E3S Web of Conferences 726, 01014 (2026) https://doi.org/10.1051/e3sconf/202672601014
IC2EM-SDT’26

Numerical Investigation of Surface Roughness Effects on Drag

Crisis Prediction Using the SST k-w Turbulence Model

Abakouy Abderrahim '*, Amahmouj Abdelouhab 2, Rais Rochdi?, Issam. Al Korachi*, Ouadie Kabach'.

Laboratory of Physics Materials and Subatomic, Ibn Tofail University, Kenitar, Morocco.

?Llaboratory LSIA, National School of Applied Sciences, BP. 03, Ajdir Al-Hoceima, Morocco.

3"SATSIER" Team, Faculty of Sciences and Techniques of Al Hoceima, Abdelmalek Essaddi University,Morocco.
“Euromed Research Center, Euromed University of Fes, Meknes Road (Rond-point Bensouda), 30 000, Fes-Morocco.

Abstract. The accurate prediction of the drag crisis around a circular cylinder remains one of the major
challenges in Computational Fluid Dynamics (CFD), particularly when conventional Reynolds-Averaged
Navier—Stokes (RANS) turbulence models are employed. Their limited capability to reproduce the natural
laminar-to-turbulent transition of the boundary layer often leads to significant discrepancies in drag
prediction within the critical Reynolds-number regime. In the present study, surface roughness is introduced
as a physical transition mechanism to enhance the predictive performance of the SST 4w turbulence model.
Two-dimensional CFD simulations are performed using ANSYS Fluent for a circular cylinder with a
diameter of 0.1 m over a wide Reynolds-number range (6.31 x 10* < Re < 5.06 x 10°%), covering the
subcritical, critical, and supercritical flow regimes. A systematic parametric analysis is conducted to evaluate
the influence of different roughness heights on the drag coefficient, pressure distribution, Strouhal number,
and wake topology, and the results are compared with those obtained for a smooth cylinder. The numerical
results demonstrate that increasing surface roughness promotes an earlier boundary-layer transition, shifts
the critical Reynolds number, and significantly improves the prediction of the drag coefficient. The proposed
approach partially compensates for the limitations of conventional RANS modelling while preserving its
computational efficiency. Consequently, it provides a practical and computationally affordable methodology
for predicting turbulent flows around circular cylinders in engineering applications such as offshore
structures, marine components, heat exchangers, nuclear steam generators, and other thermal and energy
systems.
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In thermal and energy engineering, the accurate
prediction of drag, flow separation, and wake dynamics
is of particular importance for reducing pressure losses,
mitigating vortex-induced vibrations, improving heat-

1 Introduction

The flow around a circular cylinder has long been transfer efficiency, and enhancing the overall
recognized as one of the canonical benchmark problems performance of engineering systems. Recent
in fluid mechanics owing to the complexity of the experimental and numerical investigations have
associated flow phenomena, including boundary-layer demonstrated that realistic surface characteristics play a
separation, laminar-to-turbulent transition, vortex significant role in determining the aerodynamic
shedding, and wake development. These physical behaviour of bluff bodies operating at high Reynolds
mechanisms govern the aerodynamic behaviour of numbers, highlighting the necessity of incorporating
numerous engineering systems and have attracted surface roughness into CFD simulations [2,7,12,18].

continuous attention because of their practical
significance. Circular cylinders are widely used in
offshore structures, marine risers, bridge cables, shell-
and-tube heat exchangers, nuclear steam generators,
transmission lines, wind turbine towers, and many other
industrial applications where flow-induced forces
directly influence structural integrity, thermal
performance, and operational reliability [1].

One of the most distinctive aerodynamic phenomena
associated with circular cylinders is the drag crisis,
characterized by a sudden decrease in the drag
coefficient (Cd) within the critical Reynolds number
range of approximately 2 X 10* < Re < 5 X 10° This
phenomenon results from the transition of the boundary
layer from a laminar to a turbulent state, which delays
flow separation, reduces the wake width, and
consequently lowers the pressure drag [3,5]. Although
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the drag crisis has been extensively investigated through
experimental studies, its accurate numerical prediction
remains a major challenge in Computational Fluid
Dynamics (CFD).

Among the available numerical approaches, Reynolds—
Averaged Navier—Stokes (RANS) models remain the
preferred choice for industrial CFD applications because
they provide a reasonable balance between
computational efficiency and predictive capability.
However, conventional RANS turbulence models still
encounter considerable difficulties in reproducing the
transition mechanisms responsible for the drag crisis.
Qiu et al. [6] reported that two-dimensional URANS
simulations are generally unable to reproduce the abrupt
reduction in drag observed experimentally. Similarly,
Ahmad [7] demonstrated that the SST 4w turbulence
model assumes a fully turbulent boundary layer from the
stagnation point, thereby neglecting the natural laminar-
to-turbulent transition responsible for initiating the drag
crisis.

Although Large Eddy Simulation (LES) and hybrid
RANS-LES approaches have significantly improved
the prediction of transitional turbulent flows, their
computational cost remains prohibitively high for
routine industrial analyses and engineering design.
Consequently, improving the predictive capability of
conventional RANS turbulence models while
preserving their computational efficiency remains an
active research topic in CFD. Recent investigations have
shown that enhanced wall treatments, advanced
turbulence closures, and realistic roughness modelling
can substantially improve aerodynamic predictions
without significantly increasing computational cost
[8,13,18].

Besides turbulence modelling, surface roughness
represents another key physical parameter influencing
the aerodynamic response of circular cylinders. Unlike
the perfectly smooth surfaces generally assumed in
numerical simulations, real engineering components
inevitably possess a certain degree of roughness
resulting from manufacturing processes, corrosion,
fouling, or operational wear. Experimental
investigations have shown that surface roughness
significantly modifies boundary-layer transition [9],
advances the onset of the drag crisis, and alters both drag
and lift characteristics [7,10,11]. These effects become
even more pronounced in complex flow configurations.
Moraes and Pereira [12] demonstrated that surface
roughness considerably modifies vortex shedding
frequency and the temporal evolution of aerodynamic
loads, whereas engineered rough surfaces, such as
dimpled geometries, can reduce aerodynamic drag by
approximately 19% through modifications of wake
development and pressure distribution [11]. Recent
numerical studies have further confirmed that realistic
roughness modelling improves the prediction of wake
topology, pressure distribution, turbulence intensity, and
vortex shedding characteristics under critical Reynolds-
number conditions [13-18].

Despite these significant advances, accurately
predicting the drag crisis using computationally
affordable RANS turbulence models remains an open
scientific challenge. Most previous investigations have
focused either on perfectly smooth cylinders or on
computationally ~ expensive  LES approaches.
Furthermore, only a limited number of studies have
evaluated the combined influence of realistic surface
roughness and the SST k—w turbulence model over
subcritical, critical, and supercritical Reynolds-number
regimes. Therefore, there is still a need for a practical
and reliable CFD methodology capable of improving
drag prediction while maintaining the computational
efficiency required for industrial applications.

Motivated by these challenges, the present study
investigates the influence of surface roughness on drag
crisis  prediction using two-dimensional CFD
simulations performed with ANSYS Fluent. Unlike
conventional studies based on perfectly smooth
cylinders, surface roughness is introduced as a physical
mechanism capable of promoting an earlier boundary-
layer transition and improving the prediction of
aerodynamic characteristics. Since all engineering
components inherently exhibit a certain degree of
surface roughness resulting from manufacturing
processes or operational degradation, incorporating this
parameter provides a more realistic representation of
industrial operating conditions. A systematic parametric
study is carried out to evaluate the influence of different
roughness heights on the drag coefficient, pressure
distribution, Strouhal number, and wake topology over
a wide range of Reynolds numbers.

The novelty of the present work lies in demonstrating
that realistic surface roughness can be effectively
employed as a physical transition mechanism to
improve drag crisis prediction using the SST k-
turbulence model implemented in ANSYS Fluent. The
proposed methodology combines realistic wall
roughness, an optimized near-wall mesh satisfying
Fluent roughness-function requirements, and systematic
validation against benchmark experimental data
covering the subcritical, critical, and supercritical flow
regimes. Compared with conventional smooth-wall
simulations, the proposed approach significantly
improves the prediction of drag crisis while preserving
the computational efficiency of RANS modelling.
Consequently, it provides a practical and reliable CFD
framework for the design and optimization of offshore
structures, marine components, heat exchangers, nuclear
steam generators, and other thermal and energy
engineering systems.
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2 . Governing equation
2.1 Reynolds-Averaged Navier-Stokes equations

The governing RANS equations for the two-
dimensional incompressible viscous flow consist of the

continuity equation and the momentum equations as
follows:

Continuity:

ou; _

axi - (1)
Momentum :
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where pujujis the Reynolds stress, which is then solved
using eddy-viscosity model based on the Boussinesq
assumption or solved from the transport equation based
on Reynolds stress models [19].
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where y;the turbulent or eddy viscosity and k is the
turbulent kinetic energy.

The turbulent kinetic energy, k, can be solved from the
transport equation, and the turbulence dissipation rate,
g, or the specific dissipation rate, £/k, can be solved
from the transport equations in turbulence model such
as k — w SST models.

The drag force coefficient C; and the lift force
coefficient C; are defined as following equations,
respectively.

€)= — 4

47 0.5pu2DL )
F,
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F, and F, represent the force in the streamwise and
transverse directions, respectively. The pressure
coefficient C, on the surface of the cylinder is written as
the following equation:

_P~Pbo
P 0.5pu?

(6)

The Strouhal number (St) is defined as below,

_fb
St—T (7

where the characteristic frequency f is considered as the
vortex shedding frequency of C;.

2.2 Turbulence Modeling : SST turbulence model.

The Menter Shear Stress Transport (SS7) model [22]
operates as a hybrid framework that merges the k — €
and k — w formulations. It leverages the k — € scheme
to accurately resolve the viscous sublayer near the wall,
while transitioning to the k — & model for the far-field
flow. Due to its superior performance, it has become a
standard choice in most commercial CFD software.
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Where D, represents the cross-diffusion term, essential
for the transition between the k—w and k—¢
formulations.

The values of ok,1, 0K,2, 00,1, 60,2 in equations (8) and
are 1.176, 1.0, 2.0, 1.168, respectively[21].

D, =2(1— Fl)pcwjzin. Vo  (10)

F; is a blending function that is critical to the success of
(k — wSST) model. It is a method dealing with the flow
near the wall region. Its equation is based on the wall
distance and flow variablesF;.

F; = tanh (87)

vk 5004 4pk
T o) | an
where y is the distance to the nearest wall and D} is the
positive portion of D,

D} = max [2p0,, = Vk.V,107°]  (12)
Because of the absence of the wall functions, k-® model
has satisfying numerical stability and needs less
computation time in comparison with k-&¢ model.
However, it bases on the Boussinesq approximation,
1877 and Schmitt, 2007 [19,20], which slightly reduces
the accuracy of simulation to the separated flow. The

transport equations for SSTk-o model are shown as
below [22].

= min |max
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3. Solution Method

3.1 Computational Domain

The computational domain presented in Figure 1. In
alignment with the studies by Qiu et al. [5-6] and Zhou
et al. [11]. The domain was specifically dimensioned at
35D in length and 20D in height to reduce simulation
time. The cylinder center is located at a distance of 5.5D
from the inlet, providing an extensive downstream area
0f29.5D for the full development of the vortex shedding
phenomenon. This sizing ensures a blockage ratio of
5%, which is a critical threshold to ecliminate wall
interference and preserve the natural physical
characteristics of the flow.
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resulting in a mesh of 210455 elements. In contrast, for
the rough configurations, the initial layer was increased
to 0.6 mm (152103 elements) and 1.2 mm (97300
elements) to satisfy the (y, > k) requirement. This
setup keeps the y* values within the 30 to 500 range,
which is crucial for enabling Fluent's wall functions to
accurately predict the impact of surface texture on drag

forces.

Fig.2a. Mesh in the computational domain of cylinder
smooth.

(35m)

Fig.1. Computational domain dimension with boundary
condition.
3.2 Numerical Scheme

A Finite Volume Method (FVM) approach was used to
solve the governing equations. For the pressure-velocity
coupling, the PISO algorithm Issa, 1986[24] was
adopted instead of the SIMPLE algorithm to ensure
better stability and higher temporal accuracy for the
unsteady simulations (URANS). Additionally, a
second-order upwind scheme Patankar, 1980 [25],
was employed for spatial discretization to minimize
numerical diffusion and accurately capture the pressure
gradients and vortex shedding patterns around the
cylinder .

To ensure the reliability of the numerical results, a grid
convergence study was conducted across all simulated

cases. Three specific mesh configurations were
developed to accommodate the different surface
conditions. For the smooth cylinder, a fine boundary
layer mesh was generated to maintain a y* = 1,
ensuring that the viscous sublayer was fully resolved by
the k — w SST model.

S

. . k
For the cases involving surface roughness e

0.01 and %=0.0045 the near-wall mesh was

specifically adjusted to comply with ANSYS Fluent’s
roughness function requirements [26], ensuring that the
centroid of the wall-adjacent cells remained outside the
roughness height. Fig. 2 presents the structured
quadrilateral meshing strategy used to ensure high
numerical accuracy. For the smooth case, a first-layer
thickness of 0.05 mm was chosen to maintain y* = 1,

Fig. 2b.Mesh in the computational domain of cylinder
Rough = = 0.0045

Fig. 2c.Mesh in the computational domain of cylinder
Rough % =0.01

4. Results and discussion

To investigate the influence of surface roughness on
flow dynamics, we analyzed the evolution of vortex
structures across a Reynolds number range of 6.31 X
10*to 5.06 x 10°, following the benchmark conditions
established by Qiu et al [6] and Ahmed et al [7]. As
shown in the velocity contours in Fig3, introducing

surface roughness %= 0.01 and %= 0.045 [6]
significantly alters the boundary layer behavior
compared to the smooth cases. In the subcritical and
critical regimes, the surface topography acts as a
physical trigger, promoting an earlier transition to
turbulence and modifying the wake width. For the
higher Reynolds numbers, this approach allows for a
more accurate characterization of the drag crisis onset,
which is often mispredicted by standard RANS models
on smooth surfaces. Our analysis demonstrates that
incorporating roughness into the k — w SST model,
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supported by a specialized meshing strategy,
successfully captures the von Karman vortex street and
the resulting variations in the drag coefficient (Cd) for
all studied configurations.

Fig.3a. Velocity magnitude contours for 6.31 X 10*: Rough
cylinder % = 0.0045 on the left and smooth cylinder on the
right.
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Fig.3b. Velocity magnitude contours for 5.06 X 10°: Rough
cylinder % = 0.0045 on the left and smooth cylinder on the
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Fig.3c. Velocity magnitude contours for 6.31 X 10*: Rough
cylinder % = 0.01 on the left and smooth cylinder on the
right.
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Fig.3d. Velocity magnitude contours for 5.06 X 105: Rough
cylinder % = 0.01 on the left and smooth cylinder on the
Right

Fig.4a. Pressure static contours for 6.31 X 10%: Rough
cylinder % = 0.0045 on the left and smooth cylinder on the
right.

Fig.4b. Pressure static contours for 5.06 X 10°: Rough
cylinder % = 0.0045 on the left and smooth cylinder on the
right.
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Fig.4d. Pressure static contours for 5.06 X 10%: Rough
cylinder % = 0.01 on the left and smooth cylinder on the
right.
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Fig.4c. Pressure static contours for 6.31 X 10*: Rough
cylinder % = 0.01 on the left and smooth cylinder on the
right.

Fig. 3 and 4 presents the velocity magnitude and
pressure static contours for the different configurations
studied. The visual analysis of the velocity and pressure
static fields reveals a fundamental correlation between
wake morphology and the resulting drag coefficient
(Cd). In the smooth configuration, early boundary layer
separation produces a wide wake characterized by
intense suction at the rear; this substantial pressure
imbalance between the front and back of the cylinder
generates a high (Cd).

The introduction of surface roughness% = 0.0045

fundamentally reshapes this dynamic. By energizing the
boundary layer and triggering an earlier transition to
turbulence, the roughness allows the flow to remain
attached further downstream. This effectively narrows
the wake and recovers base pressure, reducing the net
pressure force and physically explaining the sharp
decline in (Cd) during the drag crisis. However, at
higher roughness levels (%= 0.01), while the wake

remains structured, the increased skin friction and
boundary layer thickness begin to pull the base pressure
down again, signaling the transition toward the

transcritical regime where (Cd) gradually increases.
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The qualitative analysis of the velocity / pressure satatic
contours (Fig. 3 and Fig.4) corroborates the quantitative
results of the drag coefficient. The narrower wake
observed on the rough cylinders compared to the smooth
cylinders indicates a delayed boundary layer separation,
explaining the decrease in (Cd) from 1.23 to 0.93.

104

Drag Cosfficient (Ca)

ol /

Drag Crisis Zone]

108

0o

Reynolds Number (Re)

Fig.5. Mean drag coefficient versus Reynolds number for
Exp-Smooth Qiu et al 2017 and rough of E.Achenbach
1971 and k — wSST model

Fig.5 present mean drag coefficient versus Reynolds
number. The evolution of the drag coefficient across the
studied Reynolds range highlights a critical
methodological breakthrough. While standard k —
wSST model simulations on perfectly smooth walls
remain numerically stalled-failing to capture the drag
crisis with an overestimated (Cd) of approximately 1.23,

. . k
the introduction of surface roughness (;S) serves as a

physical trigger for boundary layer transition. Our
results demonstrate that at Re = 5.06 x 105,
incorporating a roughness of (0.0045) successfully
drives the (Cd) down to 0.78, achieving a 35%
reduction in numerical error compared to the idealized
smooth case. Similarly, a roughness ratio of (0.01)
adjusts the coefficient to 0.93, representing a 24.4%
improvement in predictive accuracy. These findings,
which align closely with Achenbach's (1968)
experimental data, prove that surface texture effectively
compensates for the inherent limitations of RANS-based
models. Consequently, transitioning from idealized to
realistic wall conditions is a prerequisite for reliable
hydrodynamic modeling of marine structures.

10 —— Bxp.Smooth
—— Bxp.Rought
—— Bxp. Rough2
05 === kwSST Smooth
=== kwSSTRough1
=== k-wSST Rough2
0.0
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Fig.6. Pressure coefficient (Cp) profiles between
Achenbach (1971) and k — w SST model for various surface
roughnesses

The comparison between the pressure coefficient (Cp)
profiles from E. Achenbach 1971 and the k — wSST
simulations highlights the significant impact of surface
roughness on pressure distribution. The results indicate
that increasing surface roughness attenuates the suction
peak intensity while simultaneously lowering the base
pressure within the wake region. This pressure drop at
the rear of the cylinder acts as the physical driver for the
increase in the drag coefficient (Cd) observed during the
transition to the supercritical regime. The strong
agreement between the numerical data and experimental
benchmarks confirms that incorporating roughness into
the k — wSST model accurately captures the flow
modifications induced by surface texture.

To assess the reliability of the numerical framework, a
comparative study was performed against established
experimental benchmarks. Table 1 presents the mean
drag coefficient (Cd), the Strouhal number (St), and the
root-mean-square lift coefficient (Cl,rms) for both the
idealized smooth cylinder and the proposed roughened
configurations at Re = 5.06 X 10°.

Case Cd Ct Cl,rms
Experimental 0.78 0.22 0.07
_ Smooth

(k — w SST_Smooth 1.12 0.25 0.28

(k — w SST_Roughl | 0.84 026 | 0.75
Ks/d=0.0045

(k — w SST_Rough2) | 0.88 027 | 0.88
Ks/d=0.01

Table.1. Comparison between numerical results and
experimental data [5,9,21,22] for Cd , St and Cl,rms at
Re = 5.06 x 105,

The observed discrepancy in the smooth SST model
aligns with the findings of Qiu et al. [6], who noted the
failure of 2D URANS to capture the drag crisis.
However, as demonstrated by Achenbach [10], the
introduction of surface roughness successfully triggers
the transition. The subsequent stabilization of the wake
and the increase in the Strouhal number to 0.27 are
consistent with the experimental trends reported by
Buresti [27], while the intense lift fluctuations
(ClL,rms = 0.88) follow the post-critical behavior
described by Norberg [28].

In the following section, the results are illustrated
below: Fig.7 shows the drag reduction effect, while Fig.
8 presents the decrease in relative error.
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Fig. 8. Relative Error of mean drag coefficient versus
Reynolds number

Fig.8 present relative Error of mean drag coefficient
versus Reynolds number, the relative error analysis
confirms the accuracy of our approach. While the
smooth SST model shows discrepancies up to 40%
during the drag crisis, the inclusion of roughness
reduces this error to less than 10% compared to
Achenbach's data. This result proves that our
methodology effectively corrects numerical deficiencies
and provides a highly reliable prediction for real-world

structures.

5. Conclusion

This study demonstrates that incorporating realistic
surface roughness significantly improves the predictive
capability of the SST k-—w turbulence model for
simulating the flow around a circular cylinder at high
Reynolds numbers. Compared with the smooth-wall
configuration, the inclusion of wall roughness promotes
an earlier boundary-layer transition, shifts the drag crisis
toward lower Reynolds numbers, and considerably
reduces the discrepancy between numerical predictions
and benchmark experimental data.

For the highest roughness investigated (0.01), the drag
coefficient was reduced by approximately 24.4%
compared with the smooth-cylinder case, decreasing
from 1.23 to 0.93. Similarly, the roughness height of
0.0045 yielded a drag coefficient of 1.12, demonstrating
that realistic roughness parameters substantially
improve the aerodynamic predictions. Overall, the

numerical results exhibit good agreement with the
experimental trends reported in the literature,
confirming the importance of accounting for surface
roughness when modelling high-Reynolds-number
flows.

The proposed methodology provides a practical and
computationally efficient approach for improving drag-
crisis prediction while preserving the low computational
cost of RANS simulations. Consequently, it offers
valuable guidance for the numerical design and
optimization of offshore structures, marine risers, heat
exchangers, nuclear steam generators, and other thermal
and energy engineering systems operating under
turbulent flow conditions.
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