating layers of the tank walls defines the overall thermal losses to the 
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environment. High-performance insulation materials with low conductivity, such as ceramic fiber 

blankets or aerogels, are typically used to minimize heat leakage during long-duration storage [30]. 

In summary, while conduction alone is rarely sufficient to transport large quantities of energy in 

TES systems, it plays a decisive role in shaping the thermocline, governing material heat transfer, 

and determining insulation effectiveness. Its interaction with convection ultimately dictates the 

overall performance of multi-serpentine thermocline tanks. 

 

2.1.2 Convection Heat Transfer in TES Systems 

Convection is the dominant mechanism of heat transfer in liquid-based thermal energy storage 

(TES) systems, particularly in thermocline tanks where large volumes of molten salt are used. It 

involves the bulk motion of the fluid caused by buoyancy force, which drive the vertical circulation 

of the molten salt and govern the formation and evolution of the thermocline. 

When heat is introduced into the tank, the fluid in contact with the heated surfaces becomes less 

dense and rises, while the colder, denser fluid descends, establishing buoyancy-driven circulation 

loops. This natural convection process plays a decisive role in shaping the thermocline, the 

transitional region that separates the hot and cold fluid layers. The characteristics of this layer, 

such as its thickness and stability, directly determine the quality of energy storage and retrieval. 

The intensity of natural convection depends on several factors, including the temperature gradient, 

fluid viscosity, thermal expansion coefficient, and specific heat capacity of the molten salt. A 

moderate temperature difference promotes smooth and stable stratification, while larger gradients 

can induce stronger convective motion and undesirable mixing, which leads to a gradual 

broadening of the thermocline [31]. 

Geometrical aspects of the tank also influence convective behavior. Taller tanks tend to promote 

stronger buoyant motion due to greater hydrostatic head, while proper insulation of the sidewalls 

minimizes lateral heat losses that could disturb vertical stratification. Inlet configuration and flow 

distribution features, such as internal diffusers or orifices, can further modify the circulation 

patterns and help sustain a stable thermocline over repeated charging cycles [32]. 
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The efficiency of heat transfer associated with natural convection is often described by the Nusselt 

number (Nu), which expresses the ratio of convective to conductive heat transfer within the fluid. 

In laminar buoyant flow, this value depends strongly on the Rayleigh number (Ra), which 

characterizes the balance between buoyancy and viscous forces [33]. Analytical and numerical 

studies have shown that increasing the Rayleigh number enhances heat transfer but can also 

accelerate thermocline degradation [34]. 

Overall, natural convection governs the heat transport and stratification behavior within 

thermocline TES systems. Its control through tank geometry, material properties, and inlet design 

is crucial to maintaining a sharp temperature gradient and achieving high thermal storage 

performance [35]. 

 

2.1.3 Heat Transfer in Molten Salts and Liquid Thermal Media 

The choice of heat storage medium (HSM) is one of the most critical aspects in designing efficient 

thermocline thermal energy storage (TES) systems. Liquids are particularly attractive for TES 

because they provide continuous phase operation, simple tank construction, and relatively stable 

thermophysical properties across a wide temperature range. Among them, molten salts have 

become the most widely used high-temperature medium due to their favorable combination of heat 

capacity, stability, and cost-effectiveness. 

Molten salts are capable of storing large amounts of thermal energy between approximately 290°𝐶 

and 565°𝐶. Their relatively high specific heat capacity, around 1.5 𝑘𝐽/𝑘𝑔 · 𝐾, allows significant 

energy to be stored in modest volumes, while their low vapor pressure makes them suitable for 

atmospheric-pressure operation, reducing tank design complexity [36]. However, their thermal 

conductivity is relatively low, around 0.5 𝑊/𝑚 · 𝐾, which helps preserve stratification by limiting 

conductive heat leakage but simultaneously limits the rate of local heat transfer [37]. 

Alternative liquid storage media have also been investigated. Synthetic thermal oils can operate at 

lower temperatures, up to 400°𝐶, and offer good thermal stability at moderate conditions, making 

them suitable for hybrid solar and industrial heating systems. However, they degrade chemically 

at higher temperatures and typically have lower heat storage density than molten salts [38]. Liquid 

metals such as sodium and lead-bismuth alloys have been considered in research settings for their 
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extremely high thermal conductivity and ability to sustain very high operating temperatures. 

Despite their superior heat transfer properties, their cost, corrosion issues, and safety concerns 

make them less attractive for large-scale TES applications [39]. 

The performance of molten salt-based TES is not governed solely by material properties but also 

by flow behavior inside the tank. In multi-serpentine configurations, molten salt interacts with 

coiled heat exchangers, where heat transfer occurs primarily through convection, but conduction 

within stagnant zones remains important. Recent CFD studies have highlighted that the viscosity-

temperature dependence of molten salts is a crucial factor, as temperature decreases, viscosity rises 

sharply, slowing down convection currents and thereby enhancing the role of conduction in 

stratification maintenance [40]. 

In practical applications, impurities and repeated cycling can also affect the thermophysical 

properties of molten salts. Decomposition of nitrates at elevated temperatures releases oxygen and 

nitrogen oxides, potentially changing both thermal conductivity and specific heat over time. 

Continuous monitoring and periodic salt purification are therefore required to ensure reliable and 

predictable heat transfer performance in long-term operation. 

In brief, molten salts represent the best compromise between cost, thermal performance, and 

stability for thermocline TES systems operating in the 300-600°𝐶 range. Their heat transfer 

behavior reflects a balance between conduction in stagnant layers and convection in active flow 

regions, with system-level performance highly dependent on operating conditions and coil design. 

 

2.2 Buoyancy-Driven Flows and Thermocline Formation 

In a thermocline thermal energy storage (TES) tank, buoyancy-driven flows are fundamental to 

the establishment and maintenance of thermal stratification. These flows arise from density 

variations in the heat storage medium, typically molten salt, as it undergoes temperature changes. 

When hotter fluid becomes less dense, it rises, while cooler and denser fluid sinks, creating 

circulation patterns within the tank. This process, known as natural convection, is the primary 

mechanism responsible for the vertical temperature gradient that defines the thermocline layer. 
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The thermocline is a distinct transition zone separating the upper hot region from the lower cold 

region of the tank. Its thickness and stability determine the quality of stored energy, as a sharp 

thermocline enables high-temperature discharge for a longer period, while a diffuse or degraded 

thermocline reduces exergy efficiency. Experimental and numerical studies have shown that 

buoyancy-driven convection contributes to both the formation and the broadening of the 

thermocline during repeated charge-discharge cycles [41]. 

At the onset of charging, heat introduced from serpentine coils or inlet ports drives local buoyancy 

currents. These currents transport heat upward, establishing a sharp interface between hot and cold 

zones. However, as charging continues, mixing induced by these flows tends to thicken the 

thermocline. The rate of thickening depends on fluid properties such as viscosity, thermal 

diffusivity, and thermal expansion coefficient. For molten salts, relatively high viscosity at lower 

temperatures helps suppress excessive mixing, which is beneficial for stratification [42]. 

Several studies have highlighted that the geometry of the tank and inlet configuration strongly 

affect buoyancy-driven flow patterns. Vertical inlets located at the bottom of the tank enhance 

upward buoyant plumes that strengthen stratification, while lateral inlets may cause horizontal 

mixing that erodes the thermocline. Similarly, the arrangement of multiple serpentines influences 

how thermal plumes interact. In a 3-serpentine system, simultaneous heating from different vertical 

positions can create interfering buoyancy cells, complicating the stability of the thermal front [43]. 

Buoyancy-driven flows also play a central role during standby periods, when the tank is neither 

actively charged nor discharged. Even without forced flows, thermal diffusion at the thermocline 

generates density gradients that trigger weak convection currents, slowly degrading stratification 

over time. This phenomenon, often referred to as self-mixing, limits the long-term storage 

efficiency of single-tank systems. Advanced insulation strategies and optimized coil placement can 

mitigate this effect by minimizing thermal disturbances [44]. 

Overall, buoyancy-driven flows represent a double-edged sword. They are essential for 

establishing the thermocline but also responsible for its eventual degradation. Understanding and 

controlling these flows through careful design of serpentine configurations, inlet velocities, and 

operating strategies is therefore critical to maximizing the effectiveness of thermocline TES 

systems [45]. 
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2.2.1 Mixing and Thermocline Degradation Mechanisms 

The effectiveness of a thermocline thermal energy storage (TES) system relies on maintaining a 

sharp temperature gradient between hot and cold regions of the tank. However, in practice, various 

forms of mixing gradually degrade this stratification, leading to a thicker thermocline and a 

corresponding reduction in the quality of stored energy. The ability of the TES system to deliver 

high-temperature output for extended periods is therefore directly linked to how mixing is 

understood, minimized, and controlled. 

The main categories of mixing have been identified in thermocline tanks are buoyancy-driven 

mixing and diffusive mixing. 

• Buoyancy-driven mixing occurs naturally during standby, when temperature gradients 

generate weak convective currents that slowly erode the thermocline. This process is 

unavoidable but progresses more rapidly in tall tanks or when the thermal expansion 

coefficient of the storage medium is high [46]. 

• Diffusive mixing, although slower, occurs due to molecular heat conduction across the 

thermocline. While its contribution is small compared to convective mixing, it becomes 

significant during long idle periods [47]. 

The geometry and placement of serpentines strongly influence the severity of mixing. For example, 

coils positioned too close to the thermocline interface may induce localized turbulence, 

accelerating stratification breakdown. In multi-serpentine systems, simultaneous operation of 

multiple coils can generate interacting flow structures, further increasing mixing intensity if not 

carefully controlled [48]. 

Recent CFD studies and experimental campaigns have proposed several mitigation strategies. The 

use of flow diffusers at inlets reduces jet penetration and distributes momentum more evenly, 

preserving stratification. Similarly, optimized pumping strategies, such as low Reynolds number 

flow or pulsed inputs, have been shown to minimize mixing while still enabling efficient energy 

transfer. Hybrid systems can also employ sequential charging protocols, where different 

serpentines are activated in succession to prevent overlapping thermal plumes [49]. 
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Collectively, mixing is the central challenge to maintaining long-term thermocline stability. While 

it cannot be entirely eliminated, it can be significantly reduced through careful design of coil 

placement, flow distribution, and operating strategies. A successful multi-serpentine TES system 

must therefore balance efficient heat transfer with minimized mixing to maximize exergy 

efficiency and system lifetime. 

 

2.2.2 Effect of Orifices on Flow Distribution in Channels 

Orifices are widely used in fluid systems to control flow distribution, momentum, and mixing. In 

the context of thermal energy storage (TES) tanks, introducing orifices along the charging or 

discharging channels is a promising strategy to improve flow uniformity and thereby enhance 

thermocline stability. The basic principle is that each orifice acts as a secondary injection point, 

redistributing mass flow and reducing jet penetration, which are common causes of mixing and 

stratification degradation. 

The performance of orifices is influenced by several key parameters: position, number, and radius. 

Orifices located near the thermocline region can significantly influence buoyancy-driven plumes, 

guiding hot or cold fluid into desired layers. However, studies indicate that position alone has a 

limited effect compared with the combined impact of radius and number [50]. Increasing the 

number of orifices helps spread the momentum of the injected flow across a larger cross-section, 

thereby reducing localized turbulence and delaying thermocline broadening [51]. 

The radius of orifices directly controls the velocity of the jet emerging into the tank. Larger 

diameters allow high-momentum jets, which can penetrate deeply and disturb stratification, while 

smaller orifices generate weaker, more diffuse jets that support layer stability [52]. Therefore, 

designs that employ multiple small-radius orifices are generally more effective than those with a 

single large inlet. 

From a hydraulic perspective, orifices also contribute to pressure drop regulation, which influences 

pump requirements and system efficiency. Optimized orifice geometry can balance thermal and 

hydraulic performance, ensuring sufficient mixing for heat transfer without destroying the 

stratified temperature profile [53]. Experimental and numerical investigations in related systems, 

such as water storage tanks and packed-bed reservoirs, confirm that distributed inlets using orifices 
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result in sharper thermoclines and improved outlet temperature profiles compared with single-

point injection [54]. 

In summary, the incorporation of orifices inside the charging/discharging channel provides a 

practical method to mitigate stratification degradation. While their exact positioning has a 

secondary influence, the increase in number and reduction in radius of orifices are consistently 

shown to improve thermocline quality, aligning with the design objectives of multi-serpentine TES 

systems. 

 

2.3 Governing Equations for Thermal-Fluid Modelling 

The numerical modelling of thermocline TES systems is based on the fundamental laws of 

conservation of mass, momentum, and energy, expressed as partial differential equations (PDEs). 

These equations capture the complex interactions between conduction, convection, and buoyancy-

driven flows in molten salts, enabling prediction of thermal stratification and overall system 

performance. 

 

2.3.1 Continuity Equation 

The continuity equation ensures the conservation of mass within the fluid domain. For an 

incompressible fluid such as molten salt, it takes the simplified form: 

∇. 𝑢⃗ = 0 Eq.1 

 

where 𝑢⃗  is the velocity vector. This condition enforces that the net volumetric inflow equals the 

outflow at any point in the domain, a valid assumption given the negligible compressibility of 

molten salts under TES operating conditions [55]. 
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2.3.2 Momentum Equation (Navier-Stokes Equations) 

Momentum conservation is described by the Navier-Stokes equations, which account for viscous, 

inertial, and pressure forces. For incompressible Newtonian fluids, the general form is: 

𝜌 (
𝜕𝑢⃗ 

𝜕𝑡
+ 𝑢⃗ . ∇𝑢⃗ ) = −∇𝑝 + 𝜇∇2𝑢⃗ + 𝜌𝑔 + 𝐹  Eq.2 

 

where 𝜌 is fluid density, 𝑝 is pressure, 𝜇 is dynamic viscosity, 𝑔  is the gravitational acceleration 

vector, and 𝐹 represents external body forces. In TES applications, buoyancy is introduced through 

the Boussinesq approximation, where density variations are neglected except in the buoyancy 

term: 

𝜌(𝑇) = 𝜌0[1 − 𝛽(𝑇 − 𝑇0)] Eq.3 

 

with 𝛽 being the thermal expansion coefficient and 𝑇0 a reference temperature [56]. This 

approximation reduces computational cost while still capturing buoyancy-driven natural 

convection. 

 

2.3.3 Energy Equation 

The conservation of energy governs heat transport by conduction and convection. It is expressed 

as: 

𝜌𝑐𝑝 (
𝜕𝑇

𝜕𝑡
+ 𝑢⃗ . ∇𝑇) = 𝑘∇2𝑇 + 𝑄 Eq.4 

 

where 𝑐𝑝 is specific heat capacity, 𝑘 thermal conductivity, and 𝑄 represents volumetric heat 

sources. This equation describes how heat is advected by fluid motion, diffused by conduction, 

and generated by sources such as resistive heating in serpentine coils [57]. 
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2.3.4 Darcy-Forchheimer Law for Porous Media Flow 

In many engineering applications, flow through complex geometries, such as tube bundles, packed 

beds, or heat exchanger coils, can be approximated using the porous media approach. Instead of 

resolving the detailed geometry, the overall pressure loss is represented by a momentum sink term 

added to the Navier-Stokes equations. This relationship is expressed by the Darcy-Forchheimer 

law, which combines viscous and inertial resistance to flow: 

−∇𝑝 =
𝜇

𝑘𝑝
𝑣 + 𝛽𝜌𝑣2 Eq.5 

 

Where ∇𝑝 is pressure gradient, 𝑘𝑝 is permeability of the porous medium, 𝑣 is superficial velocity, 

𝜌 is fluid density and 𝛽 is inertial (Forchheimer) coefficient. 

The first term (Darcy term) represents linear viscous losses that dominate at low velocities, while 

the second term (Forchheimer term) accounts for quadratic inertial effects relevant at higher flow 

speeds. Together, they describe the total pressure loss through the porous region. 

In the context of this study, the porous subdomains representing the serpentines apply this 

relationship to simulate flow resistance and momentum exchange between the molten salt and the 

internal heat transfer fluid. Different permeability and inertial coefficients are used for charging 

and discharging conditions to reproduce realistic flow behavior and thermal performance. [58] 

 

2.3.5 Simplifications for TES Modelling 

Several assumptions are commonly applied to make CFD simulations of TES systems 

computationally feasible: 

• The fluid is treated as incompressible. 

• Radiation heat transfer is neglected compared to conduction and convection. 

• Thermophysical properties are assumed either constant or temperature-dependent. 
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These simplifications allow for capturing the dominant physics of stratification and mixing without 

requiring prohibitive computational resources. 

To summarize, the governing equations provide a rigorous mathematical framework for analyzing 

thermocline TES systems. Their implementation within CFD solvers enables detailed exploration 

of flow-temperature interactions, which is critical for understanding the performance of multi-

serpentine configurations [59]. 

 

2.4 Summary and Relevance to Multi-Serpentine TES 

The discussion in this chapter has outlined the theoretical foundations necessary for understanding 

and modelling thermocline thermal energy storage (TES) systems. The review began with the 

mechanisms of conduction and convection, highlighting their complementary roles in shaping the 

temperature field inside the storage medium. Conduction governs heat transfer within solid 

boundaries, stagnant fluid layers, and insulating materials, while convection dominates energy 

transport in the bulk molten salt, directly affecting stratification quality and thermal response. 

The chapter further examined buoyancy-driven flows, which are essential for the formation of a 

thermocline but simultaneously contribute to its gradual degradation through natural circulation 

and self-mixing. These processes converge in multi-serpentine configurations, where the 

convection create complex thermal-fluid dynamics that require careful numerical investigation. 

Finally, the governing equations of mass, momentum, and energy conservation were introduced, 

along with modelling simplifications such as the Boussinesq approximation and incompressibility 

assumption. Together, these provide the mathematical framework for simulating TES behavior 

under realistic operating conditions. 

In the context of a three-serpentine thermocline TES system, the principles reviewed here are 

particularly relevant. The simultaneous operation of multiple coils introduces competing buoyancy 

plumes and flow structures, making it challenging to preserve stratification while ensuring high 

heat transfer efficiency. The insights from this theoretical foundation therefore serve as the basis 

for the numerical modelling and simulation work presented in the following chapter.
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3.1 Modelling Framework 

The present work is based on computational fluid dynamics (CFD) modelling of a thermocline 

thermal energy storage (TES) tank equipped with three internal serpentine heat exchangers. CFD 

was selected as the primary research tool because it allows detailed investigation of the coupled 

fluid flow, heat transfer, and buoyancy-driven phenomena inside the storage tank, which are 

difficult to capture experimentally. All CFD simulations were carried out using STAR-CCM+. This 

software was selected because it provides reliable tools for analyzing fluid flow and heat transfer 

in complex geometries. The entire simulation process, including model setup, mesh generation, 

solution, and post-processing, was performed within the STAR-CCM+ environment. By resolving 

the governing equations for mass, momentum, and energy conservation across the computational 

domain, CFD provides spatially and temporally resolved predictions of velocity fields, temperature 

distributions, and stratification quality. The CFD model of the thermocline TES system developed 

in this work is based on the model presented and validated against experimental data in studies 

conducted at ENEA, as reported by Cagnoli et al. [60]. 

The modelling strategy follows a systematic workflow: 

1. Geometry definition: the storage tank is represented in a simplified but realistic 3D 

symmetric domain, capturing the essential physical processes while reducing 

computational cost. 

2. Mesh generation: the geometry is discretized into computational cells fine enough to 

resolve steep gradients near the walls and within the thermocline region. 

3. Physics setup: governing equations are solved under the assumptions of incompressible 

flow and the Boussinesq approximation for buoyancy. Heat conduction in solids and 

convection in the molten salt are fully coupled. 

4. Boundary and initial conditions: heat power is specified for each serpentine to represent 

charging condition. Thermal losses from the tank walls are modeled through convection. 

5. Solution procedure: the discretized equations are solved using a finite volume solver with 

implicit time stepping to ensure numerical stability during transient simulations. 
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6. Post-processing: temperature and velocity fields are extracted to evaluate stratification and 

thermocline thickness. 

A key element of this framework is the comparative analysis of different configurations. While the 

main focus is on the three-serpentine arrangement, baseline cases with one and two serpentines are 

also simulated. This enables direct evaluation of how additional serpentine affect flow distribution, 

mixing intensity, and overall heat transfer efficiency. Furthermore, parametric variations in inlet 

heat power and orifices are introduced to identify optimal operating strategies. 

The modelling framework is designed to strike a balance between physical accuracy and 

computational feasibility. For instance, although three-dimensional simulations would capture all 

geometric details, a 3-dimensional plane symmetric approach is adopted here, consistent with the 

cylindrical geometry of the tank and serpentines. This simplification reduces computational cost 

without significantly compromising accuracy, as confirmed by previous validation studies of 

similar TES systems. 

 

3.2 Computational Domain and Geometry 

As shown in Fig.2, the computational domain represents a single-tank thermocline thermal energy 

storage (TES) system equipped with three internal serpentine heat exchangers. The tank geometry 

is simplified for numerical modelling but retains the key physical features required to capture 

stratification, buoyancy effects, and heat transfer interactions between the serpentines and the 

molten salt. 
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Figure 2 - The computational domain 

3.2.1 Storage Tank 

The storage tank is modelled as a vertical cylindrical vessel, which is the most common 

configuration for molten salt TES due to its compact footprint and favorable stratification 

characteristics. The tank height-to-diameter ratio is chosen to balance storage capacity with 

thermal stability. The taller tanks promote sharper thermoclines but are more prone to buoyancy-

driven mixing, whereas shorter tanks provide more robust mixing but reduce effective energy 

quality. The inner domain is filled with molten salt, considered the heat storage medium (HSM), 

while the solid tank walls are not explicitly simulated. Instead, boundary conditions are applied at 

the domain boundaries to represent heat losses or adiabatic behavior, depending on the scenario 

[61]. 

 

3.2.2 Serpentine Heat Exchangers 

The distinguishing feature of this study is the inclusion of three independent serpentine coils, each 

designed to represent a separate charging or discharging pathway. The serpentines are immersed 

in the molten salt domain and are geometrically defined as helical or coil-shaped tubes simplified 

into axisymmetric representations. The fluid flow around the coils totally is considered as porous 

regions and simulated by considering porous media. 
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As illustrated in Fig. 3, their relative positions are selected to investigate different modes of 

operation: 

• Upper serpentine: typically connected to the discharging loop, extracting hot fluid from the 

top region. 

• Lower serpentines: connected to charging sources such as CSP or PV-powered heaters, 

delivering heat to the cold bottom layers. 

 

Figure 3 - Configuration of charging and discharging serpentines 

The arrangement of three serpentines enables analysis of multi-source charging and segmented 

discharge strategies, which are not possible in conventional single- or dual-serpentine designs. To 

reduce computational cost, the serpentine coils are not modelled as explicit helical tubes with fluid 

domains inside. Instead, the volume they occupy is represented as a porous region embedded in 

the molten salt domain. This approach approximates the effect of coil-fluid interaction by adding 

momentum resistance and heat exchange within a porous medium, while avoiding the need to 

resolve detailed flow inside the narrow serpentine passages. 
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Figure 4 – approximation of the coil-fluid interaction with porous region 

The porous region approach assumes that: 

• Momentum exchange between the heat transfer fluid (HTF) and the molten salt is captured 

through Darcy-Forchheimer resistance terms, which account for both viscous and inertial 

losses. 

• Heat transfer is imposed via boundary conditions applied on the porous region boundaries, 

representing the thermal input or output of the coils. 

• The geometry of the porous region matches the spatial location of the serpentine bundle, 

ensuring that buoyancy plumes and convective currents interact realistically with the 

surrounding molten salt. 

Porous 

Medium 

Darcy-Forchheimer Law 
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This simplification allows accurate prediction of global temperature fields, thermocline evolution, 

and stratification quality, while significantly reducing mesh size and simulation time compared to 

fully resolving coil geometries. 

 

3.2.3 Symmetric Approximation 

The tank is represented as a 3D plane symmetric domain and the serpentine regions are replaced 

with porous subdomains embedded in the molten salt. This approach reduces computational cost 

substantially while still capturing the essential flow and thermal interactions. 

3.2.4 Domain Boundaries 

 

Figure 5 - Boundary Conditions 

The domain boundaries are defined as follows: 

• Tank walls: Represented as heat loss from the salt free surface and using a prescribed 

convective heat transfer in the side and bottom of the Tank. 

• Serpentine: Applied as constant heat power boundary conditions, varying with the 

operating scenario (PV only, CSP only, or combined PV/CSP). 

• Symmetry Plane: A mid-plane through the tank is considered as a symmetry boundary. 
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3.3 Material Properties 

Accurate representation of material properties is essential for predicting the thermal and hydraulic 

performance of a thermocline TES system. In the present model, two categories of materials are 

considered: the heat storage medium (HSM) and the serpentine as a porous medium. Each is 

assigned appropriate thermophysical characteristics to ensure realistic simulation results. The outer 

walls of the tank are not explicitly modelled as solid layers. Instead, their thermal behavior is 

approximated through boundary conditions. 

 

3.3.1 Heat Storage Medium 

The storage medium is modelled as a molten salt mixture, chosen for its high specific heat capacity, 

moderate thermal conductivity, and ability to operate at elevated temperatures. 

Key thermophysical properties of molten salt include: 

• Density (𝜌): An average value is adopted for the density. 

• Viscosity (𝜇): Highly temperature-dependent. viscosity increases at lower temperatures, 

affecting flow resistance and convective heat transfer. A polynomial function of 

temperature is therefore used to represent viscosity. 

• Specific heat capacity (𝑐𝑝): Determined as a polynomial function of temperature. 

• Thermal conductivity (𝑘): Relatively low, which restricts conduction and supports thermal 

stratification. 

• Thermal expansion (𝛼): Treated as a constant. 

 

3.3.2 Porous Media Representation of Serpentines 

Instead of explicitly modelling the serpentine coils as solid stainless-steel tubes with thin 

conductive walls, the heat exchanger regions are represented as porous subdomains within the 

molten salt. This simplification reduces computational cost and avoids the need to resolve small-



Chapter 3 – Methodology & Model Setup 

  

30 
 

scale coil geometry while still capturing the essential interaction between the heat transfer fluid 

(HTF) and the storage medium. 

The porous media approach introduces additional momentum resistance terms in the Navier-

Stokes equations and allows heat exchange to be prescribed volumetrically. Each serpentine region 

is therefore characterized by hydraulic and thermal parameters that reflect its operating mode 

(charging or discharging). 

The following properties are defined for the porous regions: 

• Porous inertial coefficient (charging and discharging): accounts for inertial losses caused 

by the flow obstruction inside the coil bundle. 

• Porous viscous coefficient (charging and discharging): represents viscous drag due to 

frictional resistance within the porous structure. 

• Porous beta factor (charging): regulates the distribution of momentum exchange between 

the HTF and the molten salt during charging. 

• Porous permeability (charging and discharging): controls the ease of fluid passage through 

the porous zone, affecting both flow resistance and heat transfer. 

By tuning the inertial, viscous, and permeability parameters separately for charging and 

discharging, the porous media model provides a realistic approximation of the hydraulic resistance 

and thermal interaction that would otherwise occur within the serpentine coils. 

 

Overall, the selected material properties ensure that the simulation accurately captures the interplay 

of conduction and convection in the molten salt, the thermal role of the serpentines, and the 

performance of the tank. This provides a realistic foundation for analyzing the operating conditions 

on thermocline behavior. 
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3.4 Physics Models and Governing Assumptions 

The physical processes in a thermocline thermal energy storage (TES) tank are governed by the 

interaction of buoyancy-driven flows, convection through serpentines, and conductive heat 

transfer in stagnant fluid zones. To capture these processes, the CFD model implements 

appropriate physical models while adopting a set of simplifying assumptions to balance accuracy 

and computational feasibility. 

 

3.4.1 Flow Assumptions - Laminar Regime 

• The molten salt is treated as an incompressible Newtonian fluid. Density is constant except 

in the buoyancy term, where the Boussinesq approximation is applied to capture natural 

convection. 

• The flow is transient laminar. All simulations are performed without a turbulence model. 

This choice is justified by the operating conditions, coil powers and characteristic 

velocities, yielding Reynolds numbers in the laminar range within both the bulk tank and 

the porous serpentine regions. In addition, the strong thermal stratification promotes stable, 

layered motion rather than fully turbulent mixing. 

• No-slip is imposed at all solid-fluid interfaces, tank sidewall and bottom. At the top surface, 

a slip velocity boundary is used to approximate the molten-salt/air free surface. Thermal 

losses are applied here via an external heat-transfer coefficient, avoiding explicit 

multiphase modelling. 

• The three serpentine zones are represented as porous subdomains. Flow within each porous 

region is laminar and modelled via Darcy-Forchheimer momentum sources, viscous and 

inertial resistance.  

• Numerical settings like mesh near the thermocline and time step are chosen to minimize 

numerical diffusion, ensuring the laminar solution preserves the sharpness of the 

temperature front. 
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3.4.2 Heat Transfer Modelling 

• Heat transfer in the molten salt is modelled by solving the energy equation, which accounts 

for both convective transport, due to bulk motion, and conductive diffusion. 

• The serpentines are represented as thermal boundary conditions and constant heat power 

simulates heat input from CSP or PV 

• Heat losses are represented at the salt free surface, while prescribed convective heat 

transfer coefficients are applied at the side and bottom walls of the tank. 

 

3.4.3 Numerical Simplifications 

To reduce complexity while preserving essential physics: 

• Radiation heat transfer is neglected, as conduction and convection dominate in molten salt 

TES tanks within the studied temperature range. 

• As outlined in the material properties section, certain thermal properties of molten salt are 

implemented as temperature-dependent functions, whereas others are assumed constant 

over the operating range. 

• The computational domain is reduced to a 3D plane symmetric domain of the tank. This 

captures global stratification behavior while minimizing mesh size and simulation time. 

 

In essence, the chosen physical models and assumptions provide a realistic yet computationally 

tractable representation of the TES system. They enable the simulation to capture the interplay of 

conduction and convection from the serpentines, which collectively determine the thermal and 

hydraulic performance of the three-serpentine configuration. 
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3.5 Initial Conditions 

The accuracy of CFD predictions for a thermocline TES system depends strongly on the 

specification of realistic boundary and initial conditions. These conditions define how heat and 

mass enter or leave the computational domain, and they establish the initial thermal state of the 

storage medium before charging begins. 

The starting temperature distribution of the molten salt is critical in defining the subsequent 

evolution of the thermocline. In charging simulations, the tank is initialized at a uniform “cold” 

reference temperature, and hot fluid is introduced via the charging serpentines. 

The reference temperature values for hot and cold zones are chosen according to typical molten 

salt operating ranges, ensuring consistency with practical applications. 

In summary, boundary and initial conditions are formulated to replicate both idealized cases with 

adiabatic tank and uniform initialization, for fundamental analysis, and realistic scenarios with 

insulation losses and stratification, for practical applicability. This dual approach enables a robust 

evaluation of the performance of three-serpentine thermocline TES systems under different 

operating modes. 

 

3.6 Numerical Setup and Discretization 

A reliable CFD analysis requires not only an accurate physical model but also careful attention to 

the numerical setup. The discretization of the computational domain, selection of solver settings, 

and verification of independence from mesh size and time step are all crucial for ensuring that 

results are physically meaningful and not artifacts of the numerical method. 

 

3.6.1 Mesh Generation 

The computational domain is discretized using an unstructured mesh with refinement in regions 

of high gradients. Particular attention is given to: 

• Serpentine walls: prism layers are added around the coil boundaries to resolve steep 

temperature and velocity gradients in the near-wall region. 
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• Bulk domain: a coarser mesh is used where gradients are mild, reducing overall 

computational cost. 

The mesh is generated such that the aspect ratio of cells remains within recommended limits to 

maintain numerical stability. A compromise between accuracy and computational feasibility is 

achieved by keeping the total number of elements within a range manageable by available 

computing resources. 

Surface Remesher, Polyhedral Mesher, Automatic Surface Repair and Prism Layer Mesher are 

selected in Mesher settings. 

 

Figure 6 - Mesh generation and Prism layers 

 

3.6.2 Grid Independence Study 

To ensure that results are not sensitive to mesh resolution, a grid independence study is performed. 

Simulations are run on progressively finer meshes, and the temperature at monitoring point and 

mass flow rate in the CSP channel as the key output parameters are compared. Once the variation 

between two successive refinements falls below an acceptable threshold, the coarser of the two 

meshes is selected for the final simulations. 
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Cells number Cells number Cells number Cells number 

2,031,089 998,384 389,380 25,424 

Figure 7 - Mesh quality 

 

 

Table 1 - Grid Independence Study 

Base Size [m] 0.006 0.01 0.05 0.15 0.25 0.45 

Number of Cells 2031089 998384 389380 98172 50204 25424 

Growth % 103% 156% 297% 96% 97% 0% 

T[°C] @ y=2.30 [m] 305.708 306.221 305.971 307.657 307.263 304.778 

Growth % 0.4% 0.2% 1.4% 0.3% 2.2% 0.0% 

Mass Flow Rate [Kg/s] 2.057 2.059 2.071 2.0218 2.008 1.9763 

Growth % 0% 1% 2% 1% 2% 0% 

Run-Time [min] 4380 1800 900 180 120 50 

Growth % 143% 100% 400% 50% 140% 0% 
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Figure 8 - Grid Independence Study graph: Temperature vs Number of cell and Mass flow rate vs Number of cell 

 

3.6.3 Time Step Sensitivity 

The simulations are conducted in transient mode, requiring discretization of time. An implicit time 

integration scheme is chosen for stability, especially under buoyancy-driven flow conditions. A 

time-step sensitivity study is carried out by running cases with progressively smaller time steps. 

The selected time step provides a balance between temporal resolution and computational cost, 

with relative differences in monitored parameters maintained below a set tolerance. 
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Table 2 - Time Step Sensitivity 

Number of Cells 4.00E+05 4.00E+05 4.00E+05 4.00E+05 4.00E+05 4.00E+05 

time step [s] 1 2 5 10 20 60 

Growth % 50% 60% 50% 50% 67% 0% 

T[°C] @ y=2.30 [m] 307.835 308.442 305.971 300.468 295.051 281.581 

Growth % 0.5% 2.1% 5.0% 5.2% 14.7% 0.0% 

Mass Flow Rate [Kg/s] 2.066 2.067 2.071 2.054 2.019 2.021 

Growth % 0% 0% 1% 2% 0% 0% 

Run-Time [min] 3600 1800 900 360 180 60 

Growth % 100% 100% 150% 100% 200% 0% 

 

 

 

Figure 9 - Time step Sensitivity graph: Temperature vs Time Step and Mass flow rate vs Time Step 
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3.6.4 Inner Iteration Sensitivity 

In transient CFD simulations, especially those involving strong temperature gradients and 

buoyancy-driven flows, the number of inner iterations per time step plays a crucial role in ensuring 

convergence of the coupled equations. If too few iterations are used, the residuals may not fall 

sufficiently at each time step, leading to numerical lag in the temperature and velocity fields. 

Conversely, excessive iterations increase computational time without significant improvement in 

accuracy. 

To identify an optimal balance between accuracy and efficiency, an inner iteration sensitivity 

analysis was conducted. The number of inner iterations per time step was varied while monitoring 

the evolution of key output quantities such as temperature at monitoring point and mass flow rate 

in the CSP channel. 

This inner iteration sensitivity verification confirms that the numerical solution is independent of 

solver iteration count, reinforcing the reliability of the transient laminar results for charging 

conditions. 

 

Table 3 - Inner Iteration Sensitivity 

Number of Cells 1.00E+06 1.00E+06 1.00E+06 1.00E+06 1.00E+06 1.00E+06 

inner Iteration 50 25 15 10 5 3 

Growth % 100% 67% 50% 100% 67% 0% 

T[°C] @ y=2.30 [m] 308.951 306.221 301.646 294.209 275.434 267.419 

Growth % 2.3% 4.1% 7.1% 22.0% 10.4% 0.0% 

Mass Flow Rate [Kg/s] 2.052 2.059 2.074 2.044 1.822 1.806 

Growth % 0% 1% 1% 12% 1% 0% 

Run-Time [min] 3600 1800 1080 660 360 210 

Growth % 100% 67% 64% 83% 71% 0% 
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Figure 10 - Inner Iteration Sensitivity graph: Temperature vs Inner Iteration and Mass flow rate vs Inner Iteration 
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• Constant density model: apart from the buoyancy term, the molten salt density is treated as 

constant to simplify pressure-velocity coupling. 

• Laminar flow model: no turbulence model is used. Reynolds numbers remain within the 

laminar regime for all cases. 

• Segregated solver for flow and temperature: momentum, pressure, and energy equations 

are solved sequentially to reduce computational cost. 

• Solution interpolation and gradient reconstruction: second-order spatial discretization 

schemes are employed to minimize numerical diffusion, ensuring accurate resolution of 

the thermocline front. 

• Cell quality remediation: activated to stabilize convergence in mesh regions with high 

aspect ratios, especially near the porous regions and thermocline interface. 

• Liquid phase model: molten salt is treated as a single-phase liquid, with temperature-

dependent viscosity and thermal properties. 

These model selections ensure a stable and accurate simulation of natural and forced convection 

processes while maintaining computational efficiency for long transient runs. 

 

3.7 Simulation Scenarios 

The numerical study was designed to evaluate the thermal behavior of the thermocline TES system 

under different charging conditions and geometric configurations. Two groups of simulations were 

performed: 

1. The first group focuses on different charging compositions from CSP and PV sources, 

analyzing how inlet power distribution affects the evolution of the thermocline and the time 

required to reach a specified outlet temperature. 

2. The second group investigates the effect of orifices inside the PV/CSP channels, assessing 

how variations in their geometry and number influence stratification quality. 

 



Chapter 3 – Methodology & Model Setup 

  

41 
 

3.7.1 Scenarios Based on Inlet Power Composition 

Four charging cases were simulated to represent typical and hybrid operation conditions of solar 

energy plants: 

1. CSP-only case: charging power supplied entirely by the concentrated solar power source 

(CSP: 190 kW, PV: 0 kW). 

2. PV-only case: charging power supplied entirely by the photovoltaic source (CSP: 0 kW, 

PV: 190 kW). 

3. Balanced CSP/PV case: equal charging contribution from both sources (CSP: 95 kW, PV: 

95 kW). 

4. Combined high-power case: simultaneous maximum input from both sources (CSP: 190 

kW, PV: 190 kW). 

For each scenario, the simulation tracks the temporal evolution of the thermocline and determines 

the time required for the outlet temperature to reach 300 °C. This allows direct comparison of 

thermal response and storage performance under different hybrid input conditions. The 

thermocline structure is also monitored over time to assess its stability and sharpness during the 

charging process. 

 

3.7.2 Effect of Orifices on the PV/CSP Channels 

To improve thermal stratification, a second group of simulations examines the inclusion of orifices 

within the PV/CSP Channels. Three geometric parameters are investigated: 

• Position of orifices 

• Radius of orifices 

• Number of orifices 

The objective of these tests is to identify the combination of orifice parameters that yields the most 

uniform flow field and the most stable thermocline profile during charging and discharging cycles. 



Chapter 3 – Methodology & Model Setup 

  

42 
 

3.7.3 Evaluation Criteria 

Across all simulations, performance is compared using the following indicators: 

• Time to reach target outlet temperature (300 °C), 

• Thermocline thickness and evolution over time, 

• Overall improvement in stratification quality relative to the reference case without orifices. 
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4.1 Overview of the Simulation Process 

The transient CFD simulations were performed using the setup described in Chapter 3. The 

selected computational parameters were as follows: 

• Inner iterations per time step: 25 

• Time step size: 5 s 

• Base mesh size: 0.05 m, approximately 4×10⁵ cells 

Each simulation was carried out until the temperature at the upper monitoring point, Y = 2.30 m, 

reached 300 °C, corresponding to the desired thermal charge level. The analysis focused on the 

temperature and velocity contours, temperature–time histories, and vertical temperature 

distributions to assess thermocline development, sharpness, and stability. 

Two main sets of cases were considered: 

1. Thermocline evolution under different CSP/PV inlet power combinations 

2. The effect of orifice geometry on stratification including position, radius and number. 

 

4.2 Effect of Inlet Power Composition on Thermocline Formation 

Four power input combinations were simulated to represent typical operating modes of hybrid 

CSP–PV charging: 

• CSP-only (190 kW) 

• PV-only (190 kW) 

• Balanced CSP/PV (95 kW each) 

• Combined high-power CSP/PV (190 kW each) 

4.2.1 Temperature Evolution 

Temperature contours clearly illustrate that the thermocline develops progressively from the 

bottom of the tank, where heat is injected, and rises upward as charging proceeds. The time 
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required for the upper region (Y = 2.30 m) to reach 300 °C varies considerably across the different 

charging scenarios: 

Table 4 - Different Charging Scenarios 

Case CSP Power [kW] PV Power [kW] 
Time to reach 300 °C 

[min] 

CSP only 190 0 32 

PV only 0 190 34 

CSP–PV balanced 95 95 38 

CSP–PV combined 190 190 17 

 

  

 

a) CSP: 190 KW, PV: 0 KW b) CSP: 0 KW, PV: 190 KW 

  

c) CSP: 95 KW, PV: 95 KW d) CSP: 190 KW, PV: 190 KW  

Figure 11 - Temperature contour for different charging scenarios 
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The results show that a higher total power input noticeably accelerates the charging process. When 

both energy sources operate at full capacity, the molten salt inside the tank warms up much faster, 

and the upper region reaches higher temperatures in a shorter time. The combined effect of the two 

heat sources creates a stronger heating intensity, causing the hot layer at the top of the tank to 

expand more rapidly. In this case, the temperature of 300°𝐶 is achieved in about half the time 

required for single-source operation, demonstrating the significant influence of total power on 

charging performance. 

In contrast, when the total heat input is reduced, such as in the balanced CSP-PV configuration, 

the overall heating rate slows down. The temperature rise becomes more gradual, and the formation 

of the hot layer at the top of the tank takes longer. The difference in total power clearly affects how 

quickly the system can store heat and reach the desired temperature level. 

 

4.2.2 Temperature–Time Behavior 

The temperature–time curves recorded at different vertical positions (Y = 0.00, 0.58, 1.15, 1.73, 

and 2.30 m) clearly show that the heating process begins in the upper region of the tank and then 

gradually extends downward as charging continues. At the start of the simulation, the temperature 

near the top increases sharply, forming a distinct hot layer that progressively grows thicker with 

time. The lower sections, being farther from the region of strongest heating, show a slower and 

more gradual temperature rise. 

As the process continues, the difference between the upper and lower temperature readings 

becomes more evident, illustrating the formation of a well-defined thermocline. The temperature 

at intermediate heights rises after a certain delay, indicating the downward movement of the 

thermal front. The slopes of the curves at these positions confirm that the heating process in the 

molten salt occurs progressively from the top toward the bottom of the tank. 

Over time, the temperature growth rate in the upper region starts to decrease as the hot layer 

stabilizes and the heat distribution within the molten salt becomes more uniform. The gradual 

flattening of the temperature curves in the upper levels reflects the approach to thermal equilibrium 

in that part of the tank, while the lower regions continue to warm up slowly. This behavior 

demonstrates that the heat stored at the top of the tank diffuses downward through natural 



Chapter 4 – Results & Discussion 

  

47 
 

convection and conduction, maintaining a smooth and continuous transition between hot and cold 

zones. 

Overall, the temperature-time behavior confirms that the charging process develops from the top 

downward, with the hot layer expanding steadily as energy is supplied. The rate of this progression 

depends strongly on the total power input: higher power leads to a faster expansion of the hot 

region and shorter charging times, whereas lower power results in a slower and more gradual 

thermal response. However, in the balanced configuration, where both sources provide equal but 

moderate power, the temperature at the bottom of the tank is noticeably higher than in the other 

configurations at the moment when the top reaches 300°𝐶. This indicates that the thermal front 

becomes more diffused and the temperature gradient along the tank height is weaker. Such 

behavior reflects a loss of thermal stratification, which is undesirable for efficient energy storage, 

as it reduces the distinction between hot and cold zones and lowers the overall quality of the stored 

heat. 

 

a) CSP: 190 KW, PV: 0 KW 
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b) CSP: 0 KW, PV: 190 KW 

 

c) CSP: 95 KW, PV: 95 KW 
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d) CSP: 190 KW, PV: 190 KW 

Figure 12 - Temperature vs Times for different charging scenarios 

 

4.2.3 Velocity Field Analysis 

The velocity contours provide further insight into the thermal behavior of the system under 

different power inputs. In all configurations, the velocity inside the main volume of the tank 

remains extremely low throughout the charging process, indicating that fluid motion is negligible 

in this region. The flow field shows only slight circulation near the top, but these motions are too 

weak to contribute significantly to heat transport. This confirms that within the tank, conduction 

is the dominant heat transfer mechanism, with temperature rising mainly through thermal diffusion 

from the hotter upper layers. 

In contrast, noticeably higher velocities are observed inside the active channel region, where the 

heat source is applied. The movement of fluid in this area is much more pronounced, showing that 

convection is dominant inside the channel. The warmer fluid in this zone tends to move upward 

along the heated region, while cooler fluid from surrounding areas slowly replaces it. This 

localized circulation within the channel region enhances internal heat exchange and contributes to 

the formation of the hot layer in the upper part of the tank. 

Comparing the different power input scenarios, it can be seen that higher total power results in 

slightly stronger velocity magnitudes inside the channel, consistent with the faster temperature rise 
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observed in previous sections. However, the overall flow intensity within the tank remains low for 

all cases, reinforcing that heat transfer in the bulk of the molten salt occurs mainly by conduction 

rather than convection. 

This combined behavior, dominant convection within the heating channel and dominant 

conduction in the tank, explains the gradual, top-down temperature increase observed in the 

system. The hot region expands primarily due to heat diffusion from the upper layers rather than 

large-scale fluid motion, which aligns well with the laminar and low-velocity characteristics of the 

simulated flow field. 

  

 

a) CSP: 190 KW, PV: 0 KW b) CSP: 0 KW, PV: 190 KW 

  

c) CSP: 95 KW, PV: 95 KW d) CSP: 190 KW, PV: 190 KW  

Figure 13 - Velocity contour for different charging scenarios 
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4.2.4 Vertical Temperature Distribution 

The vertical temperature profiles provide a clear representation of the thermocline shape and its 

evolution under different charging conditions. The results show that, in all configurations, the 

temperature decreases gradually from the top toward the bottom of the tank, confirming that the 

tank warms from the upper region downward. The temperature gradient between the hot and cold 

layers is relatively smooth, and no sharp interface is formed between them. This indicates that the 

thermocline layer is relatively thick, meaning that the thermal stratification quality is not ideal in 

any of the studied cases. 

Comparing the four power configurations, it is observed that the balanced CSP/PV case, 95 kW 

each, produces the thickest thermocline. The more moderate total heat input in this configuration 

results in a slower heating process and a weaker distinction between the hot and cold regions. The 

gradual temperature transition through the tank height indicates that the stored heat is more evenly 

distributed, but the lack of a distinct thermal boundary reduces stratification efficiency. 

For the other three cases, CSP-only, PV-only, and combined high-power CSP/PV, the thermocline 

profiles are very similar, showing comparable temperature gradients along the tank height. Among 

them, the double high-power configuration shows a slightly sharper thermal transition near the 

upper part of the tank. The higher energy input in this case enhances local heating, leading to a 

marginal improvement in thermocline definition. However, this effect remains limited, and even 

in the best case, the thermocline cannot be considered well-defined. 

Overall, the vertical temperature analysis demonstrates that none of the current configurations 

produce a strong and stable thermocline. The transition region between hot and cold layers remains 

wide, resulting in a significant loss of thermal stratification. Therefore, to improve stratification 

and enhance thermal performance, geometric modifications such as the implementation of orifices 

inside the charging channel are proposed and investigated in the following section. 
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Figure 14 - Thermocline formation for different charging scenarios 

 

4.3 Effect of Orifices on Thermal Stratification 

The results obtained from the previous cases showed that the thermocline formed inside the tank 

was relatively thick and not well defined, indicating that the stratification quality was 

unsatisfactory. To improve the temperature distribution and obtain a more stable thermocline, 

additional simulations were performed by implementing orifices arranged in series along the 

channels. These orifices influence the movement of the heated molten salt inside the channels 

before it exits into the upper part of the tank. 

 
 

Figure 15 - The geometry of orifices 
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Several configurations were examined by varying the position, radius, and number of orifices, to 

study how these parameters affect the flow behavior inside the channels and the resulting 

temperature distribution in the molten salt. The following sections present the outcomes of these 

simulations and evaluate the influence of each parameter on the thermocline formation. 

 

Table 5 – List of simulated cases to analyze the effects of position, radius and number of orifices 

No. of 

Case 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 

No. of 

Orifices 
2 2 2 2 2 2 2 2 2 3 4 6 8 6 8 6 8 

Radius 

[mm] 
30 20 30 30 27.5 25 22.5 17.5 35 30 30 27.5 27.5 26.25 26.25 30 30 

P
o

si
ti

o
n

 f
ro

m
 b

o
tt

o
m

 [
m

] 

h1 0.7 0.7 1 0.5 0.7 0.7 0.7 0.7 0.7 0.6 0.6 0.5 0.5 0.5 0.5 0.5 0.5 

h2 1.8 1.8 1.5 1.5 1.8 1.8 1.8 1.8 1.8 1.2 1 0.76 0.685 0.76 0.685 0.76 0.685 

h3          1.8 1.4 1.02 0.87 1.02 0.87 1.02 0.87 

h4           1.8 1.28 1.055 1.28 1.055 1.28 1.055 

h5            1.54 1.24 1.54 1.24 1.54 1.24 

h6            1.8 1.425 1.8 1.425 1.8 1.425 

h7             1.61  1.61  1.61 

h8             1.8  1.8  1.8 

 

Based on the results provided in Fig. 16, the presence of orifices arranged in series along the 

channels changes the flow behavior of the molten salt and the way heat is transferred to the bulk 

fluid in the tank. As the molten salt passes through the orifices, the reduced cross-section modifies 

the velocity distribution inside the channels, accelerating the flow at the centerline and slowing it 

down near the walls. This adjustment of the flow pattern allows the fluid to reach a higher 

temperature by the time it exits the channels. Consequently, the molten salt entering the upper part 

of the tank is hotter and moves more slowly compared with the case without orifices. 

This difference in outlet conditions has a strong effect on the charging process. After 900 seconds, 

the tank equipped with orifices reaches approximately 290 °C, while the configuration without 

orifices achieves only about 250 °C. The lower outlet velocity associated with the orifices results 

in a gentler release of the hot fluid, limiting mixing near the top region of the tank and producing 
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a clearer separation between hot and cold zones. The combined effect of the higher outlet 

temperature and reduced flow intensity leads to a faster charging process and a more distinct 

thermocline. Overall, the implementation of orifices inside the channels enhances both the heating 

efficiency and the stability of thermal stratification within the storage system. 

The results of these simulations are presented and discussed in the following section. 

   

a) Temperature, without orifices b) Temperature, with orifices  

   

c) Velocity, without orifices d) Velocity, with orifices  

Figure 16 - Numerical simulation contours after 900s of charging in presence of orifices 
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4.3.1 Influence of Orifice Position 

To study the effect of orifice position, several cases were simulated with the same number and size 

of orifices but placed at different heights along the channels. The results show that the thermocline 

profiles are nearly identical for all tested positions. In each case, the temperature gradient improves 

compared with the configuration without orifices, but the differences among the various orifice 

placements are negligible. This indicates that the vertical position of the orifices has a minimal 

effect on the overall temperature distribution or stratification pattern inside the tank. In all 

configurations, the presence of orifices enhances the thermal layering to a similar extent, 

suggesting that the precise placement of the orifices along the channels is not a critical factor for 

improving thermocline performance. 

 

 

Figure 17 - The effect of orifices position 
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4.3.2 Influence of Orifice Radius 

The impact of orifice radius was examined by comparing channels with different orifice sizes while 

keeping the number and position of orifices constant. The results show that smaller orifices lead 

to a more stable and sharper thermocline, while larger ones produce a thicker temperature 

transition. The reduced diameter of the orifices causes a lower velocity at the channel outlet, 

allowing the heated molten salt to enter the upper region of the tank more smoothly. This gentler 

discharge limits the mixing between hot and cold layers and helps maintain a better temperature 

gradient. As a result, the tank with smaller orifices warms up more effectively and reaches higher 

temperatures in a shorter time. These results confirm that reducing the orifice radius improves both 

the charging rate and the thermal stratification of the system. 

 

 

Figure 18 - The Effect of Orifices Radius 
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4.3.3 Influence of Number of Orifices 

The influence of the number of orifices was evaluated by simulating channels with different counts 

of orifices arranged in series. The results demonstrate that increasing the number of orifices 

improves the thermocline, leading to a thinner and more uniform temperature transition. A greater 

number of orifices provides smoother heat release along the channels, reducing flow velocity at 

the outlet and minimizing temperature mixing near the upper region of the tank. At the same time, 

the presence of multiple orifices introduces slightly higher flow resistance within the channels, 

which lowers the overall flow intensity but enhances the stability of stratification. Consequently, 

configurations with more orifices produce higher outlet temperatures, a clearer thermocline, and a 

faster rise in the tank’s average temperature. 

 

 

Figure 19 - The Effect of Number of Orifices 
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4.3.4 Comparison with Reference Case 

The influence of the number of orifices was examined by comparing cases with different counts 

of openings along the channels. The results show that increasing the number of orifices produces 

a thinner and better-defined thermocline, improving the overall temperature stratification inside 

the tank. When more orifices are present, the heated molten salt is released in smaller and more 

distributed streams, which lowers the local flow intensity and minimizes mixing near the upper 

part of the tank. This results in a smoother and more stable temperature gradient between the hot 

and cold regions. 

At the same time, the presence of multiple orifices introduces greater flow resistance within the 

channels, leading to a slight pressure drop along their length. This reduction in flow strength 

contributes to a gentler heat release into the surrounding molten salt, supporting the maintenance 

of stratification. Although the flow resistance increases, the overall effect of adding more orifices 

is positive, as the improved temperature layering enhances the thermal performance and stability 

of the storage system. 

 

4.4 Discussion 

The simulation results clearly show how the configuration of the heating channels and the use of 

orifices affect the thermal behavior of the storage system. In the first part of the study, different 

CSP–PV power combinations were analyzed. It was observed that increasing the total input power 

shortens the charging time, as the molten salt reaches higher temperatures more rapidly. However, 

despite the difference in heating rate, the thermocline remained relatively thick in all cases, and 

the balanced CSP–PV configuration exhibited the weakest stratification. These results indicated 

that the baseline design was unable to produce a sharp thermal separation between the hot and cold 

regions, motivating the introduction of orifices in the following simulations. 

The second part of the analysis focused on the effect of orifices arranged in series along the 

channels. Their presence significantly improved the temperature distribution inside the tank. The 

outlet velocity decreased, while the outlet temperature increased, producing a gentler and more 

effective release of heat into the upper region. This behavior resulted in a faster overall charging 

process and a better-defined thermocline. After 900 seconds, the system with orifices reached 
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approximately 290 °C, compared with 250 °C for the configuration without orifices. Among the 

tested parameters, orifice position showed negligible influence, whereas smaller radius and a 

higher number of orifices provided the most favorable results. 

All in all, the implementation of orifices along the heating channels enhances the charging 

efficiency and improves thermal stratification by modifying the flow pattern and reducing mixing 

in the upper part of the tank. Although all cases with orifices performed better than the reference 

configuration, the best thermal behavior was obtained with smaller and more numerous orifices, 

confirming their effectiveness as a simple and efficient design improvement for thermocline 

thermal energy storage systems. 
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5.1 Summary of the Work 

The objective of this thesis was to investigate the thermal behavior of a thermocline thermal energy 

storage (TES) system equipped with three internal channels, focusing on the effect of different 

charging conditions and the introduction of orifices along the channels. The study was carried out 

through a detailed computational fluid dynamics (CFD) analysis based on laminar, natural-

convection heat transfer using molten salt as the storage medium. 

The first part of the work examined the influence of different charging power compositions from 

concentrated solar power (CSP) and photovoltaic (PV) sources on the thermocline formation and 

the temperature distribution inside the storage tank. Four scenarios were simulated, including CSP-

only, PV-only, balanced CSP–PV, and simultaneous high-power CSP+PV operation. The analysis 

provided insight into how the total power input affects the rate of charging, the temperature 

evolution, and the quality of thermal stratification. 

The second part of the study introduced orifices arranged in series along the channels as a passive 

design modification to improve stratification. Several configurations were analyzed by varying the 

orifice position, radius, and number. This parametric study aimed to understand how the flow 

adjustments within the channels influence the temperature field in the molten salt and the overall 

performance of the thermal storage process. 

 

5.2 Key Results and Findings 

The simulations revealed clear trends in the thermal and flow behavior of the system. For the first 

set of analyses, the results showed that the total power input has a major effect on the charging rate 

of the tank. Higher total power accelerates the temperature rise and allows the target temperature 

at the top of the tank to be reached in a shorter time. In particular, the simultaneous high-power 

CSP+PV configuration reached 300 °C in about half the time of the single-source cases. In 

contrast, the balanced CSP–PV configuration exhibited a slower heating rate and weaker 

stratification. Despite these differences in charging speed, the thermocline structure remained 

relatively thick in all cases, indicating that the temperature transition between hot and cold regions 

was gradual and that the overall stratification quality was limited. 
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Because the thermocline in all baseline cases was not well defined, the next phase of the study 

introduced orifices to improve the temperature distribution. The presence of orifices inside the 

channels was found to significantly influence both the temperature field and the charging process. 

The molten salt flowing through the orifices experienced a redistribution of velocity, characterized 

by higher flow speeds near the channel centerline and lower speeds close to the walls. This 

adjustment resulted in a lower outlet velocity and a higher outlet temperature when the fluid 

entered the tank. Consequently, the tank equipped with orifices reached approximately 290 °C 

after 900 seconds, while the configuration without orifices reached only about 250 °C during the 

same period. 

The comparison among different orifice geometries confirmed that the position of the orifices 

along the channels has a negligible impact on the thermocline profile, while the radius and number 

of orifices play a decisive role. Smaller orifices and a higher number of openings in series produced 

the best results, yielding a thinner and more stable thermocline. The smaller cross-sections reduced 

the outlet velocity, limited the extent of mixing at the top of the tank, and allowed a more uniform 

heat release. Increasing the number of orifices had a similar effect by spreading the heating more 

evenly along the channels, improving the layering of the molten salt. These configurations also 

exhibited a small pressure drop along the channels, but this was beneficial for the stratification 

since it further reduced turbulent disturbances and maintained a gentler temperature gradient. 

Overall, the study demonstrated that the addition of orifices not only improved stratification but 

also accelerated the charging process, allowing the tank to reach higher temperatures in less time. 

The improved thermocline definition increases the efficiency of thermal energy storage and makes 

the system more effective for use in hybrid CSP–PV power plants, where stable and predictable 

temperature control is essential. 
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5.3 Recommendations and Future Work 

Building on the results of this study, several directions are proposed for future development. 

1. Development of a 3D CFD Reduced-Order Model: 

Creating a reduced-order model based on the full 3D CFD results would enable faster 

parametric studies and real-time performance prediction of thermocline TES systems, 

supporting system optimization and control applications. 

2. Investigation of Forced Convection Using an Impeller System: 

Introducing and analyzing an internal impeller could provide insights into how controlled 

forced convection influences heat transfer enhancement, stratification stability, and overall 

charging efficiency. 

3. Experimental Validation of the Numerical Model: 

Building a scaled experimental setup would allow direct validation of the CFD results, 

verification of temperature distributions, and assessment of material performance under 

realistic operating conditions. 
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