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This research presents a numerical study of laminar flow characteristics and thermal enhancement in 
a channel partially occupied by a porous medium. Computational simulations were carried out using 
ANSYS Fluent to examine the influence of particle diameter and viscous resistance on key thermal 
performance indicators, including the Nusselt number, pressure drop, and overall performance index, 
within a two-dimensional configuration. The porous structure was intentionally incorporated into the 
channel to improve heat transfer behavior. The permeability of the porous medium was determined 
using the Kozeny–Carman equation, and simulations were conducted for various Reynolds numbers 
and particle sizes. The results indicate that increasing particle diameter enhances heat transfer 
performance, whereas higher viscous resistance significantly increases pressure losses in the channel. 
At constant porosity, the Reynolds number exhibits minimal impact on the overall performance 
index. The findings confirm that porous materials can effectively augment heat transfer efficiency; 
however, excessive viscous resistance may adversely affect overall system performance. 

© 2026 Centre for Research and Innovation (CRI). This is an open access article 
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 

I. INTRODUCTION

Heat transfer enhancement plays a vital role in many 
engineering systems, including thermal management 
technologies, energy conversion processes, electronic 
cooling applications, and industrial heat exchangers. 
Improving heat transfer efficiency while maintaining 
acceptable pressure loss remains a major challenge in thermal 
engineering design. Over the past few years, porous materials 

have gained considerable interest as a promising technique 
for heat transfer enhancement because of their high specific 
surface area, intricate flow structures, and ability to promote 
fluid mixing. The incorporation of porous structures within 
flow channels increases fluid–solid interactions, thereby 
enhancing the overall heat transfer capability of the system. 
Because of these advantages, porous media are widely 
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applied in various engineering fields such as heat exchangers, 
catalytic reactors, thermal insulation systems, and energy 
storage technologies. Previous investigations have shown 
that introducing porous materials into flow passages can 
significantly improve heat transfer rates by increasing 
effective thermal conductivity and disturbing the thermal 
boundary layer. However, the presence of porous media also 
introduces additional flow resistance, which results in higher 
pressure drop and increased energy consumption. A 
substantial body of experimental and numerical research has 
been devoted to examining fluid flow and heat transfer 
behavior within porous media. These investigations typically 
emphasize critical parameters such as porosity, permeability, 
particle size, and Reynolds number, as these factors 
significantly affect both hydrodynamic characteristics and 
thermal efficiency. CFD has become a key analytical tool for 
examining transport mechanisms in porous structures and 
predicting their performance under different operating 
scenarios. Flow through porous materials is generally 
modeled using the Darcy or Darcy–Forchheimer 
formulations, whereas permeability is commonly estimated 
using the Kozeny–Carman correlation. Despite the extensive 

research in this area, limited studies have examined the 
combined influence of particle diameter and viscous 
resistance on heat transfer and flow behavior under laminar 
flow conditions. In particular, the effects of porous medium 
properties on important performance indicators such as the 
Nusselt number, pressure drop, and overall thermal 
performance require further investigation to optimize system 
efficiency. 

Accordingly, this study seeks to examine the heat transfer 
performance and laminar flow behavior in a channel partially 
occupied by a porous medium using numerical modeling 
techniques. The effects of particle diameter and viscous 
resistance on thermal performance, pressure loss, and 
performance number are analyzed using ANSYS Fluent. The 
permeability of the porous medium is estimated using the 
Kozeny–Carman equation, and the influence of the Reynolds 
number on system performance is also examined. The results 
of this study provide useful insights for improving heat 
transfer efficiency and optimizing porous medium design in 
thermal systems. In the momentum equation, the pressure 
drop is related to the bulk velocity. 

Fig. 1 Two-Dimensional regions for heat transfer and laminar flow 

Fig.1 Schematic Representation of the Physical Domain 

II. COMPUTATIONAL PROCEDURE

A. Mathematical Framework and CFD Implementation

The characteristics of fully developed laminar flow and the 
corresponding heat transfer were analyzed in a straight 
channel with a width of 0.4 cm and a length of 2 cm. A 
schematic representation of the physical domain considered 
in this investigation is presented in Figure 1. The shaded 
region denotes the porous medium, while the interconnected 
void spaces and channels are filled with liquid water. The 
total calculated area is 0.8 cm², and the porous dielectric layer 
is 0.2 cm thick. Porous media with different particle 
diameters and the same porosity are filled into the outer 
region, and the heat transfer and resistance characteristics of 
the multiple void regions with different properties are 
analyzed. The assumptions for the calculation are as follows: 

1. The porous medium is uniform and isotropic.
2. The porous skeleton and fluid satisfy local thermal

equilibrium.

3. At the entrance of the channel, the flow has already
reached fully developed laminar conditions before
entering the porous medium.

4. The calculation domain is a two-dimensional
axisymmetric problem.

The numerical grid for the calculations was generated using 
ANSYS FLUENT [3], as shown in Figure 2. A structured grid 
was employed for the computational domain.A symmetry 
condition was applied along the centerline of the model, and 
the boundary conditions are presented in Table I. 

TABLE I SUMMARY OF BOUNDARY CONDITIONS 
Boundary Condition 

x = 0 (Inlet) vx = Uin, T = 300, K 
x = L (Outlet) p = 0, Pa, ( Tbackflow = 300, K 
y = H (Upper Wall) vx = vy = 0, q = 500 W/m^2 

Porous Region Thermal-equilibrium model 
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.
Fig.2 Structured Computational Mesh 

In non-porous areas, the mathematical model of two-
dimensional flow and heat transfer is 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ ∇ · (𝜌𝜌𝐮𝐮) = 0  (1) 

𝜕𝜕(𝜌𝜌𝐮𝐮)
𝜕𝜕𝜕𝜕

+ (𝐮𝐮 · ∇)(𝜌𝜌𝐮𝐮) = −∇𝑝𝑝 + η∇2𝐮𝐮      (2)

∂(𝜌𝜌𝐶𝐶𝑝𝑝𝑇𝑇)
∂𝑡𝑡

+ (𝒖𝒖 · ∇)�𝜌𝜌𝐶𝐶𝑝𝑝𝑇𝑇� = λ∇2𝑇𝑇 + 𝑆𝑆     (3)

In the formula: U is x, y two direction speed; ρ is the density 
of water; P is fluid pressure; T is the thermodynamic 
temperature of fluid; Cp and λ are fluid fixed pressure ratio 
heat capacity and thermal conductivity. In porous areas, the 
continuous equations of two-dimensional flow and heat 
transfer are: 

𝜕𝜕(𝜀𝜀𝜀𝜀)
𝜕𝜕𝜕𝜕

+ ∇ · �𝜀𝜀𝜀𝜀𝐮𝐮𝑝𝑝ℎ𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦� = 0  (4) 
The momentum equation is: 

𝜕𝜕(𝜌𝜌𝐮𝐮)
𝜕𝜕𝜕𝜕

+ (𝐮𝐮 · ∇)(𝜌𝜌𝐮𝐮) = −∇𝑝𝑝 + η∇2𝐮𝐮  (5) 

The energy equation is: 

∂((𝜌𝜌𝐶𝐶𝑝𝑝)𝑒𝑒𝑒𝑒𝑒𝑒𝑇𝑇)
∂𝑡𝑡

+ �𝐮𝐮𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 · ∇��𝜌𝜌𝐶𝐶𝑝𝑝𝑇𝑇� = λ𝑒𝑒𝑒𝑒𝑒𝑒∇2𝑇𝑇 + 𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒     (6)
 For non-compressible steady-state problems: 

∇ · 𝐮𝐮𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 0  (7) 
�
𝐮𝐮𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝜀𝜀
· ∇� �𝐮𝐮𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠� = − 1

𝜌𝜌
𝜀𝜀∇(𝑝𝑝) +

η∇2�𝐮𝐮𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠� + F  (8) 

F = −𝜀𝜀υ
𝑘𝑘
𝐮𝐮𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 −

𝜀𝜀𝐹𝐹𝜀𝜀
√𝑘𝑘

|𝐮𝐮𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠|𝐮𝐮𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  (9) 

In the formula, ε represents the porosity of the porous 
medium; K represents the permeability of the porous 

medium; F denotes the momentum source; and the subscript 
“superficial” refers to the apparent value. In Equation (8), the 
first term represents the viscous component, and the second 
term represents the inertial component. 

In FLUENT, the formula (8) is expressed in the following 
formula: 

F = −𝜇𝜇
𝑘𝑘
𝐮𝐮 − 𝐶𝐶2

1
2
𝜌𝜌|𝐮𝐮|𝐮𝐮  (10) 

Formula: K for permeability; C2 for inertial resistance; 
viscous resistance for 1/k, if the fluid flow rate is very small, 
the second item can be omitted. For the porous dielectric 
region composed of two groups of solid particles with 
different diameters, the k is calculated by using the Ergun 
equation and equation (10). 

∆𝑃𝑃
𝑙𝑙

= 150𝜇𝜇
𝐷𝐷𝑃𝑃
2

(1−𝜀𝜀)2

𝜀𝜀3
𝑢𝑢 + 1.75𝜌𝜌

𝐷𝐷𝑃𝑃

(1−𝜀𝜀)
𝜀𝜀3

𝑢𝑢2  (11) 

The equation (10,11) draws 

k = 𝐷𝐷𝑃𝑃
2

150
𝜀𝜀3

(1−𝜀𝜀)2
 (12) 

𝐶𝐶2 = 3.5
𝐷𝐷𝑃𝑃

(1−𝜀𝜀)
𝜀𝜀3

  (13) 

TABLE II PARTICLE DIAMETER AND ITS CORRESPONDING 
VISCOUS RESISTANCE 

The diameter of solid particle Viscous resistance 

100×10−6 3.33×10−11 

50×10−6 4.1×10−11 
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TABLE III RE NUMBER AND ITS CORRESPONDING ENTRY SPEED 
Re U 

10 4.9×10−3 
20 9.98×10−3 
30 1.49×10−2 
40 1.94×10−2 

B. Solution Methods and Convergence Criteria

Numerical computations were performed using ANSYS 
Fluent to simulate the flow and heat transfer behavior. The 
governing equations for velocity, pressure, and temperature 
were solved using the SIMPLE pressure–velocity coupling 
scheme in the microchannel domain [4]. An unstructured 
mesh consisting of rectangular elements was generated for 
the SOHC microchannels, with mesh refinement applied near 
the offset rib regions to accurately capture flow variations. A 
non-uniform grid distribution was adopted, with a higher 
mesh density in critical regions. Solution convergence was 

achieved when the normalized residuals fell below 10⁻⁶ for 
the energy equation and 10⁻³ for all other governing 
equations. The numerical model was validated to ensure 
solution accuracy. A grid independence analysis was 
conducted for the microchannel heat sink by testing different 
mesh densities. The final computational grid selected for the 
simulations consisted of approximately 0.2013 million 
elements. 

C. Formation of Geometry

Simulations at the pore level are very difficult to perform. 
Firstly, the required geometry is difficult to create. The entire 
analysis is based on a two-dimensional model; therefore, for 
the purpose of geometry sketching, the 2D analysis type was 
selected. While sketching on the XY-plane, a rectangle was 
created for the geometry, and the dimensions were applied 
according to the specified thickness. Three separate sketches 
were drawn: one for the water zone and the other two for the 
porous zones. After that, the geometry was completed using 
the “Add Frozen” option. 

Fig.3 The geometry of the Proposed Model 

D. Mesh Generation

The computational model was implemented using ANSYS 
Fluent for numerical analysis. Laminar flow conditions were 
assumed throughout the simulation, and thermal radiation 
effects were excluded. The density of air in the annular region 
was modeled using the Boussinesq approximation [5], while 

no-slip conditions were imposed on the solid boundaries. A 
high-resolution mesh was employed to enhance solution 
accuracy. Several steps were followed in generating the 
mesh. For sizing, all edges of the water and porous zones 
were selected. The mesh behavior was set to hard. During the 
mesh refinement process, the element size was specified, and 
the model was then updated. 

Fig.4 Mesh generation 

E. Computational Domain and Boundry Conditions

The computational domain, coordinate system, and relevant 
notations are illustrated in Figure 1. The fluid viscosity at the 

porous medium inlet is assumed to be temperature-dependent 
and is determined based on Reynolds numbers ranging from 
0 to 50. 
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At the inlet boundary ( 𝑥𝑥 = 0 ), a uniform velocity and 
temperature are prescribed as: 
 

𝑉𝑉 = 𝑈𝑈𝑖𝑖𝑖𝑖,𝑇𝑇 = 300 𝐾𝐾 
where 𝑈𝑈𝑖𝑖𝑖𝑖and 𝑇𝑇represent the inlet fluid velocity and 
temperature, respectively. At the outlet boundary ( 𝑥𝑥 = 𝐿𝐿 ), a 
pressure-outlet condition is imposed. 
X = L:   p = 0 Pout Pa 
Where Pout is the specified pressure. For the inner wall fluid 
contact surface. 
u = v = w = 0, 

−ks ∂Ts/∂n =−kf ∂Tf/∂n 
Where n is the local coordinate normal to the wall. 
 
F. Setup Generation 
 
For the setup generation, it is necessary to enable all relevant 
equations, such as the energy equation and laminar flow. The 
material selected from the Fluent database should be liquid 
water. The following values were entered in the setup 
domain: 
 
Thermal Conductivity = 0.597 𝑊𝑊𝑚𝑚

−1𝐾𝐾−1 
Viscosity = 0.000998 𝐾𝐾𝑔𝑔𝑚𝑚−3 
Porosity = 0.5  
Velocity = 0.0049 𝑚𝑚𝑠𝑠−1: 0.00998 𝑚𝑚𝑠𝑠−1: 0.0149 𝑚𝑚𝑠𝑠−1: 
0.0194 𝑚𝑚𝑠𝑠−1 
Reynold no. 0 to 50  
Thermal Heat Flux = 500 Weber 
In the cell zone condition, put out the water liquid material 
and in a porous zone that is fluid putting the values of k. 
K1 = 3.33 × 10−11 : K2 =  4.1 × 10−11 :  
 
Now in the boundary conditions of inlet porous zone and 
water inlet zone, put out the values of velocity with all the 
values of k. Then initialize all the values.  
 
III. HEAT TRANSFER AND FLOW CALCULATION 

 
To analyze the heat transfer and resistance characteristics in 
the tube, the heat transfer coefficient hhh and the Nusselt 
number NuNuNu are defined by Equations (14) and (15) [6]: 

ℎ = 𝑄𝑄
𝜋𝜋𝜋𝜋𝜋𝜋(𝑇𝑇𝑤𝑤−𝑇𝑇𝑓𝑓)

    (14) 

 
𝑁𝑁𝑁𝑁 = ℎ𝑑𝑑

λ
     (15) 

In the above expression, 𝐷𝐷denotes the width of the channel, 
and 𝐿𝐿represents its length. 𝑇𝑇𝑤𝑤corresponds to the wall 
temperature, while 𝑇𝑇𝑓𝑓indicates the fluid temperature. The 
parameter 𝑘𝑘refers to the thermal conductivity of the 
stationary fluid. 
 
The comprehensive performance evaluation factor, which 
accounts for both heat transfer enhancement and flow 
resistance, is defined as follows: 
 

𝑃𝑃𝑃𝑃 = 𝑁𝑁𝑁𝑁/𝑁𝑁𝑁𝑁𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
∆𝑝𝑝/∆𝑝𝑝𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

(16) 
 
To improve the PN value of enhanced heat transfer, metal 
materials are filled outside the circular tube as porous media. 
 

IV. NUMERICAL DATA ACQUISITION 
 
The parameters that define fluid flow and heat transfer 
processes in laminar flow are of interest in this study. The 
Reynolds number is given by the equation 
 

𝑅𝑅𝑒𝑒 =
𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌 𝐻𝐻

𝜇𝜇
 

 
The Reynolds number (Re) is a fundamental dimensionless 
parameter in fluid mechanics used to characterize flow 
regimes and predict the transition between laminar and 
turbulent behavior. At low Reynolds numbers, viscous forces 
dominate, resulting in smooth and orderly laminar flow. In 
contrast, higher Reynolds numbers indicate the increasing 
influence of inertial forces, leading to velocity fluctuations 
and directional instabilities within the fluid. These 
disturbances promote the formation of vortices and eddies, 
which enhance mixing but also increase energy dissipation. 
The intensified turbulence may contribute to pressure losses 
and can potentially increase the risk of cavitation under 
certain flow conditions [6]. 
 
The Reynolds number has a wide range of applications, from 
fluid flow in pipes to airflow over aircraft wings. It is used to 
predict the transition from laminar to turbulent flow and to 
compare similar flow conditions at different scales, such as 
between a model aircraft and a full-scale version in a wind 
tunnel [7]. 

 
V. RESULTS AND DISCUSSION 

 
As the flow structure has a crucial effect on the heat transfer 
process, the assumptions of laminar flow and a porous 
medium were adopted. Using Fluent software, the energy and 
continuity equations were solved. The flow structure of the 
porous medium was analyzed, and the corresponding values 
were presented graphically. 
 
The case file and data obtained from the Fluent software were 
processed, and the key parameters were extracted using the 
data-processing functions available in the software. The 
variation in Reynolds number is mainly reflected in the 
average inlet velocity. Based on the commonly used CFD 
commercial software ANSYS, the governing equations are 
solved using the Reynolds-averaged Navier–Stokes (N–S) 
equations, and a pressure-based segregated solver is selected. 
Because the Reynolds number does not exceed 400, 
turbulence effects are not considered. In addition, since the 
temperature is not high, radiative heat transfer is neglected. 
Therefore, the model is treated as laminar flow [8]. 
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Fig.5 Residuals of Energy and Continuity Equations 
. 

 
Fig.6 Temperature Contour Distribution 

 

 
Fig.7 Pressure Contour Distribution 

 
The above figure shows the variation in static temperature as 
the water flows through the channel from the inlet and 
illustrates the heat transfer phenomenon occurring as the 
water passes through the porous medium.  

The above figure shows the variation in static pressure as the 
water flows through the channel from the inlet, and illustrates 
the pressure drop that occurs due to frictional effects as the 
water flows along the surface of the channel. 
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A. Comprehensive Performance Evaluation of Pressure drop, 
Nu and PN Numbers on Flow 
 
Figure 8 shows a pressure drop diagram for two sets of 
particle diameters along the flow direction under different 
operating conditions. The magnitude of the pressure drop can 
indirectly indicate the strength of fluid flow resistance. It can 
be observed that, in the case of the same porosity (k = 0.5), 
the diameter of the metal particles constituting the porous 
medium has a significant impact on the pressure drop. The 
smaller the particle diameter, the greater the viscous 

resistance; consequently, the pressure drop increases 
significantly. The pressure drop mainly occurs in the inlet 
section, directly manifested by a large inlet pressure gradient, 
while the pressure drop in the mainstream region is relatively 
small due to boundary layer formation. At the same time, 
when the viscous resistance is relatively low, the Reynolds 
number has little effect on the pressure drop. However, under 
conditions of high viscous resistance, the Reynolds number 
has a significant effect on the internal pressure drop of the 
channel and cannot be ignored. 

 

 
Fig.8 Variation of Pressure Drop (ΔP) with Reynolds Number 

 
Figure 9 shows the Nusselt number of the inner wall 
corresponding to two different particle diameters. The overall 
trend of convective heat transfer variation on the surface with 
respect to the Reynolds number can be observed intuitively. 
The analysis indicates that the Nusselt numbers of porous 
media composed of two different particle diameters do not 
differ significantly under multiple operating conditions; 
however, the Nusselt number increases noticeably with 

increasing particle diameter. When the particle diameter is 
0.00005, the Nusselt number remains below 50, and the 
increasing trend is gradual. Under the same porosity, a larger 
particle diameter reduces the overall viscous resistance, 
resulting in a longer boundary layer formation in the inlet 
section and an improved surface heat transfer coefficient. 
Consequently, the Nusselt number is enhanced to a certain 
extent. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 9 Variation of Nusselt Number with Reynolds Number 
 
Figure 10 shows the ratio of the Nusselt number to the 
pressure drop, referred to as the PN number, which reflects a 
comprehensive performance evaluation coefficient of 
convective heat transfer and flow resistance. The figure 
illustrates the variation of the PN number with respect to the 
Reynolds number (Re). As observed, for both particle 

diameter cases, the PN number exhibits a similar decreasing 
trend as Re increases. Although the pressure drop increases 
with higher Reynolds numbers due to enhanced viscous and 
inertial resistance, the PN number declines because the rate 
of heat transfer improvement does not proportionally 
compensate for the rise in flow resistance. 
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At low Reynolds numbers, the PN number decreases more 
rapidly, indicating greater sensitivity to flow variations in this 
regime. However, as Re continues to increase, the rate of 
change in the PN number gradually diminishes, and the 
curves tend to stabilize, approaching a relatively low and 

nearly constant value. To enhance heat transfer from the 
perspective of the PN number, a porous medium can be 
selected under certain operating conditions. The simulation 
results show that it can strengthen the overall heat transfer 
performance to a certain extent. 

 

 
Fig. 10 Variation of Performance Number (PN) with Reynolds Number 

 
VI. CONCLUSION 

 
This study utilized Computational Fluid Dynamics (CFD) 
simulations performed in ANSYS Fluent to examine heat 
transfer enhancement and laminar flow characteristics in a 
channel partially occupied by a porous medium. The 
investigation was conducted by solving the discretized 
governing equations of momentum and energy to assess the 
effects of metal particle diameter and viscous resistance 
within the porous structure on thermal performance, pressure 
drop, and overall system efficiency. The numerical results 
demonstrate that the particle size of the porous medium 
significantly influences heat transfer enhancement in the 
fully developed laminar flow regime. Larger particle 
diameters contribute to improved thermal performance, 
whereas smaller particles provide comparatively limited 
enhancement. Moreover, the analysis indicates that viscous 
resistance has a pronounced impact on pressure loss across 
the channel. An increase in viscous resistance intensifies the 
pressure gradient, which may adversely affect the overall 
efficiency of the system. 
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