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Abstract
The paper is dedicated to the experimental and numerical investigations of the viscous and viscoelastic flows around immersed
cylinders with smooth and grooved surfaces. The study analyses the influences of the cylinders surface quality on the vortical
structures and the wake developed downstream in a 2D open channel. The analyzed flow is in the domain of the free surface
weakly turbulence regime under subcritical conditions. Numerical simulations are performed with turbulent solvers implemented
in Ansys Fluent, using the VOF code for the calculation of the free surface geometry. The numerical results and visualizations
are corroborated to determine the effect of the grooved surface on the drag coefficient and the location of the boundary layer
separation points. The investigations emphasize also the qualitative changes of the flow spectrum induced by the Reynolds
number magnitude and the presence of elasticity within the viscous fluid.
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1. Introduction
The modelling of flow configuration around smooth and patterned cylinders is today a benchmark CFD domain
of study in fluid mechanics, especially in relation to the boundary layer separation, wake formation and the laminar
– turbulent transition [1-3].
The free surface flow around an immersed cylinder is a relatively novel subject of investigations. This particular
motion, defined by two non-dimensional numbers: Reynolds and Froude, respectively
ܴ݁ ൌ
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,

is of interest for many applications from micro-fluidics to hydrology and geophysics, [1-5].
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Sheridan et al. [6], was the first who investigated in details the kinematics of the flow pattern and the wake
geometry downstream of the immersed cylinder, in particular the transport of vorticity flux from the free surface to
the fluid domain. The experiments consisted of the velocity measurements (using the PIV technique) around the
cylinder of diameter  ܦൌ ʹͷǤͶ mm immersed at different depth ݄ in a free surface channel of width  ܤൌ ʹͳͲ mm
and height at the entrance in the channel of ܪ ൌ ͷʹ mm. The ranges of Reynolds and Froude numbers were:
ͷͻͻͲ ൏ ܴ݁ ൏ ͻͳʹͲ, respectively ͲǤͶ ൏  ݎܨ൏ ͲǤʹ, which corresponded to an average upstream velocity within
the range of ͲǤʹ͵    ͲǤ͵ͷͻ [m/s].
A direct visualization of the flow in vicinity of an immersed cylinder was presented and analyzed by Hoyt and
Sellin [7]; the channel had dimensions of 102 mm width and 300 mm height, with D = 67 mm. The investigations
were performed for six heights in the range Ͳ  ݄Τ ܦ ͲǤͷ, but the study was focused only on three values,
݄Τ ܦൌ ͲǢ ͲǤ͵Ǣ ͲǤͷ, at the same upstream average velocity,  ൌ ͲǤͶ͵ m/s.
Babu and Mahesh [8], studied the numerical simulations of the flow past cactus-shaped cylinders in the laminar
regime (Reynolds numbers up to 300). The presence of grooved surface on cylinders reduce the viscous forces in
comparison to a smooth cylinder for the same Reynolds number. At low Reynolds numbers the grooves create local
recirculation zones, these regions have decreased surface stresses and decreased pressure forces closer to the
surface. The phenomena of the decreasing drag induced by the grooves of the immersed bodies were later
investigated by other authors, [2, 3, 9 - 11].
In a previous study, Tanase et al. [12], focused the analysis of the flow to the study of the interaction between the
free surface and the cylinder’s downstream wake, correlated with the influence of the immersed depth on the free
surface geometry.
One aim of the present study is to establish the most indicated turbulence model to compute and to reproduce the
flow pattern in the vicinity of an immersed cylinder for the weak turbulent subcritical flow regime, i.e. Re < 10000
and Fr < 1. Numerical simulations were performed with different turbulence solvers implemented in the Fluent code
for the case of a smooth cylinder immersed in a 2D channel, the free surface geometry being computed using the
VOF model. The numerical results are compared and calibrated with experiments performed with two fluids: water
and weakly elastic polymer solution (small concentration of polyacrylamide in water – PAA).
The main goal of the paper is to investigate the influences of the grooved surfaces and fluids properties on the
vortices formation downstream the immersed cylinders and on the location of the boundary layer detachment from
the cylinders.
Nomenclature
ܦ

ߩ
ߟ
݃
ܴ݁
ݎܨ
ܤ
ܪ
ܳ

diameter of the cylinder (m)
average velocity upstream the immersed cylinder (m/s)
density of fluids (kg/m3)
viscosity of fluids (Pa·s)
gravitational acceleration (m/s2)
Reynolds number (-)
Froude number (-)
width of channel (m)
height at the entrance in the channel (m)
flow rate (m3/s)

2. Experimental set up
The experiments are performed in an open channel, the flow rate and the fluid height upstream the smooth and
grooved immersed cylinders being controlled by a weir. The average velocity upstream the cylinders of diameter
 ܦൌ ͷͲ mm is  ൌ ܳ Τܪܤ , where the flow rate ܳ is measured by volumetric method and height ܪ ൌ ͳͲͷ mm is
kept constant, see Fig. 1. The grooved cylinder and the detail of the grooves geometry are presented in the Fig. 2.
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Fig. 1. The geometry of the open channel and the main geometrical characteristics. The cylinder is immersed at a depth of ݄ ൌ ͶͲǤͷ mm from
the upstream unperturbed free surface.

The viscosity of the two samples are ߟ ൌ ͳͲିଷ Pa·s for water and ߟ ൌ ͷǤ ή ͳͲିଷ Pa·s for the weakly elastic
polymer solution (PAA). The polyacrylamide solution PAA has a low constant viscosity and no detectable elasticity
in shear rheometry measurements. For both fluids, the flows are in the region of weak turbulence (ܴ݁ ൌ ͷͲͲ for
water, ܴ݁ ൌ ͳ͵ͷͲ for PAA, respectively) and  ݎܨ൏ ͲǤͷ, which corresponds to the subcritical gravitational flow
regime.

Fig. 2. The grooved cylinder fabricated using the 3D printing technology and the detail of the round tooth geometry. The teeth are uniformly and
dense distributed on the surface with height ߜ ൌ ͲǤ mm.

The direct visualizations for highlighting the vortices, wake structure and the location of critical points (D1, D2)
on the immersed cylinders were obtained using a Sony SLT high resolution digital camera at 12 frames/s, Fig. 3a,
[12-14].
3. Numerical simulations of the flow around immersed cylinder
The numerical analyses were focused to investigate the flow between the free surface and the wake downstream
the immersed cylinders. One important parameter is the position of the separation/critical points on the wall, where
the boundary layer detached from the cylinder’s surface. Location of the separation points and the wake pattern (in
addition to the trace of the free surface line, see for details [13]) are the main characteristics used to correlate the
experiments with numerics.
The turbulence models used for the numerical simulations of free surface flow around an immersed smooth
cylinder were: (i) ݇ െ ߝ standard with Standard Wall Functions (case C1), (ii) ݇ െ ߝ RNG with Standard Wall
Functions (case C2), (iii) ݇ െ ߝ RNG with RNG - options: Differential Viscosity Model (case C3), (iv) ݇ െ ߝ
realizable with Standard Wall Functions (case C4), (v) ݇ െ ߱ standard with options Shear Flow Corrections (case
C5) and (vi) Transitional Flows (case C6), [15-17].
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(a)

(b)

The velocity profiles correspond to three
lines (normal to the main flow direction,
defined by the x-coordinate) distributed in the
area of interest; the PIV measurements were
performed with CMOS Nano Sense MKII
camera, for a data acquisition of 350 imagines
at the frequency 1000 Hz, [12 - 14], (for details
of the applied PIV technique see [10, 18, 19]).
Fig. 3. (a) Comparison of the numerical and experimental flow spectrum and the position of the separation points of the boundary layer from the
cylinder. (b) Comparison between measured and computed velocity distributions in the region between the cylinder and the free surface.

In the Fig. 3a are presented the results corresponding to the tested turbulence models for the flow spectrum and
the location of the separation points D1 and D2, defined as the points on the extrados, respectively intrados, of the
cylinder where the boundary layer detaches from the surface, [12]. The experimental visualizations of the wake and
the measured position of the separation points are also shown.
The experimental separation points D1 and D2 are located at the angles ߠଵ ؆ ͳͲι , ߠଶ ؆ ʹͳι , values obtained
from direct visualizations of the boundary layer detachment. The numerical values of ߠଵ and ߠଶ , which correspond
to the location where the wall shear stress is zero, are computed directly from the numerical solutions, for details see
[20]. The best fitting of experimental values of the angles ߠଵ and ߠଶ are given by solution C3. A quantitative
confirmation that solution C3 is the most indicated for the analysis is obtained by the comparison of the measured
and computed velocity profiles between the immersed cylinder and the free surface shown in Fig. 3b, where the
results are found very satisfactory.
In conclusion, the analysis of the free surface hydrodynamics around immersed smooth and grooved cylinders
will be performed based on the 2D case C3 numerical simulations, the ݇ െ ߝ RNG model for turbulence (coupled
with the VOF model) being the best available choice for representing the flow configuration under study.
We have to remark that numerical computations were performed with Newtonian incompressible viscous models
for both samples, so the elasticity was not present in the computations which correspond to the PAA fluid.
3.1. Comparison between smooth and grooved immersed cylinders
A cylinder with grooved surface was investigated under the same conditions as the smooth cylinder. The groove
has a round tooth geometry with small aspect ratio ߜ ҧ ൌ  ߜ Τ ܦൌ ͲǤͲͳͶ; the grooves are uniformly distributed on the
cylinder of nominal diameter  ܦൌ ͷͲ mm, see Fig. 2. The flows around the smooth and grooved cylinders are
shown in Fig. 4, where the numerical pathlines were overlaped on the direct vizualisations of the flow patterns. For
the tested range of the Reynolds numbers, experimental visualizations and numerical computations were in
agreement with the statement that grooved surface doesn’t change significantly the position of the detachments
points in comparison to the smooth cylinder.
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ܴ݁ ൌ ͷͲͲ

(a)

ܴ݁ ൌ ͳ͵ͷͲ

(b)

Fig. 4. Comparison between smooth and grooved cylinders for (a) water and (b) PAA cases: experimental and computed flow spectrum. The
numerics reproduce well the recorded pathlines and the downstream wake.

In Fig. 5 the distributions of the computed pressure and the vorticity on the circle tangent to the grooved cylinder
for water (Re = 7500) and PAA (Re = 1350) are plotted. The fluctuations of vorticity ߱, the wake region and the
separation points are marked in Fig.5b, where the decreasing of vorticity fluctuations and magnitude was observed
for low value of the Reynolds number. In Fig. 6 are direct compared the distributions of turbulent viscosity on
circles of radius R1 = 26.6 mm and R2 = 34.6 mm for the grooved cylinder. The regions with high values of
turbulent viscosity (proportional to the ratio between the square of turbulent kinetic energy ݇ and turbulent
dissipationߝ) are observed between the free surface and the extrados of the immersed cylinder. The decreasing of
turbulent viscosity takes place in vicinity of the separation points and indicates the detachment of the shear-layers
vorticity, Fig. 6a. The distribution is almost symmetric at ܴ݁ ൌ ͷͲͲ in the very vicinity of the cylinders at radius
R1, where turbulence is almost absent for ܴ݁ ൌ ͳ͵ͷͲ. At radius R2 the turbulent viscosity is increasing (here the
values are similar for both Reynolds numbers) but the vorticity is more present in the extrados domain, where
turbulent viscosity is larger than at the intrados of the cylinder, Fig. 6b.
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Fig. 5. Distributions of the pressure (a) and vorticity (b) on the circle tangent to grooved-cylinder for water and PAA. The pressure difference is
not remarkable between the two cases, but the vorticity magnitude is decreasing with decreasing the Reynolds number.

526

Nicoleta Octavia Tanase et al. / Energy Procedia 85 (2016) 521 – 529

(a)

(b)

R1 = 26.6 mm

R2 = 34.6 mm

0.20

water
PAA
0.015

0.010

wake
extrados

0.005

intrados

0.000

Turbulent viscosity [Pas]

Turbulent viscosity [Pas]

0.020
0.15

water
PAA

0.10

wake
0.05

extrados

0.00

0

30

60

90

120 150 180 210 240 270 300 330 360
o

T [degree]

0

30

60

90

intrados

120 150 180 210 240 270 300 330 360
o

T [degree]

Fig. 6. (a) Distribution of turbulent viscosity, (b) comparison between water and PAA for turbulent viscosity on different circles radius from the
grooved cylinder.

The distributions of the computed apparent wall stress (ܹܵܵ ؔ ߟ ߱) on the groove surface are shown in Fig. 7.
The location of the detachment point corresponds to zero wall stress; the point D1 is located for PAA case at tooth
W7, instead at W5 as for the water, the moving downstream of D1 being determined by the decreasing of the Renumber, [24]. The distributions of the ܹܵܵ show the differences between the local hydrodynamics of the two
liquids. The values of ܹܵܵ are larger for the PAA case, which is determined by the increasing of viscosity over the
decreasing of vorticity with decreasing the Reynolds number, see Fig. 5b.

Fig. 7. Computed distributions of the WSS along the surface of the grooved for water, ܴ݁ ൌ ͷͲͲ(a) and PAA, ܴ݁ ൌ ͳ͵ͷͲ(b).
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The numerical results and visualizations are corroborated to determine the influence of fluid elasticity. In Fig. 8a
the computed results for water at ܴ݁ ൌ ͷͲͲare perfectly correlated with the visualizations, the location of D1
being at the same tooth, respectively W5, for numerics and experiments. This is not the case for ܴ݁ ൌ ͳ͵ͷͲ, see
Fig. 8b, where the pure viscous solution is compared with experiments performed with PAA. In both cases the ܴ݁
value is the same, but in experiments the present of elasticity might induce changes in the flow spectrum. As can be
observed the location of D1 corresponds in numerics at W7 and in experiments at W8. These results confirm that a
small amount of elasticity postpone the onset of flow separation from the solid surfaces, without to have any effect
far from the walls where the flow is dominated by the shear components [21].
In this case the presence of grooves on cylinder surface doesn’t influence significantly the position of separation
point, and as a consequence also the total drag force, see Table 1. But the computations prove that the patterned
surface reduces the viscous (friction) force over the immersed body in comparison to the smooth surface, result
which is in agreement with the findings of the previous studies, [8, 11, 22-23].
Table 1. The values of the components of the drag forces acting on the cylinders calculated from the numerical solutions
Cylinders - fluids

Pressure

Viscous

Total force

Pressure

Viscous

Total

force

force

[N]

coefficient

coefficient

coefficient

[N]

[N]

[-]

[-]

[-]

smooth - water

2.0686

0.0441

2.1127

3.3774

0.07198

3.4494

smooth - PAA

2.0764

0.1163

2.1928

3.3901

0.18998

3.5801

grooved - water

2.0879

0.0276

2.1155

3.4088

0.0451

3.454

grooved - PAA

2.22239

0.08083

2.30322

3.62839

0.13197

3.76037

Fig. 8. Numerical computations and direct visualization of the flow in vicinity of the separation point located
on the extrados of the grooved cylinder for water (a) and PAA (b).

4. Conclusions
The free surface channel flow in vicinity of immersed smooth and grooved cylinders was studied for weakly
turbulent flow in subcritical regime. Numerical simulations for viscous fluids performed with the turbulent model
݇ െ ߝ RNG were correlated with the direct visualizations of the flow spectrum for two different samples: different
samples: water and a weakly elastic polymer solution (PAA). The modelling of the free surface geometry and the
study of the interaction between the wake and the free surface were presented in some previous papers of the authors
[12-13].
The main goals of the present work was to investigate the influence of the grooved surface on the flow in vicinity
of the separation points and to what extend the patterned surface influence the drag and friction force. The
correlation between experiments and computations were very good for both smooth and grooved cylinders for water
(a pure viscous fluid) at ܴ݁ ൌ ͷͲͲ.
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Decreasing the Reynolds number from ܴ݁ ൌ ͷͲͲ (water) to ܴ݁ ൌ ͳ͵ͷͲ (PAA) the computed viscous force and
the viscous coefficient are increasing, result which is expected for the Newtonian fluids, [24]. The influence of the
fluid elasticity is remarkable in the region of the separation point D1 on the grooved cylinder surface, where to
extensional components of flow are more present in comparison with the bulk domain dominated by shear. A small
amount the elasticity within the viscous fluid influences the flow spectrum in the neighbourhood of the wall by
moving the separation point downstream the cylinder.
The present results are part of a CFD analysis developed in the REOROM laboratory dedicated to the modelling
of flows around immersed bodies in vicinity of a separation surface. In this case the separation surface is between a
liquid (water or polymer solution) and air, but in the future the investigations will be focus to the study of the
influence induced by a liquid-liquid interface. The effect of grooved surface and liquid properties (viscosity,
elasticity) were analyses and correlated with numerics. In the absence of a numerical solution for a viscoelastic
fluid, the Newtonian solution is capable to reproduce fair the viscoelastic flow spectrum, with exception of the
domains where the extensional components of stretching are present.
Our investigations confirm qualitatively and quantitatively the previous results published in literature for
immersed smooth of grooved cylinders in Newtonian flows. The experiments performed with polymer solutions in
the presence of a separation surface are new and will be extended in our further studies at low and very low
Reynolds numbers. We are looking to focus the study to the applications in the domain of microfluidics, where the
influence of patterned surface of the immersed bodies on the flow spectrum is expected to be remarkable in confined
micro-geometries.
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