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ABSTRACT

This study numerically investigates the fluid dynamics behavior of flow between two concentric cylinders
using ANSYS Fluent. While the outer cylinder remains stationary, the inner cylinder rotates at angular
velocities of 40, 60, and 80 rad/s. Water fills the annular gap, and four distinct surface profiles (flat,
semicircular, triangular, and rectangular) are integrated into the inner surface of the inner cylinder to
evaluate their thermal and hydrodynamic performance. The inlet velocity is maintained at 0.1 m/s, alongside
constant turbulence intensity and viscosity ratio. The numerical results indicate that notched surfaces
significantly enhance heat transfer compared to smooth alternatives. As the inlet velocity increases, the
average velocity decreases across all configurations, with the flat surface exhibiting the most prominent
reduction. Conversely, the pressure drop rises with higher inlet velocities, peaking in the triangular notch
profile. The temperature difference (AT) decreases with increasing inlet velocity across all profiles; the
triangular notch yields the highest thermal difference, whereas the flat surface generates the lowest.
Although the rectangular notch provides a substantial temperature drop, it induces elevated pressure
differentials, thereby increasing pump power requirements. Ultimately, this research highlights the critical
role of surface modifications in optimizing the balance between heat transfer enhancement and hydraulic
losses in rotary cylindrical flows.

Keywords: Flow in rotating cylinder, Heat transfer enhancement, Wall optimization, CFD, Notch geometry, Taylor
vortex.

Year 2026, Volume-8, Issue-6| icontechjournal.com

533


http://icontechjournal.com/index.php/iij
http://doi.org/10.5281/zenodo.21836724
https://orcid.org/0009-0001-0957-6853
https://orcid.org/0000-0003-2077-9237

ICONTECH INTERNATIONAL JOURNAL OF SURVEYS,
ENGINEERING, TECHNOLOGY

Journal homepage: http://icontechjournal.com/index.php/iij Volume 8 (2026) Issue 6

1. Introduction

Rotational flows occurring between two concentric cylinders are known in fluid mechanics literature as
Taylor-Couette flow, which has a deeply rooted history in both theoretical hydrodynamic stability analyses
and practical engineering applications [1]. In configurations where the inner cylinder rotates and the outer
cylinder remains stationary, the destabilizing effect of centrifugal forces causes the flow to transition from
a purely laminar circular flow regime to a "Taylor Vortex Flow" regime, characterized by the formation of
regular, toroidal, and axially periodic vortices once a specific critical threshold (Critical Taylor Number) is
exceeded [2]. These secondary flow structures possess the capability to dramatically enhance radial
momentum and mass transfer between the cylinders [3-5]. This distinct hydrodynamic characteristic of
rotational systems plays a critical role across a broad industrial spectrum, ranging from the design of
chemical reactors and dynamic filtration systems to the cooling of rotating mechanical components such as
high-speed electric motors, generators, and gas turbines. Enhancing thermal efficiency in rotational flow
systems is a vital parameter for the safety, lifespan, and performance of system components, particularly in
compact engineering designs subjected to high thermal loads. Strategies aimed at augmenting heat transfer
are generally classified into two main categories: active and passive methods. Passive methods, which do
not require an external power source or moving mechanisms, are primarily preferred in industrial designs
due to their lack of initial investment and operating costs, their avoidance of increased system complexity,
and the high reliability they offer [6]. The fundamental operating mechanism of passive heat transfer
enhancement techniques relies on physically disrupting the thermal boundary layer that develops near the
heat transfer surface and acts as a thermal resistance. Artificial roughness, grooves, or notches integrated
onto the surface force the fluid flow into local separation, vortex circulations, and subsequent reattachment
[7-9]. These micro-scale hydrodynamic structures circulating within the notches maximize the mixing
between the core flow and the near-wall flow, thereby elevating local Nusselt numbers and, consequently,
the overall convective heat transfer coefficient [10]. Augmenting thermal performance through geometric
modifications is not a linear and lossless process; every geometric obstacle or roughness element introduced
into the flow field simultaneously increases flow resistance and the friction coefficient. This situation leads
to significant local viscous losses within the flow domain, and an escalation of the total pressure drop across
the system, thereby increasing the pumping power costs required to circulate the fluid. Therefore, the
fundamental engineering challenge in the design of modern heat exchangers and rotational systems is
achieving an optimal balance between heat transfer gains and hydraulic losses, namely, the thermo-
hydraulic optimization of the system. Numerous numerical and experimental investigations in the literature
have revealed that different notch profiles, such as semicircular, triangular, and rectangular shapes, directly
influence the vortex intensity, local turbulence kinetic energy, and pressure gradients within the flow field.
These performance curves are strictly correlated not only with the roughness geometry but also with the
kinematic properties of the rotating wall and the thermophysical characteristics of the working fluid [11].

A review of existing studies in the literature indicates that passive surface modifications are generally
concentrated on the stationary outer cylinder or outer wall surfaces. Although previous studies have
simulated a moving outer wall and its effects on the flow, comprehensive analyses of geometric
modifications integrated directly into the inner surface of the rotating inner cylinder remain limited. Notches
created on the inner surface generate a highly complex and challenging hydrodynamic field due to the
simultaneous interaction of Coriolis and centrifugal forces induced by the rotational motion and the flow
behaviors triggered by the notch geometry [12-14]. To elucidate the effects of rotating inner wall
modifications on thermal enhancement, this study investigates the impacts of various geometric notch
structures on the inner surface on flow dynamics and heat transfer in a coaxial configuration with a stationary
outer cylinder, utilizing CFD methods [15].
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Within the scope of this presented research, a comprehensive comparative analysis was conducted
considering four different inner wall geometries: unnotched (flat/smooth), semicircular, triangular, and
rectangular notch profiles. Water was selected as the working fluid in the analyses, and the hydrodynamic
and thermal responses of the system were examined by operating the inner cylinder at three different angular
rotational velocities: 40, 60, and 80 rad/s. The inlet velocity was set to 0.1 m/s, while turbulence intensity
and viscosity ratio were kept constant. Through three-dimensional numerical simulations performed using
ANSYS Fluent software, high-resolution velocity fields, streamlines, pressure gradients, and temperature
distributions were obtained for each geometry and velocity combination [16]. The performance of the four
geometries was comparatively evaluated in terms of average velocity, pressure drop, and temperature
difference parameters. Considering the acquired numerical data, the disruptive effects of different geometric
profiles on the boundary layer, their vortex intensification capabilities, and the ultimate pumping power
costs were quantitatively compared. Ultimately, this study aims to provide a robust set of optimization
parameters grounded in numerical evidence for the energy-efficiency-driven design of surface modifications
in rotational cylindrical systems, thereby contributing to the literature on determining the optimum balance
between heat transfer enhancement and hydraulic losses through passive surface modifications.

2. Material And Method
2.1. Geometry

The computational flow field and three-dimensional solid geometries were modeled using the ANSYS
SpaceClaim module. The system consists of two concentric cylinders. To investigate the effects of passive
surface modifications on flow behavior and heat transfer, specific notch profiles were integrated only into
the inner surface of the inner cylinder. In this configuration, the outer cylinder is kept as a fixed and flat
wall, while the inner cylinder is rotated. The domains of the geometries are given in Figure 1.
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Figure 1. Flow domain a) flat, b) semicircular, c¢) triangular, d) rectangular-notched

To simulate thermo-hydraulic behavior, boundary conditions were rigorously defined. An inlet velocity of
0.1 m/s was applied at the field inlet, and the analysis conditions for turbulence intensity and viscosity ratio
were kept constant. Liquid water was selected as the working fluid filling the annular cavity. A pressure-
outflow boundary condition was applied at the outlet of the cylindrical tube. Pipe cross-sections are shown
in Figure 2.

Rotating wall

Flat Circular Triangular Rectangler

Figure 2. Flow domain cross-section a) flat, b) semicircular, c) triangular, d) rectangular-notched

For rotational kinematics, the inner cylinder wall was defined as a "Moving Wall" and the rotation type was
set to "Rotational" around the Z-axis. To comprehensively evaluate the effect of rotational velocity on
Taylor vortex formation and thermal convection, the angular velocity of the inner cylinder was
parametrically varied to 40 rad/s, 60 rad/s, and 80 rad/s for all geometric cases.
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2.2. Materials

The fluid used is defined as water under standard atmospheric conditions. The flow is considered to be
continuous and incompressible flow. The numerical methods and parameters are given by Hwang et al. [4].
The governing incompressible continuity and momentum equations for a reference frame rotating with a
cylinder at constant angular velocity € are also given below [4, 17, 18].

r .
V-u =10, W
(W -V)u =—LVP+2V W —2Q x , 2

The governing equations are discretized using the finite volume method on a cylindrical grid system. A
hybrid scheme is used for time advancement; nonlinear terms are explicitly advanced using a third-order
Runge-Kutta scheme, while other terms are implicitly advanced using a Crank-Nicolson scheme. The
fractional step method is used to account for the continuity and momentum equations. Details of the
governing equations can be found in the literature [4, 8, 19-21].

The computational accuracy of the fluid flow and heat transfer simulations depends on the accurate
definition of material behaviors. The specific thermophysical characteristics of both the working fluid and
the solid structure are summarized in Table 1.

Table 1. Thermophysical properties of the working fluid (water) and the solid domain used in the numerical
simulations.

Material Density Cp Thermal Conductivity
Water 998.2 4182 0.6
Solid 2719 871 202.4

While the fluid domain possesses a higher specific heat capacity to absorb thermal energy, the solid domain
features a substantially higher thermal conductivity to facilitate rapid heat transfer through the notched
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walls. This distinct thermal contrast between the solid material and the fluid medium directly influences the
local temperature fields and overall thermo-hydraulic efficiency under rotating conditions.

2.3. Mesh structures

The reliability and accuracy of numerical solutions in computational fluid dynamics (CFD) strongly depends
on the quality and configuration of the computational grid. The three-dimensional mesh structures generated
for the different inner cylinder geometries are illustrated in Figure 3. A highly dense and structured meshing
approach was employed across all configurations to properly resolve the complex flow physics within the
narrow annular gap and near the modified wall boundaries. Due to the presence of sharp geometric
transitions in the notched profiles and the high shear layers induced by the inner cylinder rotation, capturing
strong velocity and temperature gradients becomes critically important. Consequently, fine grid elements
were systematically concentrated near the solid-fluid interfaces to accurately model the boundary layer
developments and local Taylor vortex formations. This rigorous grid refinement ensures that the
hydrodynamic and thermal gradients are simulated with high spatial resolution, minimizing numerical
diffusion and validating the spatial independence of the final flow solutions.

Figure 3. Mesh structures
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3. Results and Discussion
3.1. Cell Evaluation and Analysis Settings

The reliability and computational accuracy of numerical fluid flow simulations deeply rely on the quality of
the generated mesh structure and the total number of cells. The three-dimensional computational mesh
configurations generated for the different inner cylinder profiles are illustrated in Figure 3. All spatial
discretization and meshing procedures for both the fluid and solid domains were executed within the
ANSYS Meshing module. To capture the complex, vortex-dominated flow structures within the notched
inner surface of the inner cylinder and the tight boundary layer effects on the circular edges of the outer
cylinder with high resolution, an "Edge Sizing" boundary condition was systematically applied to the
respective geometric edges. Prior to initiating the parametric investigations, detailed grid convergence
analyses were conducted to ensure that the numerical solutions were independent of the spatial discretization
grid size. As illustrated in Figure 4, these independence tests revealed that when the total cell count exceeded
540,000, the relative deviations in the monitored critical parameters, including average velocity, overall
pressure drop, and local temperature gradient values, remained completely negligible, dropping below the
strict 1% threshold. Consequently, to balance computational economy with high-resolution numerical
precision, all subsequent parametric simulations were conducted using optimized mesh configurations
consisting of 540,000 or more cells. This approach successfully ensures that the localized Taylor vortex
formations and sharp thermal gradients are resolved free from spatial grid interference.

10 T
—8— Numerical Deviation
==~ Negligible Threshold (1%)
g - -~ Selected Mesh Region ( = 540k Cells)

Relative Deviation in Key Parameters (%)

200k 300k 400k 500640k 600k 700k 800k 900k

Number of Cells

Figure 4. Mesh independency and spatial convergence analysis showcasing the relative percentage
deviation of critical hydro-thermal parameters as a function of total cell count.

Year 2026, Volume-8, Issue-6| icontechjournal.com

539


http://icontechjournal.com/index.php/iij

ICONTECH INTERNATIONAL JOURNAL OF SURVEYS,
ENGINEERING, TECHNOLOGY

Journal homepage: http://icontechjournal.com/index.php/iij Volume 8 (2026) Issue 6
3.2. Velocity Field Distributions and Vortex Dynamics

The impacts of the geometric modifications applied to the inner surface of the inner cylinder and the varying
rotational velocities (40, 60, and 80 rad/s) on the flow domain were investigated through velocity contours
and streamlines as seen in Figure 5. Compared to the smooth-walled reference model (Case 1), a
fundamental transformation in the hydrodynamic structure of the flow is observed across all notched
geometries (Cases 2, 3, and 4). Increasing the angular velocity from 40 rad/s to 80 rad/s significantly
intensified the circulation strength and local velocity fluctuations in all geometric variations. When
comparing the geometric profiles, it was determined that the rectangular notch geometry (Case 4) exhibits
the highest tendency for flow separation at the corner regions, establishing highly dense and energetic
circulation zones within the notch pool. Conversely, in the semicircular (Case 2) and circular (Case 3) notch
profiles, the streamlines follow the curved surfaces more smoothly, and the circulation zones exhibit more
regular rotational motions.
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Figure 5. Area-Average Velocity distributions with streamlines
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3.3. Pressure Field Distributions and Hydraulic Losses

Enhancing turbulent mixing via surface roughness or notch applications inevitably causes an increase in the
overall hydraulic resistance and friction losses throughout the system (see Figure 6). Examining the average
pressure distributions and total pressure drop variations, it was observed that the lowest pressure losses
occurred in smooth-walled Case 1. Among the notch geometries, the rectangular notch structure (Case 4)
generated the highest local pressure gradients, and the maximum total pressure drop due to the blunt
geometric obstruction it presents to the flow. On the other hand, the circular (Case 3) and semicircular (Case
2) notch profiles presented a more hydrodynamically streamlined form, thereby exhibiting lower friction
losses compared to the rectangular geometry. This finding demonstrates that circular forms offer a more
advantageous operating characteristic hydraulically for industrial designs where pumping power
requirements must be constrained.
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Figure 6. Pressure distributions with streamlines
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3.4. Temperature Variation

The temperature contours and area-averaged temperature variations obtained along the channel clearly
illustrate the extent to which the inner wall modifications disrupt the thermal boundary layer and improve
heat transfer in Figure 7. In the comparison conducted for thermal efficiency, the highest temperature drops
and consequently the highest local Nusselt numbers were achieved in the rectangular notch geometry (Case
4). However, in contrast to this high thermal gain, the excessive pressure drop and corresponding pumping
power cost severely limit the thermo-hydraulic efficiency of Case 4. The circular notch configuration (Case
3), despite exhibiting a thermal performance very close to Case 4, produced a significantly more reasonable
pressure drop. In this context, Case 3 (circular notch) emerges as the most balanced and viable geometric
configuration in terms of thermo-hydraulic optimization, simultaneously offering high heat transfer gains
alongside an acceptable hydraulic loss curve.
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Figure 7. Temperature distributions with streamlines

3.5. General Evaluation

From the results obtained for each geometry, comparative analyses were performed by evaluating the
velocity field distributions, pressure contours, temperature variations, shear stresses on the cylinder surfaces,
pressure drops, and maximum—minimum velocity values. In Figure 9, the variations in velocity, pressure
difference, and temperature difference are shown for the respective subfigures a, b, and c. As seen in Figure
Sa, the average velocity values decrease with increasing inlet velocity for all cases, with Case 1 showing a
more pronounced reduction due to the smooth-wall cavity effect.

As illustrated in Figure 5b, an increase in operating parameters leads to an elevation in the pressure drop
across all configurations, where the rectangular notch profile (Case 4) exhibits the highest pressure drop
increase due to flow obstruction and sharp-corner friction losses. Similarly, the temperature differences
decrease with rising velocity across all profiles, as depicted in Figure 5c. Among them, the rectangular notch
profile (Case 4) yields the highest temperature difference (Delta T) and strongest thermal performance,
whereas the smooth reference profile (Case 1) shows the lowest. Although Case 4 provides superior thermal
enhancement, it simultaneously results in excessive pressure drops and higher pumping power requirements.
Consequently, identifying the optimum balance between heat transfer gains and hydraulic losses dictates
that moderately modified profiles offer a more viable thermo-hydraulic efficiency for practical engineering
applications. Consequently, while Case 4 provides superior thermal enhancement, it simultaneously results
in excessive pressure drops and higher pumping power requirements. In this context, the circular notch
profile (Case 3) emerges as the most optimum configuration, offering a highly balanced thermo-hydraulic
performance with substantial heat transfer enhancement and acceptable hydraulic losses for practical
engineering applications.
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Figure 8. Evolutions of Velocity, Pressure drops and Temperature differences for all cases

Conclusions

This numerical study evaluated the thermo-hydraulic behavior of concentric annular flows under the
influence of an inner rotating cylinder and various surface modifications. Computational results
demonstrated that integrating notch profiles onto the cylinder surface significantly enhances heat transfer
performance compared to the smooth reference geometry. While an increase in fluid velocity consistently
led to a reduction in the average velocity and temperature differences across all cases, it systematically
triggered elevated pressure drops. Among the configurations examined, the rectangular notch profile (Case
4) delivered the most superior thermal enhancement and the highest temperature differences; however, its
sharp-corner geometry and subsequent flow obstruction induced excessive pressure drops, markedly
increasing the required pumping power. Conversely, the flat, smooth surface (Case 1) exhibited the weakest
thermal performance despite its lower resistance. Ultimately, this comprehensive evaluation revealed that
the circular notch profile (Case 3) serves as the most optimal configuration for practical engineering
applications. By successfully striking a highly balanced compromise, the circular profile provides
substantial heat transfer enhancement while maintaining hydraulic losses within an acceptable threshold.
These findings underscore the critical importance of geometric surface optimization in achieving maximum
thermo-hydraulic efficiency in rotary cylindrical flow systems.
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