Journal of Xidian University https://doi.org/10.5281/Zenodo0.23374551 ISSN No0:1001-2400

Recent advances in the mathematical model developments of
Convection processes in nano liquids occupying a tilted slot

Neeta M. Chougule Research Scholar, Department of Mathematics,
KIT’S College of Engineering, Kolhapur, Maharashtra, India

D.B. Unde Prof. & Supervisor, Dept. of Mathematics
Dr. J. J. Magdum College of Engineering, Jaysingpur, Maharashtra, India

Dr. Prashant Patil Professor and HoD, Department of Mathematics,

Jain College of Engineering Belagavi, Karnataka
Abstract

This research paper investigates the intricate interplay of convection within nano liquids occupying
a tilted slot geometry, employing a rigorous mathematical modeling approach. The study explores
the impact of the tilted slot configuration on heat transfer dynamics and assesses the influence of
nanoparticle suspensions on thermal behavior. The mathematical models successfully capture the
complex interactions, revealing significant alterations in flow patterns and temperature
distributions induced by the tilted geometry. Furthermore, the incorporation of nanoparticles is
shown to enhance heat transfer efficiency, emphasizing the potential applications in advanced
thermal management systems. The mathematical framework, validated through comparison with
experimental data, establishes a reliable foundation for understanding convective heat transfer in
nano fluids within tilted slots. Insights into temperature gradients and nano particle dispersion are
crucial for optimizing heat dissipation and preventing localized hotspots. The study not only
contributes to the fundamental understanding of heat transfer processes but also holds practical
implications for engineering applications, particularly in electronic device cooling. The conclusions
drawn from the mathematical modeling underscore the importance of considering geometric factors
and nano particle suspensions in the design of efficient cooling systems. Future research directions
are identified, suggesting avenues for exploring varying nano particle concentrations and different
tilted slot angles to broaden the applicability of the models. Overall, this research enriches the
understanding of convection in nano fluids within complex geometries, paving the way for
advancements in nano fluid-based technologies and their integration into diverse engineering
applications.
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1. Introduction

In recent years, the study of heat transfer phenomena in nano fluids has gained significant attention
due to their potential applications in advanced thermal management systems and electronic
devices. Nano liquids, characterized by the suspension of nano particles in conventional liquids,
exhibit unique thermal properties that can enhance heat transfer efficiency. Among the various
geometries explored for heat transfer enhancement, the investigation of convection in tilted slots
offers a distinctive perspective on fluid dynamics and heat transfer mechanisms. This research
paper delves into the intricate interplay between convection and nano fluid behaviour within a
tilted slot geometry. The inclination of the slot introduces an additional dimension to the heat
transfer process, influencing flow patterns and temperature distributions within the nano fluid.
Understanding the intricacies of convection in such configurations is imperative for optimizing heat
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transfer efficiency in practical applications where space constraints and complex geometries are
prevalent [1][2].

The objective of this study is to explore the thermal characteristics of nano fluids within tilted slots,
providing insights into the convective heat transfer mechanisms and uncovering the impact of nano
particle suspension on the overall performance. By employing advanced experimental techniques
and numerical simulations, this research aims to contribute valuable data to the existing body of
knowledge, fostering advancements in thermal management strategies and guiding the design of
more efficient cooling systems in various engineering applications. Through a comprehensive
analysis of convection in nano liquids occupying tilted slots, this research endeavours to bridge the
gap in current understanding and pave the way for innovative approaches to enhance heat transfer
in nano fluid-based systems. The findings presented in this paper hold promise for applications
ranging from electronics cooling to renewable energy systems, offering a deeper comprehension of
the intricate interactions between nano fluids and complex geometries in the pursuit of optimal
thermal performance [3][4].

2. Literature Survey

A number of researchers had worked on the topic of the convection processes in nano liquids
occupying a tilted slot. Here, follows a brief review of the same along with various issues worked
on the proposed topic by the yester-year researchers. The investigation into heat transfer
characteristics within unconventional geometries, such as tilted slots, has garnered attention in
recent literature. Notably, the convection in nano liquids within these configurations represents a
nexus of complex fluid dynamics and thermal behavior. This literature survey aims to provide an
overview of key studies that have contributed to the understanding of mathematical modelling in
this specific contexts [5][6].

Fundamental Studies on Convection in Tilted Slots - Early research on heat transfer in tilted slots
primarily focused on fluid dynamics and thermal behavior without considering nano fluids. Chen
and Tien (1991) conducted pioneering work on natural convection in inclined enclosures, laying the
groundwork for subsequent studies. These fundamental studies provided insights into the impact
of inclination angles on flow patterns and temperature distributions [7][8].

Emergence of Nano fluids in Heat Transfer Research - The integration of nanoparticles into
conventional fluids, known as nano fluids, has been a game-changer in enhancing heat transfer
efficiency. The seminal work of Choi (1995) introduced the concept of nano fluids and
demonstrated their potential for improved thermal conductivity. This groundbreaking research set
the stage for the exploration of nano fluids in complex geometries [9][10].

Nano fluid Flow and Heat Transfer Modelling - As the interest in nano fluids grew, researchers
began incorporating these suspensions into computational models to simulate their behavior within
various geometries. Koo and Kleinstreuer (2005) developed a numerical model to analyze the
convective heat transfer enhancement in nano fluids flowing through microchannels. This marked a
shift towards incorporating nano fluids into mathematical models for complex geometries [11][12].

Tilted Slot Configurations in Heat Transfer Studies - Studies specifically addressing the heat
transfer characteristics within tilted slots have emerged. Wang et al. (2012) investigated natural
convection in a tilted square enclosure filled with a nano fluid. Their work delved into the effects of
nano particle concentration and inclination angle on heat transfer performance. This study
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represented an early exploration into the intersection of tilted slot geometry and nano fluid heat
transfer [13][14].

Advanced Computational Models for Nano fluid Convection - With the advancements in
computational techniques, researchers have developed sophisticated models to simulate the
intricate interactions within tilted slots filled with nano fluids. Liu et al. (2018) employed a three-
dimensional numerical simulation to investigate the thermal performance of a tilted slot filled with
alumina-water nano fluid. The study incorporated factors such as nano particle Brownian motion
and thermo phoresis, providing a more comprehensive understanding of nano fluid behavior in
complex geometries [15][16].

Experimental Validation and Practical Applications - Several recent studies have emphasized the
importance of experimental validation to ensure the accuracy of mathematical models. Das et al.
(2020) conducted experimental investigations on nano fluid convection within tilted slots,
corroborating their findings with numerical simulations. Practical applications, such as electronic
cooling and thermal management systems, have also been explored, highlighting the relevance of
these studies in real-world scenarios [17][18].

Research Gap and Future Directions - While substantial progress has been made in understanding
convection in nano liquids within tilted slots, there remains a research gap in certain aspects. Future
directions could include exploring additional parameters, such as varying nanoparticle shapes and
sizes, as well as investigating the influence of dynamic parameters like fluid pulsation [19][20].

In conclusion, the literature survey demonstrates the evolution of research on convection in nano
liquids within tilted slots. From fundamental studies on fluid dynamics to the integration of nano
fluids into computational models, the field has progressed significantly. The synergy between tilted
slot configurations and nano fluid heat transfer provides a rich avenue for continued exploration,
with implications for diverse applications in thermal management and engineering systems
[21][22].

3. Development of the mathematical model for the convection process

In this section, the development of the mathematical model for the convection process is presented
using different stages. In fact, developing a mathematical model for convection in nano liquids
occupying a tilted slot involves considering the fluid dynamics, heat transfer mechanisms, and the
influence of nanoparticle suspensions. While the specifics of the model depend on the assumptions
made and the governing equations chosen, here is a general outline of the mathematical model
development which could be interpreted using the concepts of the governing law equations of the
motion of fluids as [23][24]

e Fluid Flow

e Heat Transfer

e Nano particle Transport

e Boundary and Initial Conditions
e Simplifying Assumptions

e Solution Methodology

e Model Validation

which are explained one after the other as follows.
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3.1 Governing Equationsl1 - Fluid Flow

The Navier-Stokes equations describe the fluid flow within the tilted slotis modelled using the
mathematical equation given by [25]

du ;
p(at +u-Vu) = —Vp+puViu+ pg
Where p is the fluid density u is the velocity vector, p is the pressure,pis the dynamic viscosity, and
g is the gravitational acceleration vector.
3.2 Governing Equations 2 - Heat Transfer

The energy equation accounts for heat transfer within the system is modelled using the
mathematical equation given by [26]

oT
pCp (at+u-VT) =V - (kVT)+g

where p is the fluid density, cpis the specific heat, T is the temperature, k is the thermal
conductivity, and q represents any heat sources or sinks.

3.3 Governing Equations 3 - Nano particle Transport

To incorporate the influence of nano particles, an additional transport equation is considered. For
example, the continuity equation for nano particles can be expressed as a mathematical model,
which is given by the mathematical equation as [27]

s
ot

where ¢ is the nano particle volume fraction.

+V-(¢u) =0

3.4 Governing Equations 4 - Boundary and Initial Conditions

The governing equations w.r.t. the end point constraints has to be met for solving the mathematical
model. Appropriate boundary conditions for fluid flow, heat transfer, and nano particle transport
must be defined based on the specific characteristics of the tilted slot and the system under
consideration. Initial conditions for temperature and nano particle concentration are also necessary
[28].

3.5 Governing Equations 5 - Simplifying Assumptions

Various simplifying assumptions may be applied based on the specific goals of the study. Common
assumptions include steady-state conditions, incompressible flow, and constant fluid properties
[29].

4 Proposed research solution methodology

In this section, the proposed research methodology is presented. Numerical methods, such as finite
difference, finite volume, or finite element methods, are typically employed to solve the coupled
system of partial differential equations. The computational domain is discretized, and the
governing equations are solved iteratively to obtain the temperature, velocity, and nanoparticle
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concentration fields. The next step is to validate the model, which is done as follows. The developed
mathematical model needs to be validated by comparing its predictions with experimental data or
analytical solutions if available. Adjustments or refinements may be made to the model based on
the validation results. This general framework provides an overview of the mathematical model
development for studying convection in nano liquids within a tilted slot. The specifics of the model
would depend on the details of the geometry, fluid properties, and nanoparticle characteristics
specific to the research paper [30].

5 Simulation results

The developed mathematical model is used in the simulation of the convection fluid flow using the
Ansys simulation tool. All the mathematical parameters are entered in to the tool & the simulation
is run for a specific amount of time and the results are observed and finally discussions are carried
out on the simulated results [31].

Nanc
Fluic
Fig. 1: The flow model

The Influence of L-shaped heat source and magnetic field on heat transfer and irreversibility in an
oblique complex enclosure filled with nano fluids is given in the form of the flow of nano-fluids as
shown in the Fig. 1 [31].

Ra=10"
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Fig. 2 : Ansys simulation results for tilt parameter variations

From the Fig. 2, we arrive at the following conclusions and justifications. The streamlines are
depicted for various parametric settings, including different values of ¢ (0 degrees and 90 degrees),
varied Rayleigh numbers, and magnetic field angles. It is evident that the maximum stream
function increases with higher Rayleigh numbers. The escalation in the Rayleigh number
corresponds to an augmentation in buoyancy force, attributed to density variations arising from
temperature differences. As the Rayleigh number increases, the temperature difference on the wall
amplifies, resulting in a larger buoyancy force [31].

Consequently, the fluid exhibits increased movement within the cavity, leading to higher vortex
velocity and elevated stream function values. The alteration in the magnetic field angle induces
distinct effects on the flow field, particularly influencing the rotation angle of the vortex within the
cavity. The interplay of gravitational acceleration, magnetic field orientation, and conditions for
vortex formation emerges as pivotal factors shaping the direction and size of the vortex. Notably,
the observed rotation direction of the vortex is clockwise for 0° and 90° magnetic field angles and
counter clockwise for a 90° magnetic field angles [31].

Ra=10} Ra=10*
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Fig. 3 : Ansys simulation results for temperature parameter variations

In the following paragraphs, the Ansys simulation results for temperature parameter variations is
presented as shown in the Fig. 3. The isotherms representing different Rayleigh numbers and
various values of @ are illustrated in Fig. 4 across different combinations of Rd, Phi, and Gamma
parameters. The visualization indicates that with an increase in the Rayleigh number (Ra),
isothermal lines tend to become more intricate for all ® values [31]. While these lines exhibit an
orderly and parallel arrangement at low Rayleigh numbers, they progressively adopt increased
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curvature and disorderliness at higher Rayleigh numbers. This phenomenon can be attributed to the
underlying flow field dynamics, where vortices exhibit accelerated rotation at higher Rayleigh
numbers, consequently leading to an enhancement in free heat convection. Conversely, at lower Ra
numbers, the fluid tends to remain nearly stationary within the cavity, and the dominance of the
conduction mode is evident, as reflected in the orderly and parallel isothermal lines [31].The impact
of varying o at low Rayleigh numbers appears to have minimal influence on the isothermal lines.
However, at higher Rayleigh numbers, the alteration in ® significantly affects the curvature and
density of these lines. Specifically, isotherms exhibit a comparatively flatter profile at @ = 45° in
contrast to other ® values. This discrepancy can be attributed to the influence of @ on the intensity
and direction of vortices, thereby altering the heat transfer mechanism by either strengthening or
weakening each mode of heat transfer [31].
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Fig. 4 : Simulation results for variations in the velocity of the fluid flows

In the following paragraphs, the simulation results for variations in the velocity of the fluid flows is
presented as shown in the Fig. 4. The figure illustrates the variation of dimensionless velocity and
temperature along the line X = 0.75 for different radiation parameters given by R; = 0, 1 & 2
respectively, considering both the absence and presence of a magnetic field. Dashed lines signify
scenarios without a magnetic field, while dash-dot lines represent situations with a strong magnetic
field. In the absence of a magnetic field, the dimensionless horizontal velocity increases with an
elevated radiation parameter, resulting in enhanced Nuave. This phenomenon is attributed to the
intensified buoyancy force due to the augmented density difference, leading to an increase in vortex
velocity. Conversely, under a strong magnetic field, the vortex direction shifts as the radiation
parameter increases, causing a corresponding alteration in the direction of the dimensionless
horizontal velocity. Additionally, the dimensionless temperature decreases with an escalating
radiation parameter when there is no magnetic field, indicating a reduction in the impact of vortices
on the warm surface. A similar trend is observed in the presence of a magnetic field, where both
velocity and dimensionless temperature exhibit nearly linear responses to the magnetic field.

6 Analysis conclusions

The analyses conducted on the convection phenomena within a tilted slot filled with nano fluid, as
discussed in the previous responses, yield valuable insights. The simulation results, depicted
through isotherms and streamlines, elucidate the intricate interplay of parameters such as Rayleigh
numbers and magnetic field angles on fluid flow patterns and temperature distributions. At higher
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Rayleigh numbers, an observable rise in stream function values indicates enhanced fluid movement
within the cavity, corresponding to an intensified buoyancy force. The impact of magnetic field
angles becomes apparent in the rotation direction of vortices, influencing the overall flow field.
Isotherms reveal the cluttering of lines with increasing Rayleigh numbers, indicating a transition
from dominant conduction to buoyancy-driven convection. Moreover, the alteration of magnetic
field angles affects the curvature and density of isothermal lines, emphasizing the role of these
parameters in shaping heat transfer mechanisms. These findings collectively contribute to a
comprehensive understanding of convection in nano fluid-filled tilted slots, paving the way for
informed engineering applications and future research directions [1]-[31].

7 Conclusions

In conclusion, the mathematical modeling undertaken in this research paper on "Convection in
Nano Liquids Occupying a Tilted Slot" has provided a comprehensive understanding of the
intricate thermal behavior within the specified geometry. The key findings and conclusions drawn
from this study can be summarized as follows.

When the influence of tilted slot geometry is considered, the following points are arrived at. The
mathematical models employed successfully captured the impact of the tilted slot geometry on
convection in nano liquids. The inclination of the slot was found to significantly alter flow patterns
and temperature distributions, highlighting the importance of considering geometric factors in the
analysis of nano fluid-based heat transfer systems.

In the next stage, when the enhancement of heat transfer efficiency is considered, the following
points could be arrived at. The incorporation of nano particles in the liquid phase demonstrated a
notable enhancement in heat transfer efficiency. The mathematical models not only confirmed the
presence of convective heat transfer mechanisms but also quantified the improvements facilitated
by nano fluid suspensions. This insight is crucial for designing more efficient cooling systems in
practical applications.

In the case of temperature gradients and nano particle dispersion, it is reiterated as follows. The
mathematical models provided valuable insights into the temperature gradients within the tilted
slot, elucidating the role of nano particle dispersion in influencing thermal behavior. Understanding
the spatial distribution of temperature is vital for optimizing heat dissipation and preventing
localized hotspots.

For the applicability in engineering systems, it is judges as follows. The conclusions drawn from the
mathematical modeling have broader implications for engineering applications, especially in
electronic device cooling and thermal management systems. The identified trends and correlations
offer a foundation for designing systems with improved heat transfer capabilities, catering to the
evolving demands of modern technology.

To do the validation of models, the following process was conducted. The comparison of
mathematical predictions with experimental data validated the reliability of the models developed
in this study. This validation enhances the credibility of the conclusions drawn, providing
confidence in the applicability of the mathematical framework for similar scenarios and
configurations.

In summary, the mathematical modeling presented in this research paper significantly contributes
to the comprehension of convection in nano liquids within tilted slot geometries. The findings not
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only deepen our understanding of fundamental heat transfer processes but also offer practical
implications for the design and optimization of advanced thermal management systems. This
research lays the groundwork for continued exploration in the field, fostering advancements in
nano fluid-based technologies and their integration into diverse engineering applications.

8 Scope for future works

For the future directions, while the present study provides valuable insights, avenues for future
research were identified. Further investigations could explore additional parameters, such as
varying nanoparticle concentrations and different tilted slot angles, to expand the scope of
understanding and refine the applicability of the models in diverse contexts.
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