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Abstract 
In this research article, the recent advances in the mathematical model developments of thermal convection 
processes in nano liquids occupying a tilted slot for an electronic cabinet with finned heat sinks & heat 
generating elements is presented along with its simulation results. This paper presents a comprehensive 
overview of recent advancements in mathematical models developed to analyze thermal convection processes in 
nano liquids within tilted slots of electronic cabinets equipped with finned heat sinks and heat-generating 
elements. As electronic devices continue to shrink in size and increase in complexity, efficient heat dissipation 
becomes a critical aspect for ensuring optimal performance and reliability. The utilization of nano liquids as 
cooling agents within tilted slots introduces a complex interplay of fluid dynamics, heat transfer, and geometric 
considerations. The mathematical models discussed herein delve into the intricacies of fluid behavior at the 
nanoscale, accounting for the effects of gravity, surface tension, and thermal conductivity within the confined 
spaces of electronic cabinets. The inclusion of tilted slots introduces an additional layer of complexity, 
necessitating a nuanced approach to understanding the thermal convection phenomena. Moreover, the 
incorporation of finned heat sinks and heat-generating elements requires the consideration of multi-physics 
interactions and the impact of varying material properties. Key topics covered include the derivation of 
governing equations, numerical simulations, and experimental validations. The models presented offer insights 
into the optimization of heat dissipation strategies for electronic cabinets, providing a foundation for designing 
more efficient and reliable cooling systems. Additionally, the paper highlights emerging technologies and 
materials that further enhance the performance of nano liquid-based thermal management systems. This 
comprehensive exploration of recent mathematical model developments in thermal convection processes within 
tilted slots of electronic cabinets not only contributes to the theoretical understanding of nano liquid cooling but 
also serves as a valuable resource for engineers and researchers working on the forefront of electronic device 
miniaturization and thermal management.  
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Introduction   
In the past decade, nanotechnology has undergone rapid transformations, presenting scientists and engineers 
with a myriad of new subjects for exploration. Among the notable advancements, nanofluids stand out as a 
particularly significant breakthrough. These fluids, characterized by colloid suspensions of metallic and non-
metallic nanoparticles in conventional base fluids, exhibit remarkable heat transfer capabilities. While earlier 
research focused on enhancing heat transfer rates in nanofluids by developing mathematical models and 
experimenting with diverse geometries, the importance of accurate mathematical modeling cannot be overstated. 
The efficacy of heat flow is profoundly influenced by the precision of these models. Therefore, prior to the 
practical implementation of nanofluids in heat transfer applications, a rigorous application of a mathematical 
model is imperative [1].  
 
This article offers a concise overview of the Tiwari and Das nanofluid models. Additionally, it delves into the 
examination of various geometries, nanoparticles, and their physical properties—such as viscosity, thermal 
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conductivity, and heat capacity. The role of cavities in entropy generation is explored, emphasizing the need to 
consider these factors before deploying nanofluids in real-world applications.  The review also scrutinizes the 
correlations employed for predicting the thermophysical properties of nanofluids. A primary objective of this 
review is to provide an in-depth analysis of the different shapes utilized in convective heat transfer. Notably, it is 
observed that aluminum and copper nanoparticles, when integrated into the Tiwari and Das nanofluid model, 
yield superior heat transfer rates within the cavity [1]. 
 
Comparative analysis reveals that the performance of the Al2O3/water nanofluid is enhanced by 6.09% in 
comparison to the base fluid. Furthermore, the inclination angle of the cavity and the application of periodic 
thermal boundary conditions emerge as effective strategies for managing parameters influencing heat and fluid 
flow within the cavity. This comprehensive examination underscores the necessity of meticulous mathematical 
modeling and a nuanced understanding of various factors for the successful utilization of nanofluids in practical 
heat transfer applications [1]. 
 
Modern electronic devices, characterized by their ever-shrinking form factors and escalating power densities, 
have propelled the demand for sophisticated thermal management strategies to ensure optimal performance, 
reliability, and longevity. As electronic components become increasingly compact and powerful, the efficient 
dissipation of heat generated during operation becomes a critical challenge. Traditional cooling methods are 
often inadequate in meeting the evolving thermal demands of these devices. In response to this imperative, 
recent research has focused on the integration of nano liquids within tilted slots of electronic cabinets, 
augmented by finned heat sinks and heat-generating elements. This novel approach promises enhanced heat 
dissipation capabilities, leveraging the unique characteristics of nano liquids at the nanoscale. This introduction 
provides a comprehensive overview of the recent advances in mathematical model developments addressing 
thermal convection processes in such intricate configurations [1]. The generalized thermal convection using the 
hot & cold process flow of fluids is shown in the Fig. 1. Also, the Thermal conduction/thermal convection heat 
transfer calculations using thermal resistances is shown in the Fig. 2.  
 

 

Fig. 1 : The thermal convection using the hot & cold process flow of fluids 

 

Fig. 2 : Thermal conduction/thermal convection heat transfer calculations using thermal resistances 

 
The paper is organized as follows. A brief abstract is given to start with followed by the keywords. An 
exhaustive introduction is given in section 1.  The background and motivation obtained for taking up the 
research work is presented in section 2, followed by the Significance of Tilted Slot Configurations (section 2.1), 
Role of Fins, Heat Sinks, and Heat-Generating Elements (section 2.2), Governing Equations and Computational 
Methods (section 2.3), Experimental Validation and Real-world Applicability (section 2.4), Multiscale Analysis 
and Nanoscale Phenomena (section 2.5), Environmental Impact and Sustainability (section 2.6), (section 2.7), 
Challenges and Limitations (section 2.8), Collaborative Research and Industry Adoption (section 2.9), 
Regulatory Compliance and Standardization (section 2.10). A brief literature review is given in section 3. The 
mathematical model & its development is deployed in section 4. The simulation results & discussions are given 
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in section 5 followed by the conclusions in section 6. The emerging technologies and future directions is given 
in section 7 followed by the exhaustive list of 100 references used. 
 

Background Information, Motivation & the Problem Statement 
The relentless pace of technological advancement in the electronics industry has led to a continuous reduction in 
device dimensions while simultaneously increasing their computational capabilities. While this trend is 
remarkable, it introduces unprecedented challenges in managing the heat generated by densely packed electronic 
components. Conventional cooling methods, such as air or liquid cooling, are often insufficient in coping with 
the escalating thermal demands. As a response to this challenge, researchers have turned their attention to nano 
liquids due to their unique thermal properties at the nanoscale. Nano liquids, comprising nanoparticles 
suspended in a liquid matrix, exhibit remarkable enhancements in thermal conductivity compared to traditional 
fluids. This characteristic makes them promising candidates for advanced cooling solutions. Incorporating nano 
liquids within tilted slots in electronic cabinets introduces an innovative dimension to thermal management. The 
inclination of the slots not only influences fluid dynamics but also poses intricate challenges related to gravity, 
surface tension, and complex interactions with finned heat sinks and heat-generating elements. The effects of 
straight, inclined and curved fins on natural convection and entropy generation of a nanofluid in a square cavity 
influenced by a magnetic fields is shown in the Fig. 3 [3], where H is the field intensity & B is the magnetic 
field.  

 

Fig. 3 : Geometry of different types of fins & cavities for straight fins, angular fins, curved fins for 
different tilts [3] 

 

2.1 Significance of Tilted Slot Configurations 

The utilization of tilted slots in electronic cabinets is a departure from traditional cooling configurations. The 
inclination introduces gravitational effects, altering the behavior of nano liquids within the confined spaces. 
Understanding and harnessing these effects are pivotal in designing efficient cooling systems. The tilted slot 
configuration offers the potential for improved convective heat transfer, enabling enhanced thermal dissipation. 
Furthermore, the geometric intricacies introduced by tilted slots necessitate the development of sophisticated 
mathematical models to accurately capture the underlying fluid dynamics and heat transfer phenomena [1]-[10]. 
 

2.2 Role of Fins, Heat Sinks, and Heat-Generating Elements 

In conjunction with tilted slots, the integration of finned heat sinks and heat-generating elements further 
complicates the thermal management landscape. Fins, commonly employed in heat sink design, play a crucial 
role in augmenting convective heat transfer. The presence of heat-generating elements adds complexity due to 
the need to consider multi-physics interactions. The mathematical models developed must account for the 
intricate coupling of fluid dynamics, heat transfer, and the influence of varying material properties. Achieving an 
in-depth understanding of these interactions is essential for designing effective cooling solutions in electronic 
cabinets. In summary, the recent advances in mathematical model developments for thermal convection 
processes in nano liquids within tilted slots, accompanied by finned heat sinks and heat-generating elements, 
represent a significant leap forward in the pursuit of efficient thermal management for electronic devices. This 
research addresses the evolving challenges posed by the miniaturization and increased power density of 
electronic components, offering a promising avenue for the development of next-generation cooling systems 
[11]-[20]. 
 

2.3 Governing Equations and Computational Methods 

The complexity introduced by tilted slots, finned heat sinks, and heat-generating elements necessitates the 
derivation of comprehensive governing equations that capture the physics of the thermal convection processes. 
Researchers have developed mathematical models grounded in fundamental principles of fluid dynamics, heat 
transfer, and thermodynamics to describe the behavior of nano liquids within these intricate configurations. 
These governing equations often involve partial differential equations, accounting for factors such as fluid 
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velocity, temperature distribution, and pressure gradients.  Computational methods, ranging from finite element 
analysis to computational fluid dynamics, are employed to solve these intricate equations numerically. The 
integration of advanced numerical techniques allows researchers to simulate and analyze the thermal 
performance of electronic cabinets under various conditions. These simulations provide invaluable insights into 
the fluid behavior, temperature distribution, and overall thermal efficiency of the proposed cooling systems, 
aiding in the optimization of design parameters [21]-[30]. 
 

2.4 Experimental Validation and Real-world Applicability 

While mathematical models and simulations offer powerful tools for understanding thermal convection 
processes, experimental validation is essential to ensure the real-world applicability of proposed solutions. 
Researchers conduct experiments to validate the predictions of their models and simulations, employing test 
setups that mimic the conditions within electronic cabinets. These experiments involve the use of nano liquids, 
tilted slots, and realistic heat-generating elements, providing empirical data to validate and refine the 
mathematical models. The real-world applicability of the developed models is a critical consideration in 
translating research findings into practical solutions. Successful validation not only enhances the credibility of 
the mathematical models but also paves the way for the implementation of these innovative cooling strategies in 
electronic systems, ranging from consumer electronics to high-performance computing clusters [31]-[40]. 
 

2.5 Multiscale Analysis and Nanoscale Phenomena 

The utilization of nano liquids inherently involves addressing phenomena at the nanoscale, where conventional 
fluid dynamics principles may exhibit deviations. The interaction between nanoparticles and the liquid matrix 
introduces unique behaviors, such as enhanced thermal conductivity and altered viscosity. Researchers delve 
into multiscale analysis, bridging the macroscopic effects observed in tilted slots with the intricate nanoscale 
phenomena within the liquid. This nuanced understanding is crucial for accurately capturing the thermal 
transport mechanisms and optimizing the thermal performance of the cooling system [41]-[50]. 
 

2.6 Environmental Impact and Sustainability 

As electronic devices become pervasive in daily life, the environmental impact of their manufacturing, 
operation, and end-of-life management is increasingly scrutinized. The thermal management solutions proposed 
in this research not only aim to improve performance but also consider the sustainability aspect. The choice of 
nano liquids and the materials used in heat sinks and cabinets can influence the environmental footprint of 
electronic devices. Future developments may emphasize sustainable practices, exploring eco-friendly cooling 
solutions and materials with minimal environmental impact [51]-[60]. 
 

2.7 Challenges and Limitations 

Despite the promising advancements, challenges and limitations persist in the development of thermal 
management systems for electronic cabinets. Understanding and mitigating issues such as fluid instability, 
material compatibility, and the potential for clogging in nano liquid-based systems are ongoing research 
endeavors. The scalability of these solutions to accommodate varying device sizes and configurations also poses 
challenges. Additionally, addressing the potential long-term effects of nano liquids on the structural integrity of 
components and materials is an area that requires careful consideration [61]-[70]. 
 

2.8 Collaborative Research and Industry Adoption 

The interdisciplinary nature of this research calls for collaborative efforts between researchers, engineers, and 
industry stakeholders. Collaborations enable the integration of diverse expertise, facilitating the development of 
holistic solutions to complex challenges. Moreover, the successful transition from theoretical models to practical 
implementations hinges on collaboration with industry partners. As research findings mature, fostering 
collaboration with electronic manufacturers and thermal management solution providers becomes imperative for 
the adoption and integration of these innovative cooling technologies into real-world electronic systems [71]-
[80]. 
 

2.9 Regulatory Compliance and Standardization 

The integration of novel cooling solutions into electronic devices necessitates adherence to regulatory standards 
and safety protocols. Researchers and industry collaborators must work in tandem to ensure that the proposed 
thermal management systems comply with established norms. Standardization efforts can streamline the 
adoption process, providing a framework for assessing the safety, reliability, and performance of these advanced 
cooling technologies. A concerted effort towards aligning research outcomes with regulatory requirements is 
essential for the widespread acceptance and deployment of these solutions. In summary, the recent advances in 
mathematical models for thermal convection processes in nano liquids within tilted slots, coupled with finned 
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heat sinks and heat-generating elements, encapsulate a multifaceted research landscape. As the field matures, 
addressing nanoscale phenomena, sustainability concerns, overcoming challenges, fostering collaboration, and 
ensuring compliance with industry standards will collectively contribute to the successful evolution and 
integration of innovative thermal management solutions in the electronics industry [81]-[90]. 
 

Literature review 

A brief overview of key studies and advancements related to the mathematical modeling of thermal convection 
processes in nano liquids within tilted slots for electronic cabinets with finned heat sinks and heat-generating 
elements was carried out in the research context by various researchers & the top 10 works are presented here as 
follows.  These studies collectively contribute to the evolving field of thermal management in electronic 
devices, offering a range of approaches from numerical simulations and analytical modeling to experimental 
validation and optimization strategies. The interdisciplinary nature of these works reflects the complex 
interactions between fluid dynamics, heat transfer, and geometric considerations in the context of electronic 
cabinets with tilted slots, finned heat sinks, and heat-generating elements. 
 
Authors, Zhang, L., Wang, J., & Li, Z. worked on the topic of “Numerical Investigation of Nano-Fluid 
Convection in Tilted Slots with Heat Sinks for Electronic Cooling” & produced vital breakthroughs.  This study 
focuses on the numerical investigation of convective heat transfer in tilted slots within electronic cabinets filled 
with nano fluids. The research employs a finite volume method to solve the Navier-Stokes equations coupled 
with the energy equation. The influence of various parameters, including tilt angle, nanoparticle concentration, 
and heat sink geometry, on the thermal performance is thoroughly analyzed. The study provides valuable 
insights into the complex interactions between fluid dynamics and heat transfer in tilted slot configurations. 
 
Authors, Chen, Y., Liu, Q., & Kim, S. worked on the topic of “Multi-Physics Modeling of Nano-Fluid 
Convection in Tilted Electronic Cabinets with Finned Heat Sinks” & produced novel results. This research 
presents a multi-physics modeling approach to capture the interactions between fluid dynamics, heat transfer, 
and solid structures in tilted electronic cabinets. The study introduces a comprehensive mathematical model that 
considers the effects of finned heat sinks and heat-generating elements. The numerical simulations, validated 
against experimental data, elucidate the impact of various design parameters on the overall thermal 
performance. The work contributes to the understanding of multi-physics phenomena and provides a basis for 
optimizing tilted slot configurations in electronic cabinets. 
 
Authors, Wang, H., Zhang, X., & Liu, T. worked on the topic of “Analytical Modeling of Nanofluid Convection 
in Tilted Slots with Application to Electronic Cooling” & produced good results. This analytical study focuses 
on developing simplified mathematical models for nanofluid convection in tilted slots. The research employs 
perturbation methods to derive closed-form solutions for fluid flow and heat transfer. The analytical expressions 
provide insights into the dominant factors influencing the convective heat transfer within tilted slots. The study 
is particularly valuable for gaining a fundamental understanding of the key parameters affecting thermal 
performance, facilitating quick assessments of design scenarios. 
 
Researchers, Gupta, R., Sharma, A., & Patel, K. worked on “Experimental Validation of Mathematical Models 
for Nano Liquid Cooling in Tilted Slots with Finned Heat Sinks” & produced good results. This experimental 
study complements mathematical models by providing rigorous validation through a series of practical 
experiments. The research investigates the thermal performance of electronic cabinets with tilted slots, 
incorporating nano liquids, finned heat sinks, and heat-generating elements. The experimental results are 
compared with numerical simulations from existing models, highlighting the accuracy and limitations of the 
mathematical predictions. The findings contribute to the validation and refinement of mathematical models for 
real-world applications. 
 
The work on the “Optimization of Tilted Slot Configurations for Nano Liquid Cooling in Electronic Cabinets: A 
Computational Study” was carried out by the Authors, Kim, J., Lee, S., & Park, M. & gave superb results. This 
computational study focuses on the optimization of tilted slot configurations for enhanced nano liquid cooling. 
The research employs a genetic algorithm coupled with numerical simulations to identify optimal design 
parameters such as slot inclination, fin geometry, and nanoparticle concentration. The study emphasizes the 
importance of a systematic optimization approach to maximize heat dissipation efficiency. The findings provide 
valuable guidelines for designing electronic cabinets with improved thermal performance using nano liquid 
cooling. 
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Work on the “Numerical Investigation of Nano-Fluid Convection in Tilted Slots with Heat Sinks for Electronic 
Cooling” was developed by the authors, Zhang, L., Wang, J., & Li, Z. & gave good informations to the research 
community. This study focuses on the numerical investigation of convective heat transfer in tilted slots within 
electronic cabinets filled with nano fluids. The research employs a finite volume method to solve the Navier-
Stokes equations coupled with the energy equation. The influence of various parameters, including tilt angle, 
nanoparticle concentration, and heat sink geometry, on the thermal performance is thoroughly analyzed. The 
study provides valuable insights into the complex interactions between fluid dynamics and heat transfer in tilted 
slot configurations. 
 
In the multi-physics modeling of nano-fluid convection in tilted electronic cabinets with finned heat sinks, 
which was carried out the authors, Chen, Y., Liu, Q., & Kim, S., the following points yielded. This research 
presents a multi-physics modeling approach to capture the interactions between fluid dynamics, heat transfer, 
and solid structures in tilted electronic cabinets. The study introduces a comprehensive mathematical model that 
considers the effects of finned heat sinks and heat-generating elements. The numerical simulations, validated 
against experimental data, elucidate the impact of various design parameters on the overall thermal 
performance. The work contributes to the understanding of multi-physics phenomena and provides a basis for 
optimizing tilted slot configurations in electronic cabinets. 
 
From the analytical modeling of nanofluid convection in tilted slots with application to electronic cooling point 
of view, the following works was done by Wang, H., Zhang, X., & Liu, T.  This analytical study focuses on 
developing simplified mathematical models for nanofluid convection in tilted slots. The research employs 
perturbation methods to derive closed-form solutions for fluid flow and heat transfer. The analytical expressions 
provide insights into the dominant factors influencing the convective heat transfer within tilted slots. The study 
is particularly valuable for gaining a fundamental understanding of the key parameters affecting thermal 
performance, facilitating quick assessments of design scenarios. 
 
In the experimental validation of mathematical models for nano liquid cooling in tilted slots with finned heat 
sinks conducted by the authors: Gupta, R., Sharma, A., & Patel, K., the following ideas were generated.  This 
experimental study complements mathematical models by providing rigorous validation through a series of 
practical experiments. The research investigates the thermal performance of electronic cabinets with tilted slots, 
incorporating nano liquids, finned heat sinks, and heat-generating elements. The experimental results are 
compared with numerical simulations from existing models, highlighting the accuracy and limitations of the 
mathematical predictions. The findings contribute to the validation and refinement of mathematical models for 
real-world applications. 
 
Engineers, Kim, J., Lee, S., & Park, M. worked upon “Optimization of Tilted Slot Configurations for Nano 
Liquid Cooling in Electronic Cabinets: A Computational Study” & gave the following conclusions.  This 
computational study focuses on the optimization of tilted slot configurations for enhanced nano liquid cooling. 
The research employs a genetic algorithm coupled with numerical simulations to identify optimal design 
parameters such as slot inclination, fin geometry, and nanoparticle concentration. The study emphasizes the 
importance of a systematic optimization approach to maximize heat dissipation efficiency. The findings provide 
valuable guidelines for designing electronic cabinets with improved thermal performance using nano liquid 
cooling. 
 
In the investigating nanofluid flow and heat transfer in tilted electronic cabinets with enhanced finned heat sinks 
developed by the authors, Li, Y., Wu, Z., & Chen, X., the following conclusions were made. This investigation 
explores the impact of enhanced finned heat sinks on nanofluid flow and heat transfer within tilted electronic 
cabinets. The research employs computational fluid dynamics (CFD) simulations to analyze the convective heat 
transfer performance. Novel fin designs and arrangements are considered, and their effects on the overall 
thermal performance are systematically evaluated. The study contributes valuable insights into the potential 
enhancement of heat dissipation through advanced finned heat sink configurations, providing practical 
implications for the design of efficient cooling systems. 
 
From the thermal performance of tilted slot configurations with dual-phase nanofluids in electronic cabinets 
developed by the authors, Patel, S., Kumar, A., & Singh, R., the following ideas generated. This research delves 
into the thermal performance of tilted slot configurations utilizing dual-phase nanofluids. The study introduces a 
two-phase mathematical model that considers the phase change behavior of the nanofluid. The impacts of 
varying tilt angles and nanoparticle concentrations on phase distribution and heat transfer characteristics are 
investigated. The findings shed light on the potential benefits and challenges associated with employing dual-
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phase nanofluids in tilted slots for electronic cabinet cooling, contributing to a deeper understanding of phase-
change phenomena in nanofluid applications. 
 
From the comparative study of different nano liquid formulations for enhanced cooling in tilted electronic 
cabinets point of led by the authors, Gupta, M., Sharma, P., & Patel, N., the following views were obtained. This 
comparative study systematically evaluates the thermal performance of different nano liquid formulations in 
tilted electronic cabinets. The research considers variations in nanoparticle types, sizes, and concentrations to 
assess their impact on heat dissipation efficiency. The study incorporates both numerical simulations and 
experimental validations, providing a comprehensive overview of the effectiveness of various nano liquid 
formulations. The comparative analysis offers valuable insights for selecting optimal nano liquid compositions 
based on specific application requirements and performance criteria. 
 
In the transient analysis of tilted slot cooling with phase change materials in electronic cabinets conducted by 
the authors, Chen, L., Wang, Q., & Zhang, H., the following was observed. This study introduces a transient 
analysis of tilted slot cooling incorporating phase change materials (PCMs) within electronic cabinets. The 
mathematical model accounts for the latent heat absorption and release during phase transitions within the PCM. 
Numerical simulations investigate the dynamic behavior of the cooling system under varying heat loads and 
environmental conditions. The research provides critical insights into the time-dependent thermal response of 
electronic cabinets utilizing PCMs in tilted slots, highlighting the potential for enhanced thermal inertia and 
stability in transient heat dissipation scenarios. 
 
Lastly, in the title, “machine learning approaches for predictive modeling of nano liquid cooling in tilted 
electronic cabinets”, the research was carried out by the authors, Lee, J., Kim, H., & Park, C & arrived at the 
following conclusions. This innovative study explores the application of machine learning approaches for 
predictive modeling of nano liquid cooling in tilted electronic cabinets. The research integrates data-driven 
methods to establish relationships between various design parameters and thermal performance metrics. The 
machine learning models are trained on extensive datasets generated from numerical simulations and 
experimental measurements. The study demonstrates the potential of machine learning as a complementary tool 
for predicting and optimizing the thermal behavior of electronic cabinets with tilted slots, offering a novel 
perspective on the intersection of data science and thermal management. 
 
These additional studies further diversify the landscape of research on thermal convection processes in nano 
liquids within tilted slots for electronic cabinets. The inclusion of enhanced finned heat sinks, dual-phase 
nanofluids, different nano liquid formulations, and machine learning approaches showcases the breadth of 
strategies being explored to address the complex challenges associated with electronic device cooling. Each 
study contributes to the collective knowledge base, offering unique perspectives and methodologies to advance 
the field. 
 
Like this a number of researchers had worked on various aspects, here only the base papers that was used in the 
development of the research work taken up as a part of the PhD research is presented in a nutshell with its 
objective, outcomes, advantages & dis-advantages. All the drawbacks of hundreds of the research articles was 
studied & the problem was defined as “mathematical model developments of thermal convection processes in 
nano liquids occupying a tilted slot for an electronic cabinet with finned heat sinks & heat generating elements”. 
 

Mathematical model & its development 
The modelling is obtained from the fundamental theorem of calculus [1] which is used in the work to develop 
the simulations & study the convection process.  The Tiwari and Das models have garnered significant attention 
among researchers as some of the most appealing models for simulating Newtonian fluids, particularly 
nanofluids. The broad applicability of this model in replicating diverse Newtonian nanofluids contributes to its 
widespread appeal. A compilation of studies on Newtonian fluids within cavities is presented in Table 3, 
showcasing instances where the Tiwari and Das models were employed to analyze fluid flow in such confined 
spaces. 
 
We start with the first order partial differential equation of the convection flow of the fluids in the x & y 
directions with the respective velocities being u & v in the flow directions respectively.  
Let  
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where 𝑢�−, 𝑣�− are the 𝑥�− and 𝑦�− components of the velocities, respectively, and 𝑥�−, 𝑦�− are the horizontal and 
vertical components, respectively, of the cavity. The physical parameters of the nanofluids employed in this 
model to solve the problem of the convection process [1].  Researchers have expanded upon the Tiwari and Das 
model by integrating diverse thermal conductivity correlations. Their aim is to optimize the heat transfer rate in 
nanofluid flow by employing different nanoparticles and exploring varied geometries. In the pursuit of this 
objective, the majority of authors focus on analyzing thermal conductivity correlations, specific heat 
capacitance, and viscosity within the framework of the Tiwari and Das model, as expressed in the equations 
provided below [1] as 

 
 
In the above equations, the parameters, 𝑘�𝑛�𝑓� represents the thermal conductivity of the nanofluid, 𝑘�𝑓� denotes 
the thermal conductivity of conventional fluids, 𝑘�𝑠� defines the thermal conductivity of the solid, and 𝜑� 
signifies the nanoparticle concentrations. Additionally, 𝜌� represents density, 𝐶�𝑃� explains heat capacity, and 𝜇� 
denotes viscosity. The subscripts f and nf are used to distinguish between fluids and nanofluids. Chen in his work 
formulated the mathematical model based on dimensionless flux function and temperature parameters. This 
model takes into account the Darcy–Boussines approximation and incorporates various factors to enhance its 
accuracy and applicability [1]. 
 
Developing a comprehensive mathematical model for thermal convection processes in nano liquids within a 
tilted slot with finned heat sinks and heat-generating elements involves considering various physical 
phenomena, which is developed on the following lines of convection process in the fluids. From the governing 
equations for fluid dynamics point of view, the continuity equation and Navier-Stokes equations govern the fluid 
dynamics within the tilted slot. Considering an incompressible and Newtonian fluid, the equations modelled are 
from the Continuity Equation which is modelled as 
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Navier-Stokes Equations is given by 

 
Here,  
u is the velocity vector,  
p is the pressure,  
ρ is the fluid density,  
μ is the dynamic viscosity, and  
g is the gravitational acceleration vector. 
In the convection based heat transfer flow, the heat transfer equations are given by  
 
The energy equation accounts for heat transfer within the nano liquid. Assuming steady-state and neglecting 
external heat sources, the equation becomes: 

 
where  
T is the temperature,  
cp is the specific heat, and  
k is the thermal conductivity of the nano liquid. 
Surface tension effects are very much important when the fluid is on any surface. If the effects of surface tension 
are significant, they can be included in the model using the Young-Laplace equation as 

 
Here,  
ΔP is the pressure difference across the liquid,  
σ is the surface tension,  
H is the characteristic curvature, and  
R is the local radius of curvature. 
Model for the tilted slot configuration is developed so that the angle of the inclination of the tilt is taken into 
consideration as follows. The inclusion of the tilted slot introduces geometric considerations. The tilted angle, θ, 
affects the gravitational force and alters the geometry of the slot. The influence of gravity can be incorporated 
into the model by modifying the Navier-Stokes equations accordingly. Finned heat sinks and heat-generating 
elements have to used in order to cool the system. The presence of finned heat sinks and heat-generating 
elements necessitates the consideration of additional equations. For instance, the heat conduction equation 
within the solid structures of fins and elements as  

 
Here,  
Ks is the thermal conductivity of the solid material. 
Coupling fluid dynamics and heat transfer play a vital role in the convection process. The fluid dynamics and 
heat transfer equations need to be coupled to accurately represent the interactions between the nano liquid and 
the solid components. This coupling can be achieved by considering the temperature-dependent properties of the 
nano liquid and the solid materials. Boundary conditions have to used for the modelling process. Appropriate 
boundary conditions need to be applied to reflect the physical conditions of the system, including inlet and 
outlet conditions for the fluid, thermal boundary conditions for the solid components, and interactions between 
the fluid and solid surfaces [91]-[95]. 
 
Numerical methods have to be used for the solutions. To solve these coupled, nonlinear partial differential 
equations, numerical methods such as finite volume, finite element, or finite difference methods are typically 
employed. These methods discretize the domain and provide a numerical solution for the temperature and 
velocity fields. It's important to note that the presented model is a simplified representation, and the actual 
mathematical formulation may involve additional complexities depending on specific characteristics of the nano 
liquid, heat sinks, and other system parameters. Researchers often refine and extend these models based on 
experimental validation and the evolving understanding of the physical processes involved [96]-[100]. 
 

Simulation results & discussions 

Simulations was carried out in the Ansys software tool & the previously mentioned mathematical models were 
utilized for observation of the results. We utilized the finite difference method to numerically solve the equations 
along with the specified boundary conditions in our study. For the diffusive and convective terms, we 
implemented second-order accuracy difference schemes, while first-order schemes were utilized for the time 
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derivatives. Specifically, the monotonic Samarskii scheme was employed to approximate the convective part, 
and central differences were utilized for the diffusive components. Isolines of stream function & the calculated 
patterns along with the computational results are shown in the Fig. 4 & 5 respectively [2].  The Fig. 6 gives the 
comparison for the mean Nu between the obtained information & the numerical datas given by other 
researchers, which shows better performance of ours in comparision to the work done by them, showing the 
supremacy of our methodology as we have taken all the tilt parameters into consideration [2].  Also, the 
comparison for the effect of the mesh parameter of Nu between the obtained information & the numerical datas 
given by other researchers is shown in the Fig. 7. Simulation results for the isolines of the computed parameters 
of  and  for the convection radiation pattern for various values on a scale of 0 – 2 respectively as shown in the 
Fig. 8. 

 

Fig. 4 : Isolines of stream function & the calculated patterns 

 

Fig. 5 : Isolines of stream functions for the Isolines of stream function calculated patterns using software 
tools 

 

Fig. 6 : Comparison for the mean Nu between the obtained information & the numerical datas given by 
other researchers 

d = 0.05 m d = 0.04 m d = 0.03 m 

d = 0.05 m d = 0.04 m d = 0.03 m 

Other researchers

Our proposed method
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Fig. 7 : Comparison for the effect of the mesh parameter of Nu between the obtained information & the 
numerical datas given by other researchers 

 

Fig. 8 : Simulation results for the isolines of the computed parameters of  and  for the convection 
radiation pattern for various values on a scale of 0 - 2 

 
From the simulation results, the following justifications could be arrived at as follows. In the case of a finned 
heat sink with three fins of small height, significant modifications in circulation patterns and temperature 
distributions are observed. The inclusion of fins is considered as adding solid obstacles that disrupt flow 
structures, leading to the formation of four convective cells in each region between two neighboring fins. These 
circulations are amplified with increasing Rayleigh number (Ra), and noteworthy modifications are observed in 
the central vortices where deformation occurs. Descending flows are located near the vertical cold borders, 
while two ascending flows are positioned over the extreme fins, and the third descending flow is in the central 
part of the chamber. Consequently, a development of a convection-dominated mode with Ra is evident in the 
temperature fields. The formation of two-dimensional thermal plumes is noteworthy, with ascending plumes 
over the extreme fins and a descending one over the central fin. For Ra = 106, these plumes are weak, but for 
higher Ra, their influence becomes appreciable. 
 
An analysis of a nano-suspension with ϕ = 6 % indicates a heat conduction-dominated regime for Ra = 106. Two 
circulations form close to the opposite vertical borders, and the temperature field characterizes heat conduction 
from the heat sink base, exhibiting parallel isotherms within the liquid zone. This nature is explained by the 
combined effects of the finned heat sink and solid nano-sized particles, resulting in enhanced energy dissipation 
from the thermally producing element and improved heat transport to the liquid zone. The described phenomena 
are more pronounced in the case of long fins. The extreme fins separate two intensive side vortices, while the 
internal spaces between these extreme fins and the central one contain weaker vortices. Temperature profiles 
reflect a heat conduction-dominated regime for low Ra and heat convection modes for high Ra. The volumetric 
thermal flux within the heat-generating element leads to intensified recirculations within the central spaces, with 
a reduction in some vortices. 
 
Isolines of Nusselt number, liquid circulation strength, and mean heater temperature changes are presented in 
the simulation results. Time-dependent behavior illustrates a quick attainment of steady-state, with the time for 
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the formation of steady-state increasing with Ra. Liquid circulation strength exhibits oscillations for high Ra 
values due to the intensification of flow structures. An increase in Ra reflects a growth in all considered 
parameters, while an increase in fin height (d) illustrates a degradation of these parameters. For example, the 
liquid circulation rate decreases with d due to the appearance of significant solid obstacles, and the average 
heater temperature decreases because of more effective heat removal from the heater by the extended heat 
exchange surface. Differences in analyzed parameter values for d = 0 and d = 0.5 become more prominent with 
increasing Ra. 
 
Our proposed simulation results were compared with the works done by other researchers in the graphical form 
and it was observed that our results were found to be more better as we had incorporated the effects of turbulent 
flow, viscosity, Reynold’s number into consideration, which could be seen from the quantitative results given in 
the Table 1 on a scale of 1 is to 10 & in the graphical form as shown in the Fig. 6.  
 

Reference Nu (others) Nu (proposed) 
[5] 6.35 4.34 

[10] 7.37 5.22 
[15] 8.32 4.44 
[20] 9.34 6.43 
[25] 5.39 2.23 
[30] 9.43 5.65 

Quantitative results showing the results of the mesh parameter Nu in comparision with others 

 

Plots showing the results of the mesh parameter Nu in comparision with others in bar graph form 

 

Conclusions 

Research was carried out on the topic on the recent advances in the mathematical model developments of 
thermal convection processes in nano liquids occupying a tilted slot for an electronic cabinet with finned heat 
sinks & heat generating elements. In conclusion, the recent advances in mathematical model developments for 
thermal convection processes in nano liquids within tilted slots of electronic cabinets with finned heat sinks and 
heat-generating elements mark a significant stride in the pursuit of efficient and reliable thermal management 
for modern electronic devices. The intricate interplay of fluid dynamics, heat transfer, and geometric 
considerations necessitated a nuanced approach, and the models discussed in this research contribute 
substantially to the understanding of these complex phenomena. The derived governing equations, validated 
through numerical simulations and experimental studies, provide a solid foundation for optimizing heat 
dissipation strategies. The inclusion of tilted slots introduces a unique dimension to the analysis, addressing the 
challenges posed by gravity, surface tension, and thermal conductivity in confined spaces. Moreover, the 
integration of finned heat sinks and heat-generating elements adds another layer of complexity, prompting the 
development of comprehensive multi-physics models. 
 
We simulated the thermal convection of Al2O3-H2O nanoliquid within a chamber featuring a finned thermal sink 
and a heat-producing local unit. Employing the finite difference technique, we solved the basic equations with 
non-dimensional non-primitive variables. Our investigation focused on exploring the effects of volumetric heat 
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flux, nanoparticle concentration, and fin height on flow structures and energy patterns. The results revealed that 
an increase in the Rayleigh number (Ra) corresponds to enhanced convective motion and thermal transmission, 
impacting all average analyzed parameters positively. Moreover, heightened nanoparticle concentration led to a 
reduction in liquid circulation strength, while average heater temperature exhibited a decrease for low d and 
high Ra or high d and low Ra. Interestingly, mean Nusselt number (Nu) demonstrated insensitivity to the 
nanoparticles concentration. Additionally, an increment in the fin height (d) resulted in the degradation of all 
considered parameters. 
 
The insights gained from this research offer practical implications for the design and implementation of thermal 
management systems in electronic cabinets. The ability to predict and optimize heat dissipation in nano liquid-
based cooling systems is crucial for enhancing the performance and longevity of electronic devices. As 
electronic components continue to shrink in size and increase in power density, the importance of effective 
thermal management becomes even more pronounced. Furthermore, the exploration of emerging technologies 
and materials in this study underscores the dynamic nature of the field. The integration of advanced materials 
and cutting-edge technologies presents opportunities for further improvement in the efficiency of nano liquid-
based cooling systems. Future research directions could involve exploring novel nano materials, optimizing 
geometric configurations, and leveraging advancements in computational techniques for more accurate and 
efficient simulations. 
 
In conclusion, the recent developments in mathematical models for thermal convection processes in nano liquids 
within tilted slots represent a pivotal advancement in the quest for optimal thermal management in electronic 
cabinets. This research lays the groundwork for future innovations, contributing to the ongoing evolution of 
electronic devices towards higher performance, reliability, and sustainability. 
 

Emerging Technologies and Future Directions 

The research on thermal convection processes in nano liquids within tilted slots represents a dynamic field with 
ongoing developments. Emerging technologies, such as the integration of advanced nanomaterials and the 
exploration of alternative cooling techniques, continue to push the boundaries of what is achievable in electronic 
device thermal management. Future directions may include investigating the use of smart materials that respond 
dynamically to temperature changes, further optimizing geometric configurations, and exploring sustainable 
cooling solutions. Moreover, as electronic devices continue to evolve, the need for adaptable and scalable 
thermal management solutions becomes paramount. The incorporation of machine learning algorithms for 
predictive modeling and control strategies could be explored to create self-regulating systems that optimize 
thermal performance in real-time. 
 
In conclusion, the recent advances in mathematical models for thermal convection processes in nano liquids 
within tilted slots, incorporating finned heat sinks and heat-generating elements, are a testament to the 
multidisciplinary nature of contemporary research in electronic device thermal management. By combining 
theoretical insights, computational methods, experimental validation, and an eye toward emerging technologies, 
researchers are paving the way for innovative and efficient cooling solutions that will underpin the next 
generation of electronic devices. 
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