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1|Introduction    

The rapid development of compact thermal systems and micro-scale devices has significantly increased the 

demand for efficient heat transfer technologies in recent years. Microchannels have attracted considerable 
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Abstract 

In the present study, the thermo-hydraulic performance of non-Newtonian nanofluid flow inside a porous wavy 

microchannel was numerically investigated under different permeability conditions. The computational model was 

developed based on a two-dimensional steady-state laminar flow formulation using the Darcy-Brinkman approach to 

simulate the transport phenomena inside the porous medium. The effects of permeability on velocity distribution, 

temperature field, heat transfer enhancement, pressure drop, and friction characteristics were comprehensively analyzed. 
The numerical results demonstrated that permeability has a significant influence on both the thermal and hydrodynamic 

behavior of the nanofluid flow inside the porous microchannel. Increasing permeability reduced the porous resistance force 

and enhanced fluid circulation throughout the channel, resulting in improved convective heat transfer performance. The 

obtained results indicated that the average Nusselt number increased with increasing permeability due to stronger thermal 

mixing and thermal boundary layer disruption generated by the wavy geometry. Furthermore, the sinusoidal microchannel 

configuration intensified local flow disturbances and secondary vortical structures, which contributed to additional heat 

transfer enhancement. However, lower permeability conditions produced larger pressure drops and higher friction factors 

because of stronger hydrodynamic resistance effects inside the porous region. The present numerical investigation 

confirmed that the combined utilization of porous media, wavy microchannel geometry, and non-Newtonian nanofluids 

can significantly improve the thermo-hydraulic performance of compact thermal systems. The obtained findings provide 

useful insight for the design and optimization of advanced cooling technologies employed in microelectronic devices, 

compact heat exchangers, and MEMS-based thermal management systems.  
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  attention due to their high surface-to-volume ratio, compact structure, and remarkable capability for thermal 

management in applications such as microelectronic cooling systems, biomedical devices, heat exchangers, 

MEMS technologies, and energy conversion systems [1–4]. However, despite their favorable thermal 

characteristics, conventional microchannels often suffer from substantial pressure drops and limited thermal 

efficiency under high heat flux conditions [5]. Therefore, improving the thermo-hydraulic performance of 

microchannel systems has become one of the major challenges in modern thermal engineering [6].  One of 

the most effective approaches for enhancing heat transfer in microchannels is the utilization of nanofluids. 

Nanofluids are engineered fluids containing suspended nanoparticles with high thermal conductivity inside a 

base fluid. The addition of nanoparticles considerably improves thermal transport properties and increases 

the overall heat transfer coefficient compared with conventional working fluids [7–10]. Numerous 

experimental and numerical investigations have demonstrated that nanofluids can significantly enhance 

convective heat transfer performance while maintaining acceptable flow characteristics. Among various 

categories of nanofluids, non-Newtonian nanofluids have gained increasing attention because many industrial 

and biological fluids exhibit non-Newtonian behavior. In such fluids, the viscosity is dependent on the shear 

rate, leading to more complex flow characteristics compared with Newtonian fluids. The application of non -

Newtonian nanofluids in micro-scale thermal systems has shown promising potential in improving cooling 

efficiency [11–14]. Nevertheless, the complex rheological behavior of these fluids strongly affects velocity 

distribution, wall shear stress, thermal boundary layer development, and pressure drop characteristics. 

Consequently, detailed investigations are required to better understand the coupled thermal and 

hydrodynamic behavior of non-Newtonian nanofluid flows inside microchannels.  In addition to the selection 

of advanced working fluids, geometrical modification of microchannels is another important technique for 

thermal enhancement [10]. Wavy microchannels have been extensively studied because the corrugated 

geometry generates secondary flow structures, fluid mixing, and flow disturbance, which intensify thermal 

transport mechanisms. Compared with straight microchannels, wavy configurations can improve heat transfer 

rates by disrupting the thermal boundary layer and increasing fluid mixing near heated walls. However, the 

enhancement in heat transfer is usually accompanied by an increase in friction losses and pressure drop. 

Therefore, achieving an optimal balance between thermal enhancement and hydrodynamic performance 

remains an important research objective [9–13].  Another effective strategy for improving thermo-hydraulic 

performance is the incorporation of porous media inside the microchannel domain. Porous structures 

increase the effective heat transfer surface area and promote thermal dispersion within the fluid region. The 

presence of porous media can significantly alter velocity profiles, flow resistance, and thermal fields [7]. In 

porous channels, permeability is one of the most influential parameters governing fluid motion and transport 

behavior. A decrease in permeability generally increases flow resistance and pressure losses, whereas higher 

permeability facilitates fluid movement through the porous matrix. Therefore, permeability plays a critical 

role in determining the overall thermal and hydrodynamic efficiency of porous microchannel systems.  Several 

studies have investigated the influence of porous media on convective heat transfer enhancement in 

microchannels. Previous research has shown that porous structures can improve heat transfer performance 

due to increased mixing and enlarged heat transfer area [4]. However, excessive resistance induced by low-

permeability porous materials may adversely affect the pumping power requirements. Consequently, 

optimization of porous medium permeability is essential for practical engineering applications. Furthermore, 

the simultaneous effects of porous media, non-Newtonian nanofluids, and wavy geometries create highly 

coupled transport phenomena that are not yet fully understood. Although numerous studies have separately 

examined nanofluid flows, porous microchannels, or wavy channel configurations, comprehensive 

investigations addressing the combined influence of these parameters remain limited in the literature. In 

particular, the effect of porous medium permeability on the thermo-hydraulic behavior of non-Newtonian 

nanofluids flowing through wavy microchannels requires further investigation [15–19].  The thermo-hydraulic 

performance of such systems is commonly evaluated using parameters such as the Nusselt number, friction 

factor, pressure drop, and flow resistance characteristics. Understanding the interaction between permeability 

and these performance indicators is essential for designing efficient thermal systems with improved heat 
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  transfer capability and minimized energy consumption.  Accordingly, the present study numerically 

investigates the thermo-hydraulic performance of non-Newtonian nanofluid flow inside a porous wavy 

microchannel. Special attention is devoted to examining the effects of porous medium permeability on heat 

transfer enhancement and friction characteristics. The governing equations for continuity, momentum, and 

energy are solved under appropriate boundary conditions, and the influence of permeability variations on 

velocity distribution, temperature fields, Nusselt number, and pressure drop is comprehensively analyzed [4–

9]. The obtained results provide useful insights into the design and optimization of advanced micro-scale 

thermal systems employing porous structures and non-Newtonian nanofluids.  The novelty of the present 

work lies in the simultaneous consideration of non-Newtonian nanofluid behavior, porous medium 

permeability, and wavy microchannel geometry in a unified thermo-hydraulic framework. Unlike many 

previous studies that focused on either straight channels or Newtonian fluids, the current investigation aims 

to provide a more realistic and comprehensive analysis of transport phenomena in advanced microchannel 

systems [8–10]. The findings of this study can contribute to the development of high-performance cooling 

devices and enhanced thermal management technologies for modern engineering applications. To the best of 

the authors’ knowledge, limited studies have simultaneously investigated the combined effects of porous 

medium permeability, sinusoidal wavy geometry, and non-Newtonian nanofluid behavior on thermo-

hydraulic transport phenomena inside microchannels. Therefore, the present study aims to provide a 

comprehensive numerical analysis of heat transfer enhancement and hydrodynamic characteristics under 

different permeability conditions. 

2|Physical Model and Problem Description 

A two-dimensional porous wavy microchannel is considered in the present study to investigate the thermo -

hydraulic behavior of non-Newtonian nanofluid flow under different permeability conditions. The 

computational domain consists of a sinusoidal microchannel filled with a homogeneous porous medium [15]. 

The wavy geometry is selected due to its superior capability in enhancing fluid mixing and improving 

convective heat transfer compared with conventional straight microchannels.  The upper and lower walls of 

the microchannel are modeled using periodic sinusoidal functions in order to generate a corrugated flow 

passage [16–18]. The fluid enters the microchannel with a uniform inlet velocity and constant inlet 

temperature, while a pressure outlet boundary condition is imposed at the channel exit. The channel walls are 

subjected to a constant temperature condition to simulate thermal loading during the heat transfer process.  

The porous region inside the microchannel is assumed to be homogeneous and isotropic. The flow through 

the porous medium is modeled using the Darcy -Brinkman approach, which accounts for both permeability 

resistance and viscous diffusion effects. The permeability of the porous matrix is considered one of the 

primary controlling parameters in the present investigation. Variations in permeability significantly influence 

the flow resistance, thermal boundary layer development, and pressure drop characteristics inside the 

microchannel.  The working fluid is considered to be an incompressible non-Newtonian nanofluid with 

laminar flow behavior. The thermophysical properties of the nanofluid are assumed to remain constant 

throughout the computational domain. The non-Newtonian behavior of the fluid is modeled using an 

appropriate rheological model to capture the shear-dependent viscosity characteristics of the nanofluid.  To 

simplify the mathematical formulation, several assumptions are adopted in the present study. The flow is 

assumed to be steady, two-dimensional, and laminar. Thermal radiation, body force effects, and viscous 

dissipation are neglected. Furthermore, the porous matrix and the nanofluid are assumed to be in local thermal 

equilibrium. These assumptions are widely accepted in the numerical analysis of micro-scale thermal systems 

and provide reliable predictions for thermo-hydrodynamic transport phenomena [6].  The geometrical 

parameters include the channel length L, hydraulic diameter Dh, wave amplitude A, and wavelength λ. The 

sinusoidal wall profile is mathematically expressed in Eq. (1) as: 

y = Asin(
2πx

λ
), (1) 
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  where A represents the wave amplitude, and λ denotes the wavelength of the corrugated wall.  The thermo -

hydraulic performance of the system is evaluated using important engineering parameters such as the Nusselt 

number, friction factor, and pressure drop. The average Nusselt number is employed to characterize the 

convective heat transfer enhancement, while the friction factor is used to evaluate the hydrodynamic losses 

induced by the porous structure and wavy geometry [9].  The present numerical model aims to investigate the 

coupled effects of porous medium permeability and wavy channel geometry on the transport characteristics 

of non-Newtonian nanofluids. The obtained results provide valuable insight into the optimization of 

advanced microchannel cooling systems with enhanced thermal performance and reduced hydraulic 

resistance. 

3|Governing Equations 

The thermo-hydrodynamic behavior of non-Newtonian nanofluid flow inside the porous wavy microchannel 

is governed by the conservation equations of mass, momentum, and energy. The governing equations are 

formulated based on the assumptions of steady-state, two-dimensional, incompressible, and laminar flow 

conditions. The porous medium effects are incorporated through the Darcy-Brinkman model in order to 

account for both permeability resistance and viscous diffusion within the porous region [19]. In addition, the 

rheological behavior of the non-Newtonian nanofluid is modeled using the power-law model to capture the 

shear-dependent viscosity characteristics of the working fluid. 

3.1|Continuity Equation 

The conservation of mass for incompressible flow is represented by the continuity equation, which is written 

in Eq. (2) as: 

where u and v denote the velocity components in the x and y  directions, respectively. Eq. (2) ensures the 

conservation of mass throughout the computational domain and indicates that the net mass flux remains 

constant inside the porous wavy microchannel [8]. 

3.2|Momentum Equations 

The momentum transport inside the porous microchannel is governed by the Navier–Stokes equations 

modified by the Darcy -Brinkman formulation. The momentum equations account for the combined effects 

of pressure forces, viscous diffusion, inertial terms, and porous medium resistance. The x-direction 

momentum equation is expressed in Eq. (3) as: 

Similarly, the momentum equation in the y-direction is given in Eq. (4) as: 

where ρ represents the fluid density, p is the pressure, μeff denotes the effective dynamic viscosity, and K 

indicates the permeability of the porous medium. The Darcy resistance term, represented by (μ/K), describes 

the momentum loss caused by the porous matrix. As the permeability decreases, the resistance force inside 

the porous medium increases, leading to higher pressure drops and stronger flow retardation effects within 

the microchannel. The Brinkman viscous diffusion term is included in Eqs. (3) and (4) to accurately capture 

the velocity distribution and shear effects near the channel walls [6], [7]. 

∂u/ ∂x + ∂v/ ∂y = 0, (2) 

ρ (u ∂u/ ∂x +  v ∂u/ ∂y)  =  − ∂p/ ∂x +  μeff (∂²u/ ∂x² +  ∂²u/ ∂y²)  −  (μ/K)u. (3) 

ρ (u ∂v/ ∂x +  v ∂v/ ∂y)  =  − ∂p/ ∂y +  μeff (∂²v/ ∂x² + ∂²v/ ∂y²)  − (μ/K)v, (4) 
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  3.3|Energy Equation 

The heat transfer behavior of the non-Newtonian nanofluid inside the porous wavy microchannel is governed 

by the energy conservation equation. Under local thermal equilibrium conditions between the fluid and 

porous matrix, a single energy equation is employed throughout the computational domain. The energy 

equation is expressed in Eq. (5) as: 

where T denotes the temperature, cp is the specific heat capacity of the nanofluid, and keff represents the 

effective thermal conductivity. The left-hand side of Eq. (5) represents convective heat transport due to fluid 

motion, while the right-hand side accounts for thermal diffusion inside the porous microchannel. The thermal 

conductivity enhancement caused by nanoparticle dispersion plays an important role in improving the heat 

transfer characteristics of the system [20]. 

3.4|Non-Newtonian Nanofluid Model 

The rheological behavior of the non -Newtonian nanofluid is modeled using the power-law model, which is 

commonly employed for shear-dependent fluids. According to this model, the effective viscosity varies as a 

function of the local shear rate. 

The apparent viscosity is defined in Eq. (6) as: 

where m is the consistency index, n is the flow behavior index, and γ ̇ represents the shear rate. For values of 

n smaller than unity, the fluid exhibits shear-thinning behavior, whereas n greater than unity corresponds to 

shear-thickening behavior. When n equals unity, the fluid behaves as a Newtonian fluid with constant viscosity 

[21].  The power-law model provides an appropriate representation of the rheological characteristics of many 

industrial nanofluids and complex fluids used in thermal engineering applications. 

3.5|Thermo-Hydraulic Parameters 

The thermo-hydraulic performance of the porous wavy microchannel is evaluated using several dimensionless 

engineering parameters, including the Nusselt number and friction factor. The average Nusselt number, which 

represents the convective heat transfer enhancement capability of the system, is defined in Eq. (7) as: 

where h is the convective heat transfer coefficient, Dh denotes the hydraulic diameter, and k represents the 

thermal conductivity of the fluid. Higher values of the Nusselt number indicate stronger convective heat 

transfer performance inside the microchannel [22]. The friction factor, which characterizes the hydrodynamic 

resistance and pressure loss, is calculated using Eq. (8): 

where ΔP represents the pressure drop along the channel length, Uin is the inlet velocity, and L denotes the 

total length of the microchannel. The combined analysis of the Nusselt number and friction factor provides 

a comprehensive evaluation of the thermo-hydraulic performance of the porous wavy microchannel under 

different permeability conditions. The governing equations presented in this section are numerically solved 

to investigate the effects of porous medium permeability on the flow structure, temperature distribution, heat 

transfer enhancement, and friction characteristics of non-Newtonian nanofluid flow inside the wavy 

microchannel. 

ρcp (u ∂T/ ∂x +  v ∂T/ ∂y)  =  keff (∂²T/ ∂x² + ∂²T/ ∂y²), (5) 

μeff =m(γ(̇n−1, (6) 

Nu = hDh/k, (7) 

f = 2ΔPDh/(ρUin²L), (8) 
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  4|Numerical Method 

The governing equations presented in the previous section were solved numerically using the Finite Element 

Method (FEM) to investigate the thermo-hydraulic behavior of non-Newtonian nanofluid flow inside the 

porous wavy microchannel. The numerical simulation was performed under steady-state, two-dimensional, 

and laminar flow conditions. The coupled continuity, momentum, and energy equations were simultaneously 

solved throughout the computational domain.  The computational domain was discretized using non-uniform 

triangular elements in order to accurately capture the complex flow and thermal characteristics inside the 

corrugated microchannel geometry. A finer mesh distribution was employed near the channel walls and wavy 

regions where large velocity and temperature gradients were expected [9]. This mesh refinement improves the 

numerical accuracy of the solution and ensures proper prediction of the boundary layer behavior.  The finite 

element formulation was implemented to discretize the governing equations described in Eqs. (2)-(8). The 

discretized algebraic equations were iteratively solved until convergence was achieved for all dependent 

variables, including velocity components, pressure, and temperature fields.  The convergence criterion for the 

numerical solution was defined based on the residual values of the governing equations. Convergence was 

assumed to be achieved when the relative error between two successive iterations became smaller than 10⁻⁶ 

for all variables. This strict convergence criterion ensures the numerical stability and reliability of the obtained 

results [11–14].  The SIMPLE algorithm was employed for pressure  velocity coupling during the iterative 

solution process. Furthermore, second-order discretization schemes were utilized to improve the numerical 

accuracy of both momentum and energy transport equations.  The thermo-physical properties of the non-

Newtonian nanofluid were incorporated into the numerical model according to the governing rheological 

equations described previously. The porous medium effects were modeled through the Darcy-Brinkman 

formulation, which accounts for both permeability resistance and viscous diffusion effects inside the porous 

region.  Appropriate boundary conditions were imposed throughout the computational domain. A uniform 

velocity profile and constant inlet temperature were specified at the channel inlet. At the outlet section, a 

pressure outlet boundary condition was applied. The upper and lower walls of the microchannel were 

subjected to constant wall temperature conditions. In addition, the no-slip condition was imposed along all 

solid boundaries [22]. 

4.1|Grid Independence Study 

In order to ensure that the numerical results are independent of the computational mesh, a grid independence 

analysis was carried out using several mesh densities. Different structured and unstructured meshes with 

increasing element numbers were tested to evaluate their influence on the average Nusselt number and 

pressure drop.  The numerical results obtained from different mesh configurations demonstrated that further 

mesh refinement beyond a certain number of elements produced negligible variations in the calculated 

thermo-hydraulic parameters. Therefore, the optimal mesh was selected based on the balance between 

computational accuracy and simulation time.  The final computational mesh used in the present study 

provided stable numerical convergence and accurate prediction of velocity and temperature distributions 

inside the porous wavy microchannel [21]. 

4.2|Grid Independence Study 

A grid independence analysis was conducted to ensure the numerical accuracy and stability of the present 

simulations. Three different mesh configurations were examined in order to investigate the influence of mesh 

density on the thermo-hydraulic characteristics of the non-Newtonian nanofluid flow inside the porous wavy 

microchannel.  The average Nusselt number was selected as the primary evaluation parameter for the mesh 

sensitivity analysis because it directly reflects the heat transfer performance of the computational model. The 

obtained numerical results for different mesh configurations are summarized in Table 1 [23]. 
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  Table 1. Variation of the average Nusselt number for different mesh configurations. 

 

 

 

As observed in Table 1, increasing the mesh density improves the numerical prediction of the heat transfer 

characteristics inside the porous microchannel. The average Nusselt number  increased from 3.25 for the first 

mesh configuration to 4.02 for the third mesh configuration.  The difference between the second and third 

mesh configurations was relatively small, indicating that the numerical solution becomes nearly independent 

of mesh density at higher element numbers. Therefore, the third mesh configuration consisting of 300000 

computational elements was selected for all simulations in the present study in order to achieve an appropriate 

balance between computational accuracy and simulation cost.  The obtained results confirm the reliability and 

numerical stability of the present computational model for analyzing thermo-hydraulic transport phenomena 

inside porous wavy microchannels. 

4.3|Numerical Procedure 

The numerical simulation procedure begins with defining the geometrical parameters and generating the 

computational mesh for the porous wavy microchannel. Subsequently, the governing equations together with 

the corresponding boundary conditions are discretized using the finite element approach.  The iterative 

solution process is continued until the specified convergence criteria are satisfied for continuity, momentum, 

and energy equations. After convergence is achieved, the velocity field, pressure distribution, temperature 

contours, Nusselt number, and friction factor are extracted and analyzed to evaluate the thermo-hydraulic 

performance of the system [24].  The developed numerical methodology enables a detailed investigation of 

the effects of porous medium permeability on flow behavior, thermal transport characteristics, and pressure 

loss inside the non-Newtonian nanofluid-filled wavy microchannel. 

5|Results and Discussion 

In this section, the thermo -hydraulic behavior of non-Newtonian nanofluid flow inside the porous wavy 

microchannel is comprehensively investigated under different permeability conditions. The effects of porous 

medium permeability on velocity distribution, temperature field, heat transfer enhancement, pressure drop, 

and friction characteristics are analyzed in detail. According to the thesis results, permeability plays a dominant 

role in controlling both the thermal and hydrodynamic behavior of the nanofluid flow inside the corrugated 

porous microchannel.  

5.1|Effect of Permeability on Velocity Distribution 

The velocity contours of the non-Newtonian nanofluid for different permeability conditions are illustrated in 

Fig. 1. The obtained numerical results demonstrate that increasing permeability significantly enhances fluid 

motion inside the porous microchannel. As the permeability increases, the resistance force generated by the 

porous matrix decreases, allowing the nanofluid to penetrate more easily through the porous region. 

Consequently, the local velocity magnitude increases throughout the computational domain. According to 

the thesis results, the increase in permeability causes an increase in apparent fluid velocity under constant 

Reynolds number conditions due to variations in the effective viscosity of the non -Newtonian nanofluid. In 

contrast, lower permeability values intensify the resistance imposed by the porous matrix and suppress fluid 

motion near the corrugated walls. This behavior produces larger momentum dissipation and weaker 

circulation zones inside the microchannel. The sinusoidal geometry additionally generates local vortices and 

secondary flow structures near the wavy walls. These recirculation regions intensify fluid mixing and improve 

momentum transport inside the channel. The interaction between porous resistance and wall waviness 

significantly modifies the hydrodynamic structure of the flow field. 

Mesh Configuration Total Number of Elements Average Nusselt Number 

First mesh 250000 3.25 
Second mesh 280000 3.85 
Third mesh 300000 4.02 
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a. 

b. 

c. 

Fig. 1. Velocity contours of the non-Newtonian nanofluid for different permeability conditions; 

a. low permeability, b. medium permeability, and c. high permeability. 

 

5.2|Effect of Permeability on Temperature Distribution 

Fig. 2 presents the temperature contours inside the porous wavy microchannel at different permeability 

conditions. The results reveal that permeability has a substantial influence on thermal transport and 

temperature distribution inside the channel. At low permeability values, the porous medium restricts fluid 

circulation and weakens convective heat transfer mechanisms. Consequently, higher temperatures are 

observed near the heated walls, resulting in thicker thermal boundary layers. As permeability increases, fluid 

circulation inside the porous region becomes stronger and thermal energy is transported more effectively 

throughout the channel. Therefore, the temperature gradients near the heated wall decrease, and a more 

uniform temperature distribution is obtained. According to the thesis findings, increasing fluid velocity inside 

the porous obstacles causes the fluid temperature to decrease more rapidly due to stronger convective 

transport mechanisms. Furthermore, the wavy geometry disrupts the thermal boundary layer development 

and enhances thermal mixing inside the microchannel. This mechanism improves the cooling performance 

compared with conventional straight channels. 

Fig. 2. Temperature contours inside the porous wavy microchannel for 

different permeability values. 
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  5.3|Variation of Average Nusselt Number 

The variation of the average Nusselt number under different permeability conditions is illustrated in Fig. 3. 

The obtained numerical results demonstrate that the heat transfer performance inside the porous wavy 

microchannel is strongly influenced by the permeability of the porous medium. As permeability increases, the 

resistance force generated by the porous matrix decreases, allowing the nanofluid to circulate more effectively 

throughout the microchannel. This enhanced fluid motion improves convective heat transfer mechanisms 

and increases the average Nusselt number inside the channel. The enhancement in heat transfer performance 

is primarily associated with stronger fluid mixing, disruption of the thermal boundary layer, and improved 

interaction between the heated walls and the non-Newtonian nanofluid. Furthermore, the sinusoidal wavy 

geometry continuously disturbs the thermal boundary layer development and generates secondary flow 

structures near the corrugated walls, which significantly contribute to thermal enhancement. At lower 

permeability values, the porous medium imposes stronger resistance against fluid motion, resulting in weaker 

circulation regions and thicker thermal boundary layers near the heated surfaces. Consequently, the convective 

heat transfer rate decreases under low permeability conditions. The rheological behavior of the non-

Newtonian nanofluid additionally affects the thermal transport characteristics through shear-dependent 

viscosity variations. These viscosity changes modify the local velocity gradients and influence the thermal 

diffusion mechanisms inside the porous microchannel. The obtained results confirm that increasing 

permeability improves the thermal performance of the porous wavy microchannel and enhances the cooling 

capability of the system through stronger convective transport mechanisms. 

Fig. 3. Variation of average Nusselt number with permeability 

inside the porous wavy microchannel. 

 

5.4|Pressure Drop Characteristics 

The effect of permeability on pressure drop is illustrated in Fig. 4. The results demonstrate that the pressure 

drop inside the porous microchannel is strongly influenced by porous resistance effects and flow intensity. 

At low permeability conditions, the Darcy resistance term becomes dominant and produces substantial 

pressure losses along the channel length. The porous matrix strongly opposes fluid motion, resulting in higher 

pumping power requirements.  As permeability increases, the resistance force decreases, and the pressure drop 

is significantly reduced, facilitating smoother fluid transport through the porous structure. However, 

increasing the Reynolds number intensifies inertial forces and momentum interactions between the fluid, 

porous medium, and corrugated walls, leading to larger hydrodynamic losses inside the microchannel. 

Furthermore, the sinusoidal wavy geometry generates local flow disturbances and additional wall friction 

effects, which contribute to pressure loss enhancement. Although lower permeability may improve local 

thermal mixing, excessive flow resistance can negatively affect the overall thermo-hydraulic efficiency of the 
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  system. Therefore, an optimum permeability range is necessary to achieve a balance between heat transfer 

enhancement and pressure drop characteristics. 

Fig. 4. Variation of pressure drop under different flow conditions.  

 

5.5|Friction Factor Analysis 

The variation of the friction factor with permeability is presented in Fig. 5. The numerical results reveal that 

the friction factor decreases with increasing permeability.  At lower permeability values, stronger porous 

resistance generates larger wall shear stress and momentum dissipation inside the channel, leading to higher 

friction factors.  Conversely, increasing permeability reduces hydrodynamic resistance and facilitates smoother 

fluid motion through the porous matrix. Consequently, the friction factor decreases significantly.  The 

rheological behavior of the non-Newtonian nanofluid also affects the friction characteristics because the 

apparent viscosity changes with local shear rate variations. The interaction between shear-dependent viscosity 

and porous resistance creates complex flow behavior inside the corrugated microchannel.  The obtained 

results indicate that permeability is one of the most influential parameters governing the hydrodynamic 

performance of porous microchannel systems. 

Fig. 5. Effect of permeability on friction factor. 

 

6|Conclusion 

In the present study, the thermo-hydraulic behavior of non-Newtonian nanofluid flow inside a porous wavy 

microchannel was numerically investigated under different permeability conditions. The combined effects of 

porous medium resistance, sinusoidal wall geometry, and non -Newtonian fluid behavior on heat transfer 

enhancement and hydrodynamic characteristics were comprehensively analyzed using a two-dimensional 
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  numerical model based on the Darcy  Brinkman formulation.  The obtained numerical results demonstrated 

that permeability plays a critical role in controlling both the thermal and flow characteristics inside the porous 

microchannel. Increasing permeability reduced the resistance force generated by the porous matrix and 

facilitated smoother fluid motion throughout the channel. Consequently, higher fluid velocities and stronger 

convective transport mechanisms were achieved at larger permeability values.  The temperature distribution 

results revealed that enhanced permeability improves thermal transport and weakens the thermal boundary 

layer development near the heated walls. The interaction between the porous structure and the sinusoidal 

wavy geometry intensified fluid mixing and significantly improved the overall heat transfer performance of 

the microchannel system.  The analysis of the average Nusselt number indicated that heat transfer 

enhancement increases with increasing permeability due to stronger circulation and improved convective heat 

transfer mechanisms inside the porous medium. In addition, the wavy geometry contributed to thermal 

enhancement through continuous disruption of the thermal boundary layer and generation of local secondary 

flow structures. 

The pressure drop analysis showed that lower permeability conditions produce substantially larger 

hydrodynamic losses because of stronger Darcy resistance effects. The porous matrix strongly opposes fluid 

motion at low permeability values, resulting in higher pumping power requirements and increased friction 

effects inside the channel.  Furthermore, the friction factor results demonstrated that the hydrodynamic 

resistance decreases with increasing permeability and Reynolds number. The rheological characteristics of the 

non-Newtonian nanofluid additionally influenced the velocity distribution and wall shear stress behavior 

inside the porous wavy microchannel.  The present numerical investigation confirmed that the combined 

utilization of porous media, sinusoidal wavy microchannel geometry, and non-Newtonian nanofluids can 

considerably enhance the thermo-hydraulic performance of advanced micro-scale cooling systems. The 

obtained findings provide valuable insight into the design and optimization of compact thermal management 

devices used in microelectronic cooling systems, MEMS technologies, compact heat exchangers, and other 

high-performance thermal engineering applications.  Finally, it is recommended that future investigations 

focus on transient flow behavior, three-dimensional numerical simulations, magnetic field effects, 

nanoparticle concentration variations, and slip-flow conditions in order to achieve a deeper understanding of 

thermo-fluid transport phenomena inside porous microchannel systems. 
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