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This study employs a two‐phase Volume of Fluid (VOF) model to investigate the flow and 
heat transfer characteristics of Al₂O₃-water nanofluid over a heated circular cylinder at a 
Reynolds number of 100. Nanoparticle volume fractions (Φ) ranging from 1% to 10% 
were analyzed. A comprehensive grid-independence study and code validation were 
conducted to ensure the accuracy of the results. Increasing (Φ) from 0% to 10% led to 
significant changes in flow parameters: the mean drag coefficient increased by 27.8% 
(from 1.33 to 1.7), the fluctuating lift coefficient rose by 56.5% (from 0.23 to 0.36), and 
the Strouhal number increased by 6.7% (from 0.164 to 0.175). Heat transfer 
enhancement was observed with increasing nanoparticle concentration, as evidenced by 
the local Nusselt number at the front stagnation point (θ = 0°) rising by approximately 
40% over the same (Φ) range. The study revealed significant changes in pressure 
distribution around the cylinder, with higher (Φ) values smoothing the pressure gradient 
and altering the separation point. Time-averaged temperature contours demonstrated 
more uniform thermal distributions and reduced wake sizes at higher (Φ) values, 
indicating improved thermal diffusion and heat transfer efficiency. The (VOF) model 
successfully captured complex two-phase flow dynamics, revealing asymmetric 
nanoparticle distributions in the wake region at higher concentrations. These findings 
have important applications in thermal management systems, including electronic and 
energy systems, potentially leading to more efficient cooling systems and heat 
exchangers. 
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1. Introduction 
 

In recent years, research on nanofluids has gained considerable attention. These fluids possess 
much better thermophysical properties than conventional fluids. Nanofluids exhibit improved 
thermal conductivity as mixtures of nanoparticles and base fluids, making them highly attractive for 
various heat transfer applications. 

Nanofluids can enhance thermal management systems, such as those used in electronic cooling, 
automotive industries, and energy systems. Traditional single-phase models frequently do not 
accurately capture the complex interplay between nanoparticles and base fluid. However, the two-
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phase approach offers a more comprehensive framework by treating the nanoparticles and the fluid 
as separate but interacting phases. This approach provides a deeper understanding of flow dynamics, 
heat transfer properties, and the influence of various parameters on the system's overall 
performance. 

Safaei et al., [1] review recent advancements in the mathematical modeling of nanofluids; they 
highlight the challenges associated with the experimental study of nanofluids, including high costs 
and difficulties in maintaining stable nanofluid suspensions, making computational fluid dynamics 
(CFD) emerges as a valuable tool for research. The review discusses various (CFD) approaches. They 
aim to identify the most effective simulation methods to enhance the application of nanofluids in 
energy devices, thus contributing to the optimization of thermal systems. Safaei et al., [1] underscore 
the importance of two-phase models in the mathematical simulation of nanofluids. Unlike single-
phase models, while models treating nanofluids as homogeneous mixtures simplify the analysis, two-
phase models account for the unique behaviors exhibited by nanoparticles and the base fluid. This 
distinction is critical as it provides a more precise representation of fluid interactions and dynamics. 

Using numerical simulations and experimental analysis, Naphon and Nakharintr [2] examine 
nanofluids' turbulent flow and heat transfer properties in minichannel heat sinks. They aimed to 
compare the effectiveness of different models, including the single-phase, mixture two-phase, and 
Volume of Fluid (VOF) approaches, in predicting the behavior of nanofluids. Their experimental setup 
involved a copper minichannel heat sink and a cooling system with TiO2 nanoparticles, measuring 
parameters like flow rates and temperatures. They found that the mixture of two-phase and (VOF) 
models provided more accurate predictions than the single-phase model and that nanofluids 
significantly enhanced heat transfer compared to deionized water. Their investigation revealed that 
two-phase models, particularly (VOF) models and the mixture approaches, are better suited for 
examining the heat transfer of nanofluids in turbulent flows. 

Abdelhamid et al., [3] observed the impact of the Reynolds number (Re) and corner radius ratio 
(r/R) on the flow characteristics, aerodynamic forces, and heat transfer properties surrounding a 
square cylinder. They look at Reynolds numbers between 40 and 180 and corner radius ratios 
between 0.0 and 1.0. According to their findings, the critical Reynolds number for the start of vortex 
shedding decreases from 49.5 to 46.75 as the corner radius ratio rises, indicating that a larger corner 
radius encourages earlier vortex shedding. Unsteady trailing-edge separated flow, unsteady 
separation-bubble flow, unsteady leading-edge flow, and steady trailing-edge separated flow are the 
four different flow patterns found. The mutual influence of (r/R) and (Re) shapes these patterns. The 
research indicates that (r/R) and (Re) substantially influence the Strouhal number, which increases 
with these parameters, indicating enhanced heat transfer. Aerodynamic forces show a more 
pronounced sensitivity to (Re) than to (r/R), with complex dependencies on these variables. 
Additionally, Abdelhamid et al., [3] examine variations in boundary layer thickness, shear layer 
velocity, and wake structure. They find that the maximum velocity within the shear layer rises with 
both (r/R) and (Re), whereas the thickness of the boundary layer decreases. 

Park et al., [4] numerically simulated a flow over a circular cylinder with Reynolds numbers (Re) 
up to 160 in high resolution, offering comprehensive information on flow quantities. Utilizing a non-
uniform mesh with 641×641 points, the study solves the incompressible flow in a C-grid system 
through a fully implicit method. Key findings include the excellent agreement of the Strouhal number 
(St) with experimental data, the onset of vortex shedding at Re = 47, and alignment of mean pressure 
coefficient distribution with previous studies at Re < 45. As the Reynolds number increases, the 
overall drag coefficient decreases, while pressure drag becomes more significant in unsteady flow, 
and lift fluctuations are higher than drag fluctuations. The mean separation angle and its fluctuations 
increase with Re, and the length of the time-averaged separation bubble shows fair agreement with 
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past experiments. The study offers valuable data for validating experimental measurements and 
understanding flow physics at low Reynolds numbers, supporting the accuracy of the computational 
approach and providing insights into the effects of vortex shedding on drag and lift forces. 

Nashee and Hmood [5] investigate air's thermal and flow characteristics over a circular cylinder, 
focusing on Reynolds numbers ranging from 100 to 5000. They employed FLUENT 19 software to 
solve governing equations. The analysis shows good agreement with previous research for the 
Nusselt number and a decrease in the drag coefficient with increasing Reynolds numbers. This 
research extends the numerical analysis to explore the Nusselt number, drag coefficient, and local 
pressure coefficient behavior. The 2D model, chosen for its large length-to-diameter ratio, utilized an 
unstructured mesh with grid independence verified using four different meshes. Results indicated an 
11% deviation in Nusselt number values from previous studies for Reynolds numbers 100 and 1000, 
attributed to differing dimensional values and parameters. The study found that the drag coefficient 
decreases inversely with Reynolds numbers due to circulation zones. Maximum pressure occurs on 
the cylinder's front face, with a drop at the sides due to flow acceleration and boundary layer 
separation. Higher Reynolds numbers showed unstable, separated shear layers forming vortices, 
increasing heat transfer. 

Bhattacharyya et al., [6] conducted a numerical investigation into the heat transfer characteristics 
around a hexagonal cylinder placed in a channel. The study considered Reynolds numbers ranging 
from 100 to 50,000 and turbulence intensities between 5% and 50%, using air as the working fluid 
with a constant Prandtl number. They employed a three-dimensional model and used a grid with  
22 542 nodes were generated through the Richardson extrapolation method. The simulations, 
carried out using Fluent 16.2, revealed that the average Nusselt number increases with both Reynolds 
and turbulence intensity, with a significant rise observed beyond a Reynolds number of 10,000. The 
transition from laminar to turbulent flow was identified around a Reynolds number of 2000, with 
detailed analyses of velocity vectors, temperature contours, and turbulent kinetic energy illustrating 
the complex flow patterns and heat transfer behavior. Bhattacharyya et al., [6] concluded that the 
Shear Stress Transport (SST) model effectively predicts heat transfer across different flow regimes, 
providing a robust foundation for Computational Fluid Dynamics (CFD) simulations in more complex 
geometries, with results aligning well with empirical correlations. 

Aun et al., [7] explored the impact of low concentrations of diamond water nanofluid on the 
performance of loop heat pipes (LHPs). Their study focused on three mass concentrations of diamond 
nanofluid: 0.3%, 0.6%, and 0.9%, and evaluated the effects under varying flow rates and heat loads. 
The findings revealed that even at these low concentrations, diamond water nanofluid significantly 
enhances the heat transfer coefficient compared to pure water due to its superior thermal 
conductivity. Additionally, using diamond nanofluid reduced the total thermal resistance of the (LHP), 
indicating more efficient heat transfer. Notably, forming smaller bubbles in the vapor line with 
diamond nanofluid further contributed to better heat transfer characteristics. The experimental 
results were validated with ANSYS simulations, showing good agreement with less than 5% error 
between simulated and experimental temperatures. Aun et al., [7] concluded that low 
concentrations of diamond water nanofluid could effectively improve the cooling performance of 
Loop Heat Pipes (LHPs), presenting a cost-effective alternative to higher-concentration nanofluids. 

Majdi et al., [8] examined natural convection within a wavy enclosure containing an inner circular 
cylinder. Using a finite element scheme, they analyzed the space filled with two layers: one with silver 
(Ag) nanofluid and the other with a porous medium saturated with the same nanofluid. They 
developed dimensionless equations for heat transfer and fluid flow and utilized the Darcy-Brinkman 
model to account for porous media. Key parameters investigated by Majdi et al., [8] included the 
Rayleigh number (Ra), Darcy number (Da), cylinder radius (R), cylinder vertical position (δ), number 
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of undulations (N), and nanoparticle volume fraction (Φ). They found that increasing Ra, Da, and the 
volume fraction of nanofluid improves both fluid flow robustness and heat transfer efficiency. The 
optimal heat transfer was observed when the internal cylinder (R=0.2) was positioned vertically 
downward (δ=-0.2) with one undulation (N=1). Their findings, presented through streamlines, 
isotherms, and Nusselt numbers, highlight the significant impact of varying these parameters on heat 
transfer efficiency. In conclusion, Majdi et al., [8] provided valuable insights into the influence of 
geometric and physical parameters on natural convection in nanofluid-filled wavy enclosures, 
offering guidelines for optimizing heat transfer performance in such systems. Several other studies 
have also investigated various aspects of non-Newtonian nanofluids in wavy geometries. Ahmed et 
al., [9] studied forced convection of non-Newtonian nanofluid in a sinusoidal wavy channel, 
employing response surface analysis and sensitivity testing. Hossain and Molla [10] examined MHD 
mixed convection of non-Newtonian power-law ferrofluid in a wavy enclosure. In another study, 
Hossain et al., [11] investigated MHD mixed convection of non-Newtonian Bingham nanofluid in a 
wavy enclosure with temperature-dependent thermophysical properties, using sensitivity analysis by 
response surface methodology. Afsana et al., [12] explored MHD natural convection and entropy 
generation of non-Newtonian ferrofluid in a wavy enclosure. Additionally, Nag and Molla [13] studied 
double-diffusive natural convection of non-Newtonian nanofluid considering thermal dispersion of 
nanoparticles in a vertical wavy enclosure. 

Using numerical simulations, Korib et al., [14] analyzed the Cu-water nanofluid's flow 
characteristics and heat transfer over a circular cylinder. Within uniform heat flux (UHF) and constant 
wall temperature (CWT) parameters, they examined the steady flow-field and heat transfer for 
nanoparticle volume fractions ranging from 0% to 5% and Reynolds numbers between 10 and 40. In 
the study, a 2D infinitely long circular cylinder is modeled with uniform nanoparticles flowing at the 
base fluid's velocity while in thermal equilibrium. Equations relating to momentum and energy 
control the flow, which have particular velocity and temperature boundary conditions. A steady, 
laminar solver using the SIMPLE algorithm is employed. Results validate the numerical methods and 
show that higher Reynolds numbers lead to recirculation bubbles in nanofluids slightly displaced from 
the cylinder surface. Enhanced thermal conductivity of nanofluids results in higher local Nusselt 
numbers, improving heat transfer efficiency. 

Mahat et al., [15] investigate the behavior of viscoelastic nanofluids under the influence of a 
magnetic field. The study aims to understand how factors such as magnetic field strength, 
nanoparticle volume fraction, and fluid properties, including viscosity and thermal conductivity, 
affect the velocity, temperature, skin friction, and heat transfer coefficients as the fluid flows past a 
circular cylinder with constant heat flux. The researchers developed a mathematical framework using 
the Tiwari and Das nanofluid model. They employed the Keller box method to solve the dimensionless 
governing equations derived from the momentum and energy equations. The findings reveal that the 
magnetic field significantly influences the nanofluid's flow dynamics and heat transfer properties. 
Specifically, the fluid's velocity decreases as the magnetic field strength increases due to the Lorentz 
force, which acts as a drag on the fluid. Conversely, the temperature of the fluid rises with an increase 
in both magnetic field strength and nanoparticle volume fraction, enhancing the fluid's thermal 
conductivity. Additionally, the study found that skin friction increases with stronger magnetic fields 
and higher nanoparticle concentrations, while the heat transfer coefficient decreases as the magnetic 
parameter increases. These findings are consistent with previous studies, which highlight the critical 
roles that magnetic parameters and nanoparticle volume fractions play in modifying viscoelastic 
nanofluids' flow and thermal properties, with important implications for enhancing heat transfer in 
various industrial applications [16-37]. 
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Urmi et al., [38] examine the various types of nanofluids, their preparation methods, and their 
thermophysical properties, focusing on thermal conductivity and viscosity. The study highlights the 
widespread use of the two-stage method for preparing nanofluids and the ongoing research to 
achieve stable nanofluids with high thermal conductivity and low viscosity. The review notes that 
increased solid concentration of nanoparticles generally enhances thermal conductivity, with the 
highest improvement reported being 300% for kerosene-based oleic acid-coated Fe3O4 nanofluids. 
Viscosity, a crucial factor in heat transfer applications, typically increases with higher particle 
concentration and decreases with higher temperatures, with a maximum reported increase of 320% 
for water-based nanofluids with single-walled carbon nanotubes. Despite the novel properties of 
nanofluids, their industrial applications remain limited, necessitating further research. Future studies 
should investigate nanoparticle shape, synthesis methods, surfactant types, and ultrasonication 
times. The review underscores the need for large-scale experiments and comparative studies to 
advance the practical application of nanofluids in thermal engineering. This comprehensive review 
aims to guide the development of innovative nanofluids with improved properties for efficient 
thermal management solutions. 

In recent years, the study of nanofluids has garnered significant attention due to their superior 
thermal properties compared to conventional fluids. Nanofluids, a mixture of nanoparticles and base 
fluids, exhibit enhanced thermal conductivity, making them attractive for heat transfer applications 
such as electronic cooling, automotive industries, and energy systems. While much research has been 
conducted on nanofluids, especially using single-phase models, there remains a gap in understanding 
the complex interactions between nanoparticles and base fluids in specific flow conditions. Many 
previous studies, such as those by Safaei et al., [1] and Naphon and Nakharintr [2], highlight the 
limitations of single-phase models, which often oversimplify these interactions. Two-phase models, 
such as the Volume of Fluid (VOF) approach, offer a more accurate representation by treating the 
nanoparticles and base fluid as separate but interacting phases. Despite advancements, there is still 
a need for detailed studies on nanofluid behavior around specific geometries, such as circular 
cylinders, which are common in thermal management systems. This study aims to address these gaps 
by employing the (VOF) model to investigate the flow and heat transfer characteristics of Al2O3-water 
nanofluid over a heated circular cylinder. By examining the effects of varying nanoparticle volume 
fractions on flow parameters such as drag and lift coefficients, Strouhal number, and heat transfer 
rates, this research seeks to provide a deeper understanding of nanofluid dynamics. 
 
2. Numerical Method 
2.1 Mathematical Formulation 
 

The (VOF) model uses a single momentum equation for each phase, solving a continuity equation 
for the secondary phases to track their volume fractions over the study domain. The volume fraction 
of the primary phase can be computed since the volume fractions of all the phases sum to one. This 
method computes all physical properties using a weighted average of the various phases according 
to their volume fractions within each control volume. The velocity components, shared by all phases, 
can only be found by solving a single set of momentum equations. Similarly, one energy equation is 
used to determine a standard temperature. Specifically, mass conservation is explained as follows 
[2]: 
 

∇(ϕ𝑞ρ𝑞𝑉𝑞⃗⃗  ⃗) = 0             (1) 
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where 
 
∑ ϕ𝑞

𝑛
𝑞=1 = 1              (2) 

 
All properties are calculated as: 
 
𝑁 = ∑ ϕ𝑞𝑁𝑞(𝑁 is the number of phases)𝑛

𝑞=1          (3) 

 
Furthermore, the equations for the conservation of momentum and energy are expressed as 

follows: 
 
Momentum equation: 
 
∇ ⋅ (ρ𝑚𝑉𝑉) = −∇𝑝 + ∇ ⋅ (μ𝑚∇𝑉)           (4) 
 
Energy equation: 
 

∇ ⋅ (ρ𝑚𝑉𝑐𝑝𝑚𝑇) = ∇ ⋅ (λm∇𝑇) + 𝑄           (5) 

 
𝑄 represents any internal heat generation from a chemical reaction, electrical heating, or another 

source. 
For computing schemes used in our simulation, as the configuration settings used for a transient 

simulation, the timestep (Δt) was carefully selected to ensure that the Courant–Friedrichs–Lewy 
number maximum (CFLmax) ≤ 1. PISO (Pressure-Implicit with Splitting of Operators) is the Pressure-
Velocity Coupling scheme used. Skewness correction and neighbor correction are set to 1, and 
skewness-neighbor coupling is activated. Pressure is handled with the PRESTO! (PREssure STaggering 
Option) scheme and momentum is discretized using the QUICK (Quadratic Upstream Interpolation 
for Convective Kinematics) method. The volume fraction is treated with a compressive scheme, and 
energy discretization employs the Third-Order MUSCL (Monotonic Upstream-Centered Scheme for 
Conservation Laws) method. The transient formulation used in this simulation is the Bounded Second 
Order Implicit scheme. 
 
2.2 Grid Generation and Code Validation 
 

Figure 1 illustrates the computational domain used for the simulation study, which is circular with 
a central wall circular cylinder surface subjected to a constant heat flux. The diameter of the cylinder 
is denoted by (D). The domain features an inlet labeled "velocity inlet," where the fluid enters, and 
an outlet marked as "pressure outlet," positioned directly opposite the inlet to facilitate fluid exit. 
The cylinder's diameter multiplied by 64 is the distance between the inlet and the outlet (64D). The 
boundary conditions comprise a velocity inlet, where the flow velocity is defined, and a pressure 
outlet, where the pressure is specified. This setup creates a controlled environment for analyzing the 
flow and heat transfer characteristics around the cylinder. By minimizing the influence of boundary 
effects on the flow field surrounding the cylinder, the large domain size relative to the cylinder 
diameter ensures accurate study results. 
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Fig. 1. Computational domain 

 
Figure 2 shows the computational grid used for numerical simulations in full and close-up views. 

The grid is circular with dense node clustering at the center, gradually dispersing towards the edges. 
This design captures detailed phenomena near the center and optimizes computational resources by 
reducing resolution in outer areas. 
 

 
Fig. 2. A typical grid used for computations; full 
and close-up views 

 
To make sure that the outcomes of the numerical simulation are independent of the grid size, 

Table 1 displays the grid independence test results. Seven different cases (M1 to M7) were analyzed 
with varying numbers of points around the cylinder (𝑁𝑟) and corresponding mesh sizes. The 
parameters considered include the mean drag coefficient ( 𝐶𝐷̅), the fluctuation of drag coefficient 

(𝐶̀𝐷), the fluctuation of lift coefficient (𝐶̀𝐿), and Strouhal number (St). 
The mean drag coefficient (𝐶𝐷̅) shows a slight variation initially, increasing from 1.319 in M1 to 

1.334 in M3. Beyond M3, the value stabilizes at 1.333, indicating convergence from M4 onwards. The 
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fluctuation drag coefficient (𝐶̀𝐷) increases marginally from 5.4 × 10-3 in M1 to 6.4 × 10-3 in M2. From 

M3 to M7, (𝐶̀𝐷) stabilizes at 6.5 × 10-3, suggesting grid independence from M3 onwards. The 

fluctuation lift coefficient (𝐶̀𝐿) increases from 0.210 in M1 to 0.230 in M3. After M3, (𝐶̀𝐿) remains 
constant at 0.230, indicating that sufficient grid resolution is achieved. The Strouhal number (St) 
starts at 0.1591 for M1 and gradually increases to 0.1641 by M3. From M4 onwards, (St) stabilizes at 
0.1616, showing convergence. 
 

Table 1 
Results of grid independence test 
Case Nr Mesh size × 103 C̅D C̀D × 10-3 C̀L St 

M1 50 17.5 1.319 5.4 0.210 0.1591 
M2 100 35 1.333 6.4 0.228 0.1641 
M3 150 52.5 1.334 6.5 0.230 0.1641 
M4 200 70 1.333 6.5 0.230 0.1616 
M5 250 87.5 1.333 6.5 0.230 0.1616 
M6 300 105 1.333 6.5 0.230 0.1616 
M7 400 140 1.333 6.5 0.230 0.1591 

 
The results demonstrate that mesh sizes greater than or equal to 52.5 × 103 (corresponding to 

case M3) provide consistent and stable values for all the key parameters ( 𝐶𝐷̅), (𝐶̀𝐷), (𝐶̀𝐿), and (St). 
Thus, a mesh size of 52.5 × 103 or higher is considered sufficient for grid independence in this 
simulation and for future simulations and analyses. 

Table 2 compares the mean flow quantities for flow around a circular cylinder between various 

studies and the current study (case M3). The mean drag coefficient ( 𝐶̅𝐷) values range from 1.32 to 
1.41 in the literature, and the present study reports a mean drag coefficient of 1.334, which falls 

within this range, indicating consistency with prior research. The fluctuation of drag coefficient (𝐶̀𝐷) 
reported in the literature are 6.3 × 10-3 and 6.4 × 10-3, while the present study's value of 6.5 × 10-3 is 

slightly higher with 1.5% error. The fluctuation of lift coefficient (𝐶̀𝐿) values in the literature range 
from 0.2207 to 0.257, and the present study's value of 0.23013 aligns well with these values. The 
Strouhal number (St) values reported are between 0.164 and 0.172, with the present research noting 
a Strouhal number of 0.1641, which is consistent with literature values, suggesting accurate 
frequency prediction of vortex shedding. The comparison indicates that the results of the present 
study are consistent with those reported in previous literature for flow around a circular cylinder for 
Re=100. The slight variations observed are within acceptable ranges, and errors are lower than 1.5%. 
 

Table 2 
Validation of mean flow results on circular cylinder simulations at Re = 100 
Author C̅D C̀D × 10-3 C̀𝐿 St 

Engelman and Jamnia [39] 1.405 - - 0.172 
Sharman et al., [40] 1.33 6.4 0.230 0.164 
Burbeau and Sagaut [41] 1.38 - - 0.171 
Muralidharan et al., [42] 1.41 - 0.242 0.167 
Posdziech and Grundmann [43]  1.31 - - 0.163 
Park et al., [4] 1.33 - - 0.165 
Ali et al., [44] 1.32 - 0.2207 0.164 
Present study (M3) 1.334 6.5 0.230 0.164 

 
Figure 3 illustrates the mean pressure coefficient (𝐶𝑝̅) distribution around a circular cylinder at a 

Reynolds number of 100. The present work shows a detailed pressure distribution profile that aligns 
closely with other works, indicating consistency and reliability in the current research methodology. 
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Fig. 3. Validation of mean pressure distribution over cylinder 

 
At (𝜃 = 0) degrees, all results show a peak of (𝐶𝑝̅) value around 1, expected due to the stagnation 

point at the front of the cylinder. A significant drop in (𝐶𝑝̅) is observed as (𝜃) increases, reaching a 

minimum around (𝜃 = 80 to 100) degrees, indicative of flow separation and the formation of a wake 
region behind the cylinder. Post the minimum point, (𝐶𝑝̅) values gradually rise again towards  

(𝜃 = 180) degrees. The overall shape and trend of the (𝐶𝑝̅) distribution is consistent with literature 

results. This figure demonstrates a strong agreement between the present work and previous studies 
by Abdelhamid et al., [3], Park et al., [4], and Sharman et al., [40], validating the current results. 

The distribution of a circular cylinder's mean Nusselt number 𝑁𝑢 is shown in Figure 4. The time-

averaged Nusselt number 𝑁𝑢 is obtained by averaging the local Nusselt number over the time period 
of interest: 
 

𝑁𝑢 =
1

𝑇
∫ 𝑁𝑢(𝑡)𝑑𝑡

𝑇

0
             (6) 

 
Results of the current study are contrasted with those of Krall and Eckert [45] and Abdelhamid et 

al., [3]. All three datasets show a high (𝑁𝑢) value at the front stagnation point (around (θ = 0∘)), 
which remains relatively high up to approximately (θ = 30∘), indicating strong convective heat 

transfer in this region. As (θ) increases from 30 to 90 degrees, there is a noticeable decline in (𝑁𝑢) 

for all datasets, with the present work maintaining slightly higher (𝑁𝑢) values compared to 
Abdelhamid et al., [3] and Krall and Eckert [45]. Around (θ = 90∘), the midpoint of the cylinder, the 
Nusselt number reaches its minimum, with the present work showing the lowest minimum, 
suggesting reduced convective heat transfer efficiency at this point. 

Beyond (θ = 90∘), (𝑁𝑢) begins to increase again. The present work shows a slightly sharper 

recovery than the other datasets, reaching a higher (𝑁𝑢) at (θ = 180∘), indicating enhanced heat 
transfer in the rear half of the cylinder. The results from the present work are consistent with those 
from Abdelhamid et al., [3] and Krall and Eckert [45], demonstrating a similar overall distribution in 

(𝑁𝑢). This comparative analysis reveals that all studies agree on the general behavior of (𝑁𝑢) around 
the cylinder. 
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Figure 4 effectively illustrates the distribution of the mean Nusselt number around a circular 
cylinder. The present work aligns well with previous studies. 
 

 
Fig. 4. Mean Nusselt number distribution over cylinder 

 
3. Results and Discussion 
 

The flow analysis results that include the nanoparticle presence are described in detail in this 
section. The percentage value of the volume fraction (Φ) indicates the concentration of 
nanoparticles. In our study, we varied the volume fraction (Φ) from 1% to 10% in increments of 1%. 
Table 3 presents the thermophysical characteristics of the research materials used in this study, 
namely water as the base fluid and Al2O3 as nanoparticles: 
 

Table 3 
Water's thermophysical characteristics and nanoparticles 
Physical properties Fluid (H2O) Al2O3 

Cp, J/kg K 4179 765 
ρ, kg/m3 997.1 3970 
λ, W/mK 0.613 40 
β × 10−5, 1/K 21 0.85 

 

Figure 5 shows the fluctuating drag coefficient (𝐶̀𝐷) and the mean drag coefficient (𝐶𝐷̅) against 

volume fraction (Φ) ranging from 0% to 10%, illustrating that the mean drag coefficient steadily 
increases with volume fraction, from approximately 1.33 at (Φ = 0%) to around 1.7 at (Φ = 10%). 
Similarly, the fluctuation in the drag coefficient rises from approximately 6.5 × 10-3 at (Φ = 0%) to 
about 1.8 × 10-2 at (Φ = 10%). This suggests that the drag force on the cylinder increases with the 
volume fraction, and the drag coefficient's mean and fluctuating components positively correlate 
with it. The steady increase in the mean drag coefficient with increasing nanoparticle volume 
fractions is attributed to increased momentum diffusion, as nanoparticles enhance the fluid's 
effective viscosity, leading to more excellent resistance to flow and higher drag on the cylinder. This 
occurs because the particles disrupt the smooth passage of the fluid around the cylinder, generating 
larger boundary layers and stronger shear forces. 
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Fig. 5. Mean and fluctuation of drag coefficient for Φ=1%-10% 

 

The variation between the Strouhal number (St) and the fluctuation of the lift coefficient (𝐶̀𝐿) 
with volume fraction (Φ), as illustrated in Figure 6, shows that both increase as the volume fraction 
rises. Specifically, the Strouhal number starts at around 0.164 for (Φ = 0%) and gradually increases to 
approximately 0.175 at (Φ = 10%). In comparison, the fluctuation of the lift coefficient begins at about 
0.23 for (Φ = 0%) and rises significantly to around 0.36 at (Φ = 10%). This indicates that the frequency 
of vortex shedding, represented by the Strouhal number, increases with higher volume fractions, 
suggesting that the flow becomes more unstable as the nanoparticle concentration rises. The 
increase in the Strouhal number with (Φ) implies higher vortex shedding frequencies, as the 
interaction between the particles and the base fluid leads to faster vortex detachment. The enhanced 
thermal conductivity and viscosity of nanofluids contribute to quicker energy dissipation in the wake, 
promoting earlier and more frequent vortex shedding. 
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Fig. 6. Strouhal number and lift coefficient for Φ=1%-10% 

 
Figure 7 and Figure 8 depict the mean pressure distribution (𝐶𝑝̅) over a circular cylinder for 

different nanofluid volume fractions (Φ). Figure 7 shows the mean pressure distribution for (Φ) 
values ranging from 1% to 5%, while Figure 8 presents the mean distribution for (Φ) values ranging 

from 5% to 10%. Both figures exhibit a similar trend: (𝐶𝑝̅) starts at a maximum at the stagnation point 

(θ = 0°), decreases sharply near (θ = 80°), then gradually increases toward the rear stagnation point 
(θ = 180°). As (Φ) increases, it noticeably affects the pressure distribution over the cylinder. For 
(Φ=10%), the (𝐶𝑝̅) at (θ = 30°) is relatively high, indicating a strong pressure gradient, but as (Φ) 

increases, (𝐶𝑝̅) at this angle slightly decreases, suggesting that nanoparticles influence the flow 

characteristics, smoothing the gradient and reducing local pressure. At (θ = 180°), higher (Φ) results 
in less negative (𝐶𝑝̅), indicating a reduction in the adverse pressure gradient. The differences in (𝐶𝑝̅) 

become more pronounced at higher (Φ) values, mainly between 6% and 10%, as seen in Figure 8, 
compared to the range from 1% to 5% in Figure 7. This variation suggests changes in the boundary 
layer characteristics and separation points on the cylinder surface. The smoother pressure gradients 
observed with increasing nanoparticle concentrations indicate a modification in boundary layer 
behavior. Nanoparticles enhance the fluid’s thermal conductivity, promoting faster heat dissipation 
from the cylinder surface, resulting in a thinner thermal boundary layer that delays flow separation 
and shifts wake formation downstream. Consequently, the adverse pressure gradient behind the 
cylinder decreases, reducing flow separation and vortex intensity, with changes in the separation 
point and wake structure playing a key role in determining the drag and lift forces on the cylinder. 
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Fig. 7. Mean pressure distribution over circular cylinder for Φ= 1% 
- 5% 

 

 
Fig. 8. Mean pressure distribution over a circular cylinder for Φ= 
6% - 10% 

 

Figure 9 and Figure 10 illustrate the averaged local Nusselt number (𝑁𝑢) distributions over a 
circular cylinder for different volume fractions of nanoparticles (Φ), providing insight into the heat 
transfer characteristics around the cylinder with varying nanoparticle concentrations. Figure 9 shows 
the time-averaged local Nusselt number over a circular cylinder for volume fractions, ranging from 
(Φ =  1%) to (Φ =  5%), with the local Nusselt number plotted on the cylinder surface. Key 
observations from Figure 9 include an increase in the time-averaged local Nusselt number with higher 
nanoparticle concentrations, with the highest time-averaged local Nusselt number at (θ =  0°) 
decreasing along the cylinder's surface, and the lowest Nusselt number corresponding to (Φ =  0%) 
(pure fluid), indicating reduced heat transfer compared to nanofluids. The local Nusselt number's 
behavior reflects the enhanced heat transfer due to the presence of nanoparticles, where the higher 
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thermal conductivity of nanofluids leads to a more efficient transfer of heat from the cylinder surface 
to the surrounding fluid. This results in higher heat transfer rates at the front stagnation point and a 
more uniform temperature distribution around the cylinder. Physically, the presence of nanoparticles 
increases the fluid's capacity to absorb and transport heat, reducing the thermal boundary layer 
thickness and leading to a significant increase in the Nusselt number as (Φ) increases, with the 
improvement in heat transfer being most important at the front stagnation point and progressively 
decreasing along the surface of the cylinder. 
 

 
Fig. 9. Time-averaged local Nusselt number over circular cylinder 
for Φ=1%-5% 

 

 
Fig. 10. Time-averaged local Nusselt number over circular cylinder 
for Φ=6%-10% 
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Figure 11 illustrates the time-averaged volume fraction of the second phase (nanofluid) for 
various (Φ) values. 

At low (Φ) values (1% to 3%), the flow field shows minor disturbances, with a relatively low and 
uniform distribution of the second phase in the wake region. 

As (Φ) increases from 4% to 6%, more pronounced disturbances appear, and the wake behind 
the cylinder displays an asymmetric distribution of the second phase. 

At higher (Φ) values (7% to 8%), the presence of nanoparticles becomes more pronounced in the 
region where vortex formation and shedding processes are visible, and the interaction between the 
phases intensifies, indicating four axisymmetric areas in the wake of the cylinder. 

A thin, strongly concentrated nanofluid layer is observed for (Φ = 9% and 10%). In this layer, flow 
separation occurs at the separation angle on both the upper and lower surfaces, subsequently 
adhering to the rear of the cylinder. 

Physically, the asymmetry in nanoparticle distribution in the wake region at higher concentrations 
can be explained by the interaction between nanoparticles and the fluid, which creates complex flow 
structures and leads to non-uniform dispersion in the wake. 
 

 
Fig. 11. Contours of time-averaged volume fraction of the second phase (nanofluid) 

 
Figure 12 illustrates the contours of time-averaged temperature in the near-wake region, showing 

that as the nanoparticle concentration increases from 1% to 10%, there are noticeable changes in 
the wake structure and temperature distribution. Lower (Φ) values result in an extended and distinct 
wake. In comparison, higher (Φ) values lead to a more compact wake, indicating stronger thermal 
diffusion and improved heat transfer due to the enhanced thermal conductivity of the nanofluid. The 
compact wake and uniform temperature distribution observed at higher nanoparticle concentrations 
indicate stronger thermal mixing in the wake, driven by the nanofluid's improved conductive 
properties. As (Φ) increases, the temperature distribution becomes more uniform, suggesting 
improved thermal diffusion and a thinner thermal boundary layer near the cylinder surface. This leads 
to enhanced heat transfer at the solid-fluid interface. Overall, the figure demonstrates that higher 
nanoparticle concentrations enhance heat transfer efficiency, as evidenced by more uniform 
temperature distributions and reduced thermal gradients in the wake. 
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Fig. 12. Contours of time-averaged temperature in near wake region for Φ=1%-10% 

 
4. Conclusions 
 

A nanofluid flow and heat transfer around a heated circular cylinder were successfully modeled 
and examined in this work. Heat transfer characteristics around the circular cylinder were 
significantly enhanced by adding nanofluids, more precisely, those with different volume fractions. 
The volume of fluid (VOF) model was used in the numerical simulations, demonstrating good 
agreement with experimental and benchmark data. The mesh independence tests confirmed that a 
mesh size of 52.5 x 103 nodes or higher provides consistent and accurate results, establishing the 
reliability of the computational model employed in this study. The results demonstrated that higher 
nanoparticle concentrations lead to increased Nusselt numbers, indicating enhanced heat transfer 
rates due to the superior thermal properties of nanofluids compared to traditional fluids. 
Additionally, the study revealed that the mean and fluctuating components of the drag coefficient 
(𝐶𝐷) and lift coefficient (𝐶𝐿) increase with the volume fraction (Φ). At a 10% volume fraction, the 
mean drag coefficient rose from approximately 1.33 to 1.7. In contrast, the lift coefficient's 
fluctuation increased from 0.23 to 0.36, implying that higher nanoparticle concentrations result in 
greater aerodynamic forces acting on the cylinder. Besides, the frequency of vortex shedding, 
represented by the Strouhal number (𝑆𝑡), was also influenced by the nanoparticle volume fraction, 
increasing from 0.164 at 0% volume fraction to 0.175 at 10%, indicating more frequent vortex 
shedding with higher nanoparticle concentrations. This behavior suggests a direct relationship 
between nanoparticle concentration and the dynamic stability of the flow. The mean pressure 
distribution (𝐶𝑝̅) around the cylinder revealed notable changes with varying volume fractions of 

nanofluids, with higher nanoparticle concentrations smoothing the pressure gradient, reducing the 
local pressure at specific angles, and altering the adverse pressure gradient at the rear stagnation 
point. The study provides significant insight into the complex interaction between fluid flow and 
nanoparticles, demonstrating the effectiveness of the (VOF) model for capturing the intricate flow 
dynamics. Notably, higher nanoparticle concentrations led to more frequent vortex shedding, an 
observation that could have implications for optimizing heat transfer devices in various engineering 
applications. 

In future studies, extending the investigation across a wider range of Reynolds numbers would 
be beneficial. By including lower and higher values, the flow characteristics under different regimes—
from laminar to turbulent—could be better understood, offering more comprehensive insights into 
how nanofluids behave in various flow conditions. Additionally, exploring different nanofluid 
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compositions, such as CuO, TiO2, or carbon-based nanomaterials, would provide a comparative 
thermal performance analysis, helping to identify which combinations of nanoparticles and base 
fluids offer the most significant heat transfer enhancement. Beyond just varying the composition, 
future studies should consider the effects of nanoparticle shape and size, as these parameters can 
substantially influence flow dynamics and heat transfer efficiency. Furthermore, integrating flow 
control techniques, such as vortex generators or active flow mechanisms like suction and blowing, 
could reduce drag and increase heat transfer rates. These control methods could optimize the 
interaction between the nanofluid and the circular cylinder, paving the way for more efficient 
thermal management systems in engineering applications. 
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