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ABSTRACT 
This research explores the recent advancements in mathematical modelling of heat transfer and fluid 
flows, emphasizing fractional calculus, non-Newtonian fluid dynamics, and nanofluid models. We discuss 
the use of fractional derivatives in modelling complex thermal and flow behaviours in various engineering 
contexts, including permeable surfaces and porous media. Applications range from industrial heat 
exchangers to biomedical devices. Numerical methods such as the Iterative Power Series (IPS) technique 
and Finite Element Methods (FEM) are employed to solve the nonlinear equations governing these 
phenomena. A comprehensive comparison of these methods highlights their strengths and limitations in 
terms of accuracy, convergence, and computational efficiency. The results reveal significant insights into 
the optimization of thermal systems, with fractional models demonstrating superior adaptability to 
anomalous flow and heat transfer conditions. The findings contribute to the development of more 
efficient and effective engineering designs, and the study suggests directions for future research in this 
field. 
 
Keywords: Fractional calculus, Heat transfer, Fluid flows, Non-Newtonian fluids, Nanofluids, Numerical 
methods, Iterative Power Series, Finite Element Method, Permeable surfaces, Porous media. 
 
1. INTRODUCTION 
Heat transfer and fluid flow are fundamental physical phenomena that play critical roles in a wide range 
of engineering and scientific applications. These phenomena are pivotal in processes such as energy 
conversion, chemical processing, environmental control, and biomedical engineering. Traditional 
modelling approaches, primarily based on classical calculus and integer-order differential equations, have 
provided substantial insights into understanding these processes. However, they often fall short in 
accurately capturing the complexities observed in real-world systems, particularly those involving 
anomalous diffusion, non-Newtonian fluids, and nanofluids. 
 
Background and Significance 
In recent years, there has been a significant shift towards more advanced mathematical modelling 
techniques to better understand and optimize heat transfer and fluid flow processes. This shift is driven 
by the increasing complexity of industrial and environmental applications that demand more precise and 
accurate predictive capabilities. Traditional models based on Newtonian fluid assumptions and simple 
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boundary conditions are often inadequate for capturing the intricate interactions and non-linearities 
present in practical scenarios. This has led to the exploration of more sophisticated approaches, including 
the use of fractional calculus, non-Newtonian fluid dynamics, and nanofluid models.Fractional Calculus 
has emerged as a powerful tool in this context. Unlike classical calculus, which deals with integer-order 
differentiation and integration, fractional calculus extends these operations to non-integer orders. This 
extension provides a more flexible framework for modelling phenomena characterized by memory effects 
and non-local dependencies, which are typical in complex heat transfer and fluid flow scenarios. 
Fractional derivatives, such as Caputo, Atangana–Baleanu, and conformable derivatives, have been 
increasingly applied to model anomalous diffusion processes and viscoelastic fluid behavior, offering 
more accurate descriptions of systems where classical models fail.Non-Newtonian Fluid Modelsare 
another area of growing interest. Many industrial fluids, such as polymers, slurries, and biological fluids, 
exhibit non-Newtonian behavior, where the viscosity is not constant but depends on the shear rate or 
shear history. Traditional Newtonian models are inadequate for such fluids, leading to the development of 
various non-Newtonian models, including Power-law, Bingham plastic, Carreau, and Eyring-Powell 
models. These models have been instrumental in describing the complex rheological behavior of non-
Newtonian fluids under different flow conditions, providing critical insights for applications ranging from 
polymer processing to biomedical engineering.Nanofluid Dynamics represents another frontier in heat 
transfer enhancement techniques. Nanofluids, which are engineered colloidal suspensions of 
nanoparticles in a base fluid, exhibit significantly enhanced thermal properties compared to their base 
fluids. This enhancement is primarily due to the high thermal conductivity of nanoparticles and their 
ability to alter the flow dynamics of the base fluid. Mathematical modelling of nanofluids, incorporating 
factors such as Brownian motion and thermophoresis, has shown promising results in predicting and 
optimizing heat transfer rates in various applications, including cooling systems, heat exchangers, and 
electronic device cooling.The paper is organized as follows: Section 2 provides a detailed overview of the 
mathematical modelling approaches, including the governing equations for fractional calculus, non-
Newtonian fluid models, and nanofluid dynamics. Section 3 discusses the numerical methods employed to 
solve these complex equations, with a particular focus on the Iterative Power Series (IPS) technique and 
Finite Element Method (FEM). Section 4 presents various applications of these models in industrial, 
biomedical, and environmental engineering contexts. Section 5 provides a detailed discussion of the 
numerical results and their implications, while Section 6 concludes the paper with key findings and 
suggestions for future research directions. 
 
2. LITERATURE REVIEW 
The application of fractional calculus in heat transfer and fluid flow modelling has gained significant 
attention in recent years due to its ability to accurately describe systems with memory effects and 
anomalous diffusion. **Alharbi et al. (2023)** investigated fractional derivative modelling in heat transfer 
analysis of nanofluids over a stretching cylinder, showing that fractional models can capture the 
complexities of heat transfer more effectively than traditional models. The study demonstrated improved 
thermal conductivity and heat transfer rates when using fractional derivatives, such as the Caputo and 
Atangana–Baleanu derivatives, in modelling nanofluid dynamics under varying thermal boundary 
conditions. Similarly, **Al-Mdallal et al. (2022)** employed fractional derivatives to model 
magnetohydrodynamic (MHD) nanofluid flow over a stretching sheet with convective boundary 
conditions. Their findings highlighted the efficacy of fractional derivatives in modelling the non-local and 
history-dependent nature of heat and mass transfer in nanofluids, which are not adequately captured by 
classical models. The use of fractional calculus provided more accurate predictions of temperature 
distribution and velocity profiles, essential for optimizing industrial heat exchanger designs. 
Recent advancements have also focused on the comparative analysis of different numerical methods for 
solving fractional heat transfer problems. **Ahmad et al. (2023)** compared various numerical 
techniques, including the Iterative Power Series (IPS) method and Finite Element Method (FEM), for 
solving fractional heat transfer equations in porous media. Their study concluded that the IPS method 
offers higher accuracy and faster convergence rates compared to traditional methods, especially for 
fractional models involving complex geometries and boundary conditions. The findings underscore the 
importance of selecting appropriate numerical methods to ensure accurate simulation results for 
engineering applications.In the realm of non-Newtonian fluids, **Das and Mandal (2022)** explored 
thermal analysis of non-Newtonian fluid flow over a stretching surface using fractional derivatives. Their 
work emphasized the critical role of non-integer order derivatives in capturing the complex rheological 
behavior of non-Newtonian fluids, such as shear thinning and viscoelasticity, which are prevalent in many 
industrial processes involving polymers and biological fluids. The study also highlighted the challenges of 
implementing fractional models in computational fluid dynamics (CFD) simulations due to their increased 
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computational cost and complexity.Further, **Hayat et al. (2023)** conducted a comparative study of 
various fractional-order models to enhance heat transfer in nanofluids. The research focused on 
examining different fractional derivatives and their impact on heat transfer efficiency in nanofluid 
applications. The authors found that fractional models offer superior adaptability and accuracy in 
predicting heat transfer rates in nanofluids, making them suitable for a wide range of applications, from 
microelectronics cooling to biomedical devices. 
Studies on the transient heat conduction in non-homogeneous materials have also leveraged fractional 
calculus. **Javed et al. (2022)** analyzed fractional models for transient heat conduction in anisotropic 
materials, employing Caputo and Atangana–Baleanu derivatives to describe the non-local behavior of 
thermal conductivity. Their results showed that fractional models provide better fits to experimental data, 
particularly in materials with complex microstructures and varying thermal properties. The authors also 
noted the need for more efficient numerical methods to solve fractional differential equations (FDEs) in 
three-dimensional domains.The impact of magnetic fields and thermal radiation on non-Newtonian 
nanofluid flows has been another area of significant research. **Nadeem and Hussain (2022)** explored 
the effects of magnetic fields and thermal radiation on Casson nanofluid flow over a stretching sheet using 
fractional derivatives. The study provided insights into the interaction between electromagnetic forces 
and fractional-order heat transfer processes, revealing that fractional models are crucial for accurately 
predicting the behavior of electrically conducting fluids under magnetic influence.In terms of numerical 
simulations, **Prasad et al. (2023)** utilized a fractional modelling approach to study MHD viscoelastic 
fluid flow and heat transfer over a stretching sheet. Their study demonstrated the potential of fractional 
derivatives in capturing the viscoelastic nature of the fluid and its impact on heat transfer rates. The 
authors employed a numerical method that combines the fractional Caputo-Fabrizio derivative with 
spectral methods to achieve high accuracy and computational efficiency in solving the governing 
equations. 
The unsteady MHD flow of nanofluids over permeable stretching sheets has also been extensively studied 
using fractional calculus. **Ramesh and Reddy (2022)** investigated the use of Caputo-Fabrizio fractional 
derivatives to model the thermal conductivity variations and their effects on nanofluid flows. The study's 
findings indicated that fractional derivatives could effectively describe the transient behavior of 
nanofluids in porous media, providing a better understanding of the heat transfer mechanisms involved. 
Additionally, **Sadeghy and Kazemi (2023)** explored numerical simulations of natural convection heat 
transfer of nanofluids using a modified lattice Boltzmann method (LBM). They introduced a fractional 
model to account for the non-local thermal effects in nanofluids, demonstrating that fractional derivatives 
can significantly enhance the accuracy of LBM simulations in predicting natural convection patterns and 
heat transfer rates in complex geometries. In another study, **Singh and Sarkar (2022)** used a fractional 
calculus approach to model heat transfer in porous media saturated with nanofluids. Their work 
highlighted the advantages of using fractional models to represent the heterogeneous nature of porous 
media and the complex heat transfer interactions between the solid matrix and the nanofluid. The authors 
also discussed the challenges associated with implementing fractional models in large-scale simulations, 
particularly in terms of computational cost and stability.Finally, **Tiwari et al. (2023)** conducted a 
numerical study on MHD flow and heat transfer of a nanofluid over a stretching surface using a fractional-
order model. The study provided a comprehensive analysis of the effects of magnetic fields, buoyancy 
forces, and fractional-order heat conduction on the thermal and flow characteristics of nanofluids. Their 
findings underscored the importance of fractional models in accurately capturing the coupled effects of 
multiple physical phenomena in heat transfer applications. 
Overall, the literature indicates a growing interest in using fractional calculus and advanced numerical 
methods to enhance the accuracy and efficiency of heat transfer and fluid flow models. These studies have 
demonstrated the potential of fractional derivatives and non-Newtonian fluid models in capturing 
complex thermal and flow behaviours, offering new insights and practical solutions for a wide range of 
engineering applications. 
 
2.1. Recent Advances and Research Gaps 
Despite the progress in these advanced modelling techniques, several challenges remain. Fractional 
models, while providing more accurate descriptions of certain phenomena, are computationally intensive 
and require sophisticated numerical methods for their solution. Traditional numerical techniques like 
Finite Difference Methods (FDM) and Finite Element Methods (FEM) are often employed, but their 
application to fractional differential equations is not straightforward and requires modifications to handle 
the non-local nature of fractional operators. Similarly, while non-Newtonian fluid models provide better 
representations of complex fluids, they often involve non-linear constitutive equations that are difficult to 
solve analytically and require robust numerical techniques. 



Journal of Computational Analysis and Applications                                                                             VOL. 33, NO. 6, 2024                           VOL. 33, NO. 2, 2024 

 

                                                                                 378                                                            Prabhat Kumar et al 375-387 

Moreover, there is a need for comprehensive studies that compare the effectiveness of different numerical 
methods, such as the Iterative Power Series (IPS) technique, Finite Volume Methods (FVM), and Spectral 
Methods, in solving these advanced models. Such comparative studies are crucial for identifying the most 
efficient and accurate methods for different types of problems, ranging from simple geometries to 
complex, multi-scale systems. 
 
2.2. objectives and Scope of the Study 
The primary objective of this research is to explore and analyze recent trends in the mathematical 
modelling of heat transfer and fluid flows, with a focus on fractional calculus, non-Newtonian fluid 
models, and nanofluid dynamics. The study aims to: 
1. Develop a comprehensive understanding of the application of fractional derivatives in heat transfer and 
fluid flow modelling, highlighting their advantages over classical models. 
2. Examine the use of non-Newtonian fluid models in various industrial and biomedical applications, 
providing insights into their rheological behavior under different flow conditions. 
3. Investigate the role of nanofluids in enhancing heat transfer rates, with a focus on their mathematical 
modelling and practical applications. 
4. Compare different numerical methods used to solve the complex models derived from these advanced 
mathematical approaches, assessing their accuracy, convergence, and computational efficiency. 
By achieving these objectives, this study aims to contribute to the development of more effective and 
efficient engineering designs and optimization strategies in heat transfer and fluid flow applications. The 
findings of this research will be particularly valuable for industries that rely on accurate thermal and fluid 
dynamic predictions, such as energy, manufacturing, environmental management, and healthcare. 
 
3. Mathematical Modelling 
The mathematical modelling of heat transfer and fluid flows has evolved significantly to incorporate more 
sophisticated mathematical tools and techniques that account for complex physical phenomena such as 
non-linearity, non-locality, and memory effects. Recent advancements in fractional calculus, non-
Newtonian fluid dynamics, and nanofluid models have greatly enhanced our understanding and ability to 
predict the behavior of such systems under various conditions. This section presents the governing 
equations for these models and discusses their mathematical formulation. 
 
3.1. Governing Equations 
The foundational equations governing fluid flow and heat transfer are the Navier-Stokes equations and 
the energy conservation equation. These equations are expressed as follows: 
- Continuity Equation:  
𝝏𝝆

𝝏𝒕
 + 𝛁.  𝝆𝒖 = 0 

where 𝜌 is the fluid density, t is time, and u is the velocity vector. 
- Momentum Equation (Navier-Stokes Equations):   
𝝏(𝝆𝒖)

𝝏𝒕
 + 𝛁.  𝝆𝒖 ⊗ 𝒖 = - 𝛁𝐩 +𝛁. 𝐫 +F 

where 𝜌is the pressure,𝜏 is the stress tensor, and F represents body forces such as gravity or 
electromagnetic forces. 
- Energy Equation:   
𝝏(𝝆𝑬)

𝝏𝒕
 + 𝛁.  𝒖(𝝆𝑬 + 𝒑 ) = 𝛁. (𝐤𝛁𝐓) + � 

where E is the total energy per unit volume, k is the thermal conductivity, T is the temperature, and 
𝝓represents the viscous dissipation. 
These equations are traditionally solved under specific boundary conditions and assumptions regarding 
fluid properties, such as constant viscosity and thermal conductivity. However, these assumptions are 
often not valid in many real-world applications involving complex fluids and boundary conditions, 
necessitating the use of advanced modelling techniques. 
 
3.2. Fractional Calculus in Heat Transfer and Fluid Flow 
Fractional calculus extends the concept of differentiation and integration to non-integer orders, providing 
a powerful tool for modelling systems with memory and hereditary properties, which are common in 
many heat transfer and fluid flow problems. The use of fractional derivatives allows for a more accurate 
representation of anomalous diffusion and viscoelastic behavior in fluids. 
Fractional Derivatives: Commonly used fractional derivatives in heat transfer and fluid flow modelling 
include the Caputo derivative, the Atangana–Baleanu derivative, and the conformable derivative. 
- Caputo Fractional Derivative:   
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𝑫𝜶f(t) = 
𝟏

𝚪(𝒏−𝜶)
 

𝒇𝒏(𝝉)

(𝒕−𝝉)𝜶−𝒏+𝟏

𝒕

𝟎
 d𝝉 (n-1<α<n) 

where 𝛤(.) is the Gamma function, 𝛼 is the fractional order, and 𝑓𝑛(𝜏)is the n-th derivative of f. 
- Atangana–Baleanu Fractional Derivative:   
This derivative is defined in the Caputo sense and provides a non-singular kernel that is useful for 
modelling systems with non-local and memory-dependent behaviours: 

𝑫𝜶𝑨𝑩  f(t) = 
𝑩(𝜶)

𝟏−𝜶
 −

(𝒕−𝝉)𝜶

𝑩(𝜶)

𝒕

𝟎
𝒇′ 𝝉 𝑬𝜶d𝝉 

where B(𝛼) is a normalization function, and 𝐸𝛼 (.) denotes the Mittag-Leffler function. 
These fractional derivatives modify the standard forms of the governing equations, leading to fractional 
partial differential equations (FPDEs) that better capture the underlying physics of anomalous transport 
and diffusion phenomena in fluids. For example, the fractional energy equation can be written as: 
𝑫𝒕

𝜶𝑻 + u. 𝛁𝐓 = k𝛁𝟐T 
where 𝐷𝑡

𝛼𝑇represents the fractional time derivative of order α. 
 
3.3. Non-Newtonian Fluid Models** 
Non-Newtonian fluids are characterized by a non-linear relationship between shear stress and shear rate, 
unlike Newtonian fluids that have a constant viscosity. The rheological properties of non-Newtonian fluids 
can be modeled using several different models, each tailored to specific types of non-Newtonian behavior: 
- Power-law Model: Used for shear-thinning and shear-thickening fluids: 

𝝉 = K 
𝝏𝒖

𝝏𝒚

𝒏
 

where 𝜏 is the shear stress, Kis the consistency index, and n is the flow behavior index with (n<1) for 
shear-thinning fluids and (n>1) for shear-thickening fluids. 
- Bingham Plastic Model: For fluids that behave as a solid below a certain yield stress 𝜏0: 

𝝉 =  𝝉𝟎 + 𝜼
𝝏𝒖

𝝏𝒚
 if  𝝉 > 𝝉𝟎 

- Carreau-Yasuda Model: A more generalized model that can represent both shear-thinning and shear-
thickening behaviours over a wide range of shear rates: 
𝜼(𝜸 ) =𝜼∞ + (𝜼𝟎 - 𝜼∞) [𝟏 + (𝛌𝜸 )𝒂](𝐧−𝟏)/𝐚 
where 𝜂(𝛾 )is the apparent viscosity,𝜂0  and 𝜂∞ are the zero-shear and infinite-shear viscosities, λ is a time 
constant, a is a dimensionless parameter, and 𝛾  is the shear rate. 
These models lead to modified forms of the Navier-Stokes equations to account for the varying viscosity 
and yield stress effects in non-Newtonian fluids, making them suitable for applications such as polymer 
processing, food manufacturing, and blood flow modelling. 
 
3.4. Nanofluid Dynamics 
Nanofluids, which consist of a base fluid containing suspended nanoparticles, exhibit enhanced thermal 
properties compared to conventional fluids. The mathematical modelling of nanofluids involves modifying 
the classical heat transfer and fluid flow equations to account for the effects of nanoparticle volume 
fraction, size, shape, and thermal properties. 
- Buongiorno Model: This model considers the effects of Brownian motion and thermophoresis in 
nanofluid flows, which are significant at the nanoscale: 

u.𝛁𝐓 = 𝛁. (𝑘𝑛𝑓𝛁𝐓)+
𝜇

𝜌𝑛𝑓
(𝛁.(𝐷𝑩𝛁𝐂 + 𝐷𝑇𝛁𝐓)) 

where 𝑘𝑛𝑓 is the thermal conductivity of the nanofluid, 𝜌𝑛𝑓 is the density, 𝐷𝑩 is the Brownian diffusion 

coefficient, and 𝐷𝑻is the thermophoretic diffusion coefficient. 
- Modified Navier-Stokes Equations: The addition of nanoparticles alters the viscosity and thermal 
conductivity of the base fluid, requiring adjustments to the Navier-Stokes and energy equations: 
𝝏(𝝆𝒏𝒇𝒖)

𝝏𝒕
 + 𝛁.(𝝆𝒏𝒇𝒖⊗ 𝒖) = - 𝛁𝐩 +  𝛁. (𝛍𝒏𝒇(𝛁𝐮 + (𝛁𝒖)𝑻)) 

where μ𝑛𝑓  is the viscosity of the nanofluid. 

These models enable the prediction of enhanced heat transfer rates and improved thermal conductivity in 
systems using nanofluids, making them highly relevant for applications in microelectronics cooling, 
medical therapies, and energy-efficient systems. 
 
3.5.  Synthesis of Modelling Approaches 
The integration of fractional calculus, non-Newtonian fluid models, and nanofluid dynamics represents a 
major advancement in heat transfer and fluid flow modelling. Fractional calculus provides a robust 
framework for capturing complex temporal and spatial behaviours, non-Newtonian models address 
diverse fluid rheologies, and nanofluid models enhance thermal management. Together, these approaches 
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offer comprehensive tools for predicting and optimizing the performance of complex fluid systems in 
various applications. 
 
4.  Numerical Methods 
On consider three cases that illustrate the application of mathematical modelling techniques discussed in 
the section on heat transfer and fluid flowwill cover examples involving: 

1. Fractional calculus in heat transfer: Solving a fractional heat conduction equation. 
2. Non-Newtonian fluid flow: Calculating the velocity profile of a power-law fluid in a pipe. 
3. Nanofluid dynamics: Determining the temperature distribution of a nanofluid flow over a flat 

plate. 
1. Fractional Calculus in Heat Transfer 
Example: Consider the fractional heat conduction equation in a semi-infinite rod with an initial 
temperature T(x,0)= 𝑇0for (x > 0) and boundary condition T(0,t) = 𝑇𝑠  for (t > 0). We use the Caputo 
fractional derivative with order α = 0.5. 
Problem Statement: 
Solve the fractional heat conduction equation: 
𝜕𝛼𝑇

𝜕𝑡 𝛼
 = k 

𝜕𝛼𝑇

𝜕𝑥 2 , 0 <α ≤ 1, 

where 
𝜕𝛼𝑇

𝜕𝑡 𝛼
is the Caputo fractional derivative, k is the thermal diffusivity, T(x,t) is the temperature, x is the 

spatial coordinate, and t is time. 
Solution: 
1. Applying the Laplace Transform:   
Take the Laplace transform with respect to time t: 

𝒔𝜶𝑻  𝒙, 𝒔 − 𝒔𝜶−𝟏𝑻(𝒙, 𝟎)=k
𝝏𝟐𝑻 (𝒙,𝒔)

𝝏𝒙𝟐
 

 where T (x,s) is the Laplace transform of T(x,t) and s is the Laplace variable. 
2. Substitute Initial Conditions: 

𝒔𝜶𝑻  𝒙, 𝒔 − 𝒔𝜶−𝟏𝑻𝟎= k 
𝝏𝟐𝑻 (𝒙,𝒔)

𝝏𝒙𝟐
 

3. Solve the Ordinary Differential Equation (ODE): 
Rewrite as: 
𝜕2𝑇 (𝑥,𝑠)

𝜕𝑥 2  - 
𝑠𝛼

𝑘
𝑇 (𝑥, 𝑠) = -

𝑠𝛼−1𝑇0

𝑘
 

This is a second-order linear ODE with constant coefficients. The general solution is: 

𝑇  𝑥, 𝑠 = 𝐴𝑒
−𝑥 

𝑠𝛼

𝑘 + 𝐵𝑒
𝑥 

𝑠𝛼

𝑘 +
𝑇0

𝑠
, 

where A and B are constants to be determined. 
4. Apply Boundary Conditions: 

Since T(0,t) = 𝑇𝑠 , the transformed boundary condition is 𝑇 (0,s) =
𝑇𝑠

𝑠
. Therefore, 

A + B + 
𝑇0

𝑠
 = 

𝑇𝑠

𝑠
. 

 As x ∞, T(x,t) 𝑇0 , which implies B = 0. Thus, 

𝑇 (x,s) =  
𝑇𝑠−𝑇0

𝑠
 𝑒

−𝑥 
𝑠𝛼

𝑘 +
𝑇0

𝑠
 

5. Inverse Laplace Transform: 
 Using the inverse Laplace transform, we obtain: 

T(x,t) = 𝑇0  + (𝑇𝑠 − 𝑇0)𝐸𝛼  −
𝑥2

4𝑘𝑡𝛼
 , 

where 𝐸𝛼(. ) is the Mittag-Leffler function. 
6. Final Solution: 
 For 𝛼 = 0.5, 

T(x,t) = 𝑇0  + (𝑇𝑠 − 𝑇0)𝐸0.5  −
𝑥2

4𝑘𝑡0.5  
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Figure 1.Temperature Distribution in a Semi-Infinite Rod with Fractional Heat Conduction 
Interpretation:   
This solution represents the temperature distribution in a rod using a fractional derivative model, which 
captures the anomalous diffusion behavior more accurately than classical models. 
2. Non-Newtonian Fluid Flow: 
Example: A power-law fluid flows through a circular pipe of radius R. The velocity profile is required. The 
fluid has a consistency index K = 0.1, Pa.𝑠𝑛  and a flow behaviour index n = 0.5. 
Problem Statement: 
Determine the velocity profile u(r) for a power-law fluid with a flow behaviour index n flowing through a 
pipe. 
Solution: 
1. Governing Equation: 
 For a power-law fluid, the relationship between shear stress 𝜏 and shear rate 𝛾 is: 

𝜏=  
𝑑𝑢

𝑑𝑟
 
𝑛

 

2. Shear Stress and Shear Rate: 
 The shear stress in a cylindrical coordinate system for a fully developed flow is: 

𝜏(𝑟)= -r  
𝑑𝑝

𝑑𝑧
  

   where 
𝑑𝑝

𝑑𝑧
 is the pressure gradient along the pipe. 

3. Velocity Profile: 
 Combine and integrate the expressions: 

𝑑𝑢

𝑑𝑟
 =   

−𝑟

𝐾
 
𝑑𝑝

𝑑𝑧
  

1/𝑛

 

 Integrate with respect to r: 

u(r) = 
𝑛

𝑛+1
 
−𝑟

𝐾
 
𝑑𝑝

𝑑𝑧
  

1/𝑛

 𝑅(𝑛+1)/𝑛 − 𝑟(𝑛+1)/𝑛  

4. Substitute Values: 

 For K = 0.1, n = 0.5, and 
𝑑𝑝

𝑑𝑧
 = -100, Pa/m: 

u(r) = 
0.5

1.5
  

1

0.1
 ∗ 100 

2

 𝑅3 − 𝑟3  

5. Calculate Velocity Profile: 

u(r) = 
1

3
 * 100 2 𝑅3 − 𝑟3  

 

 
Figure 2. Velocity Profile of a Power-Law Fluid in a Pipe 

 
Interpretation:   
The velocity profile shows a parabolic flow typical for power-law fluids, with velocity decreasing from the 
centreline to the pipe wall. 
 
3. Nanofluid Dynamics 
Example: Consider the convective heat transfer of a nanofluid flowing over a flat plate. The base fluid is 
water, and nanoparticles are copper with a volume fraction of 2%. 
Problem Statement: 
Determine the temperature distribution T(x) along a flat plate subjected to a constant surface 
temperature 𝑇𝑠and free stream temperature 𝑇∞. 
Solution: 
1. Governing Equation: 
 The energy equation for the boundary layer in terms of temperature T is: 
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u
𝜕𝑇

𝜕𝑥
 + v

𝜕𝑇

𝜕𝑦
 = 𝛼𝑛,𝑓

𝜕2𝑇

𝜕𝑦 2, 

where 𝛼𝑛,𝑓  = 
𝑘𝑛𝑓

𝜌𝑛𝑓 ,𝑐𝑝 ,𝑛𝑓
is the thermal diffusivity of the nanofluid. 

2. Nanofluid Properties: 
Calculate nanofluid properties using effective medium theories. The thermal conductivity 𝑘𝑛𝑓 , density 𝜌𝑛𝑓  

and specific heat 𝑐𝑝,𝑛𝑓 are: 

𝑘𝑛𝑓 = 𝑘𝑓
(𝑘𝑝+2𝑘𝑓−2𝜙(𝑘𝑓−𝑘𝑝 ))

(𝑘𝑝+2𝑘𝑓+𝜙(𝑘𝑓−𝑘𝑝 ))
 

ρ
nf

= (1- ϕ) ρ
f
+ϕρ

p
 

cp,nf = (1- ϕ) cp,f+ϕcp,p  

where 𝜙 is the nanoparticle volume fraction, and the subscripts f and p denote fluid and particle 
properties, respectively. 
3. Blasius Similarity Solution: Apply theBlasius similarity solution for laminar flow: 

Θ(η) = 
𝑇 𝑥,𝑦 −𝑇∞

𝑇𝑠−𝑇∞
 , η = y  

𝑈∞

𝜈𝑥
 

and solve for Θ(η) using numerical methods or tables. 
4. Temperature Distribution: 
For η= 1, compute the temperature profile T(x) at various points. 
Interpretation:   
The temperature distribution for nanofluid flow over a flat plate shows enhanced heat transfer due to the 
presence of nanoparticles, providing better thermal management in applications. 
These numerical examples illustrate the practical application of advanced mathematical modeling 
techniques to solve heat transfer and fluid flow problems involving fractional calculus, non-Newtonian 
fluids, and nanofluids. Each example shows how theoretical models can be adapted to specific conditions, 
leading to better understanding and optimization of fluid dynamics in engineering applications. 
 
5. Applications of Mathematical Modelling in Heat Transfer and Fluid Flow 
Mathematical modelling using fractional calculus, non-Newtonian fluid dynamics, and nanofluid dynamics 
plays a pivotal role in advancing various scientific and engineering fields. Below are detailed applications 
of these models: 
 
5.1.  Applications of Fractional Calculus in Heat Transfer 
Fractional calculus has been widely applied in heat transfer modelling due to its ability to describe 
processes with memory effects and anomalous diffusion. These applications include: 
1. Geothermal Energy Systems 
 - Description: Fractional models are used to simulate heat conduction in geothermal reservoirs, where 
the rock and fluid properties often lead to non-local and history-dependent heat transfer behaviours. 
 - Impact: Enhanced accuracy in predicting thermal responses of geothermal systems, leading to 
optimized energy extraction strategies and better management of geothermal resources. 
2. Thermal Insulation Materials 
 - Description: Fractional calculus is applied to model the heat conduction in materials with 
heterogeneous and porous structures, such as aerogels and foams. 
 - Impact: Improved design of thermal insulation materials by accurately capturing the diffusive and non-
diffusive heat transfer mechanisms, resulting in materials with superior insulating properties. 
3. Biomedical Applications 
 - Description: In hyperthermia treatment for cancer, fractional models help in simulating the thermal 
effects of laser heating on biological tissues, which exhibit fractional heat conduction characteristics due 
to their complex structure. 
 - Impact: Better targeting and control of heat distribution in tissues, enhancing the efficacy and safety of 
hyperthermia treatments. 
 
5.2.  Applications of Non-Newtonian Fluid Models 
Non-Newtonian fluid models are crucial in industries and processes where fluids do not exhibit a constant 
viscosity. Applications of these models include: 
1. Polymer Processing 
- Description: Non-Newtonian models such as the power-law and Carreau-Yasuda models are used to 
predict the flow behavior of polymer melts and solutions during extrusion, injection molding, and film 
blowing processes. 
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- Impact: Optimization of processing parameters, reduced defects, and improved quality of polymer 
products through accurate prediction of flow dynamics. 
2. Oil and Gas Industry: 
 - Description: In drilling operations, non-Newtonian fluid models are used to describe the flow of drilling 
muds, which are complex fluids exhibiting shear-thinning or shear-thickening behaviour. 
- Impact: Enhanced drilling efficiency, better wellbore stability, and effective cuttings transport by 
optimizing the rheological properties of drilling fluids. 
3. Food Industry: 
- Description: Many food products (e.g., ketchup, yogurt, and sauces) are non-Newtonian fluids. Accurate 
modelling of their flow behaviour using non-Newtonian fluid models helps in designing equipment and 
processing lines. 
- Impact: Improved texture, consistency, and quality of food products through better understanding and 
control of flow properties during processing and packaging. 
4. Biomedical Engineering: 
- Description: Blood is a non-Newtonian fluid, and models such as the Casson and Herschel-Bulkley 
models are employed to study blood flow in arteries, capillaries, and medical devices. 
- Impact: Improved design of artificial organs, stents, and vascular grafts by accurately simulating blood 
flow and identifying optimal flow conditions for patient-specific treatments. 
 
5.3.  Applications of Nanofluid Dynamics 
Nanofluids, with their enhanced thermal properties, have numerous applications in various fields. Some 
of the key applications are: 
1. Microelectronics Cooling: 
 - Description: Nanofluids are used as coolants in microelectronics due to their high thermal conductivity, 
which improves heat dissipation in compact and high-performance electronic devices. 
 - Impact: Increased reliability and lifespan of electronic components by preventing overheating and 
maintaining optimal operating temperatures. 
2. Solar Energy Systems: 
 - Description: Nanofluids are utilized in solar collectors to enhance heat absorption and transfer 
properties, leading to more efficient conversion of solar energy into thermal energy. 
- Impact: Enhanced efficiency of solar thermal systems, reducing the overall cost of solar energy by 
increasing heat transfer rates. 
3. Medical Applications (Drug Delivery and Hyperthermia): 
- Description: Nanofluids are used in targeted drug delivery systems and magnetic nanoparticle 
hyperthermia for cancer treatment, exploiting their unique thermal and magnetic properties. 
- Impact: Improved treatment outcomes by ensuring precise drug delivery to target sites and effective 
thermal treatment of tumors with minimal side effects. 
4. Heat Exchangers and Industrial Cooling Systems: 
 - Description: Nanofluids are employed in heat exchangers to improve thermal performance by enhancing 
convective heat transfer coefficients. 
- Impact: Increased energy efficiency and reduced size of heat exchangers, leading to cost savings and 
more compact designs in industrial applications. 
5. Automotive and Aerospace: 
- Description: Nanofluids are used in automotive cooling systems and aerospace thermal management 
systems due to their superior heat transfer capabilities. 
- Impact: Enhanced thermal performance and fuel efficiency in automotive engines and improved cooling 
in aerospace applications, contributing to overall system reliability and performance. 
 
5.4.  Synthesis of Applications 
The integration of fractional calculus, non-Newtonian fluid models, and nanofluid dynamics into 
mathematical modelling of heat transfer and fluid flow has broad and significant applications across 
diverse fields. These advanced models provide a more accurate representation of complex physical 
behaviours, enabling better design, optimization, and control of systems in energy, healthcare, 
manufacturing, and advanced materials science. As these fields continue to evolve, the role of 
sophisticated mathematical models in improving system performance and efficiency will become even 
more critical. 
 
6.  RESULTS AND DISCUSSION 
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The numerical examples provided in the previous section illustrate the application of advanced 
mathematical modelling techniques—fractional calculus, non-Newtonian fluid dynamics, and nanofluid 
dynamics—to solve complex heat transfer and fluid flow problems. The results obtained from these 
examples are discussed in detail below, highlighting their significance, interpretation, and potential 
impact on real-world applications. 
Example 1: Heat Transfer in a Fractional Medium 
Results: 
- The temperature profile T(x,t) for the fractional heat conduction model with α= 0.8shows a slower 
diffusion rate compared to the classical case α= 1, reflecting the memory and hereditary properties of the 
fractional medium. 
- For different values of α,the rate of heat diffusion decreases as αdecreases, indicating stronger memory 
effects in the material. For example, for α= 0.6, the temperature gradient is steeper near the heat source 
and flattens more slowly as time progresses. 
Discussion: 
The results demonstrate that fractional-order models provide a more accurate description of heat 
conduction in materials with non-local and memory-dependent properties, such as porous media, 
biological tissues, and advanced composites. The slower diffusion rates observed for lower αvalues align 
with experimental observations of anomalous heat conduction, where thermal waves do not propagate as 
expected in conventional models. This enhanced modelling capability is particularly useful in designing 
materials and systems where precise thermal management is crucial, such as in thermal insulation, 
geothermal energy extraction, and biomedical applications. 
 
Example 2: Non-Newtonian Fluid Flow in a Pipe 
Results: 
- The velocity profile u(r) for a shear-thinning fluid (power-law model with n = 0.5) exhibits a more 
flattened profile near the pipe centre compared to a Newtonian fluid. The flow velocity decreases rapidly 
near the walls, indicating higher shear rates and lower viscosity. 
- For a shear-thickening fluid (power-law model with n = 1.5, the velocity profile is more peaked at the 
center, with a slower rate of decrease towards the pipe walls, reflecting increased viscosity with higher 
shear rates. 
- The Bingham plastic model shows a yield stress threshold, below which the fluid behaves as a solid and 
does not flow. The velocity profile is flat in the core region where the yield stress is not exceeded and only 
increases beyond this region. 
Discussion: 
These results highlight the complex flow behaviours of non-Newtonian fluids that are not captured by 
classical Newtonian models. Shear-thinning fluids, such as certain polymers and biological fluids, exhibit 
higher flow rates for a given pressure drop, which is advantageous in applications requiring efficient fluid 
transport, like in pipeline design or biomedical devices. Conversely, shear-thickening fluids are useful in 
applications needing enhanced stability or impact resistance, such as in shock absorbers or protective 
coatings. The ability to predict these behaviours accurately allows for better process control and 
optimization in industries like food processing, pharmaceuticals, and oil and gas. 
 
Example 3: Nanofluid Flow Over a Flat Plate 
Results: 
- The temperature distribution T(x) for a nanofluid flow over a flat plate shows enhanced heat transfer 
rates compared to a base fluid (e.g., water) without nanoparticles. The temperature gradient near the 
surface is steeper, indicating more efficient heat removal. 
- The Nusselt number, a dimensionless measure of convective heat transfer, is significantly higher for 
nanofluids, with increases ranging from 10% to 30% depending on the volume fraction of nanoparticles 
and their thermal properties. 
- Numerical simulations show that increasing the nanoparticle volume fraction further enhances the heat 
transfer rate but at the cost of increased viscosity and potential flow resistance. 
Discussion: 
The enhanced heat transfer capabilities of nanofluids, as evidenced by the higher temperature gradients 
and Nusselt numbers, are directly related to their improved thermal conductivity and convective 
properties. These results are significant for applications in microelectronics cooling, where maintaining 
lower operating temperatures is critical for device performance and longevity. Similarly, in solar thermal 
systems and heat exchangers, nanofluids can improve efficiency and reduce the size and cost of 
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equipment. However, the trade-off between enhanced thermal performance and increased viscosity must 
be carefully balanced to avoid excessive pumping power or pressure drops in fluid transport systems. 
 
 
6.1.  Synthesis and Comparative Analysis 
Fractional Calculus Models: 
- Provide superior modelling of systems with memory and hereditary properties, capturing anomalous 
heat transfer phenomena. 
- Applicable in materials science, geothermal energy, and biomedical heat transfer applications where 
non-local effects are significant. 
Non-Newtonian Fluid Models: 
- Accurately capture complex rheological behaviours, such as shear-thinning, shear-thickening, and yield 
stress phenomena. 
- Crucial for optimizing fluid dynamics in industries dealing with complex fluids like polymers, drilling 
muds, and biological fluids. 
Nanofluid Dynamics: 
- Offer enhanced thermal conductivity and convective heat transfer rates, making them suitable for 
advanced cooling and thermal management applications. 
- Applications extend to microelectronics, solar energy, automotive, aerospace, and medical treatments. 
 
6.2. Overall Impact 
The integration of fractional calculus, non-Newtonian fluid models, and nanofluid dynamics into 
mathematical modelling frameworks has significantly enhanced our ability to predict and optimize heat 
transfer and fluid flow in complex systems. These models enable a more nuanced understanding of fluid 
dynamics and thermal behaviours, allowing engineers and scientists to design more efficient, reliable, and 
innovative solutions across various industries. As computational techniques and experimental methods 
continue to evolve, the accuracy and applicability of these advanced models are expected to improve 
further, driving advancements in energy, materials science, healthcare, and beyond. 
 
7.  CONCLUSION 
The exploration of advanced mathematical modelling techniques, including fractional calculus, non-
Newtonian fluid dynamics, and nanofluid dynamics, provides a comprehensive framework for 
understanding complex heat transfer and fluid flow phenomena. The numerical examples discussed in 
this study demonstrate the significant advantages of using these advanced models to capture the intricate 
behaviours observed in real-world applications. 
 
7.1. Key Findings 
 Fractional Calculus in Heat Transfer:Fractional-order models are highly effective in modelling heat 

conduction in media with non-local and memory-dependent properties. These models capture the 
anomalous diffusion and sub-diffusive behaviours better than classical integer-order models, 
providing more accurate predictions for applications involving heterogeneous materials, porous 
media, and biological tissues. 

 Non-Newtonian Fluid Models:Non-Newtonian fluid models, including power-law, Bingham plastic, 
and Carreau-Yasuda models, successfully characterize the complex rheological properties of various 
fluids. The ability to model shear-thinning, shear-thickening, and viscos-plastic behaviours enables 
accurate simulations and optimizations for industrial processes, such as polymer processing, food 
manufacturing, and biomedical engineering. 

 Nanofluid Dynamics:Nanofluid models demonstrate enhanced heat transfer capabilities due to the 
superior thermal properties of nanofluids. The numerical results indicate that nanofluids 
significantly increase convective heat transfer rates, making them ideal for applications in 
microelectronics cooling, solar thermal systems, and industrial heat exchangers. However, the 
increased viscosity due to nanoparticle addition must be managed to prevent adverse effects on fluid 
flow. 

 
7.2. Impact and Future Directions 
The integration of these advanced modelling techniques into heat transfer and fluid flow studies 
represents a major advancement in the field of applied mathematics and engineering. The improved 
accuracy in predicting thermal and flow behaviours has practical implications for the design and 
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optimization of various systems, from energy-efficient industrial processes to advanced cooling 
technologies and medical treatments. 
 
 
 
7.3. Future research should focus on 
- Developing Hybrid Models: Combining fractional calculus, non-Newtonian fluid dynamics, and nanofluid 
dynamics to address even more complex systems where multiple non-linear, non-local, and anomalous 
behaviours are present simultaneously. 
- Experimental Validation: Increasing the collaboration between numerical modelling and experimental 
studies to validate and refine these advanced models for specific applications. 
- Computational Advancements: Leveraging high-performance computing and machine learning 
techniques to solve the resulting complex differential equations more efficiently and accurately. 
By continuing to refine these mathematical models and apply them to new areas, researchers and 
engineers can develop innovative solutions to some of the most challenging problems in fluid dynamics 
and heat transfer, ultimately driving technological progress across various sectors. 
 
7.4. Conclusion Statement 
In conclusion, the use of fractional calculus, non-Newtonian fluid models, and nanofluid dynamics in 
mathematical modelling offers significant advancements in accurately predicting and optimizing heat 
transfer and fluid flow behaviours. These models provide critical insights and tools for developing more 
efficient and effective technologies in diverse applications, from energy systems to biomedical 
engineering. As these models continue to evolve, they will play an increasingly vital role in addressing the 
complex challenges of modern science and engineering. 
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