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The paper is concerned with experimental and numerical investigations of the flow around an
immersed cylinder, in the presence of free surface. The main goal of the study is to establish a CFD
procedure to compute the free surface geometry and the flow pattern in the neighborhood of the
cylinder. The experiments are performed in a 2D channel, the flow rate and the fluid height upstream
the body being controlled by a weir. The motion takes place in the transitory sub-critic regime with
the characteristic Reynolds and Froude numbers in the ranges: 5000 < Re < 10000 , respectively
Fr < 1 . Qualitative direct visualizations of the flow and quantitative PIV measurements of the
velocity distribution are obtained in the domain between the cylinder and the free surface. The
computations have been performed with several turbulent models implemented in FLUENT code and
the free surface geometry is calculated by the VOF model. The numerical results and visualizations
are corroborated with the aim to investigate the interaction between the free surface and the wake
developed downstream the separation points.
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1. INTRODUCTION
The flow around an immersed cylinder is a very actual "study case" for the free surface fluid
mechanics, with numerous direct applications in hydrology, hydraulics and hydraulic turbines, marine
platforms, inflatable dams, [3, 11, 14]. This particular motion, which is also of interest for fundamental
research in fluid mechanics (in relation to hydraulic jumps, boundary layer theory, flow instabilities) is
characterized by two non-dimensional parameters: the Reynolds number and the Froude number [16, 18]
Re =

ρV 0 D
η

,

Fr =

V0
gD

,

(1)

where V0 is the average velocity upstream of the cylinder, D is the diameter of cylinder, ρ is the density,
η is the viscosity and g is the gravitational acceleration. As function of the parameters values, the free
surface flow is classified as laminar or turbulent, in sub-critic or critical regimes.
One of the most important subject related to the hydrodynamics of free surface flows, which might be
considered as a novel benchmark problem in fluid mechanics, is the solution of 2D channel flow around an
immersed cylinder, respectively the computations of the free surface and the flow spectrum downstream the
cylinder [5, 9].
Theoretical, numerical and experimental studies on the flow around a cylinder located in the vicinity of
the free surface are at the beginning and the published literature in the domain is limited. All papers
mentioned in the references are looking to this subject as a CFD application, in which the main target is to
find the best numerical code which is able to reproduce the visualized flow field. The investigations are
focused to the study of the downstream wake, the influence of the Froude number on the flow pattern,
respectively the influence of the immersed depth, [6, 7, 10, 15, 16, 21] and the mechanism of the vorticity
transfer from the free surface to the wake [18]. No special attention was given until now to the computation
of the free surface geometry.
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The main goal of the present study is to establish a CFD procedure to compute the free surface and the
flow pattern in the neighborhood of the cylinder. The experiments are performed in a 2D open channel
geometry, the flow rate and the fluid height upstream the body being controlled by a weir. The motion takes
place in the transitory sub-critic flow regime with the characteristic Reynolds and Froude numbers in the
ranges: 5000 < Re < 10000 , respectively Fr < 1 . Qualitative direct visualizations of the flow and quantitative
PIV measurements of the velocity distribution have been performed in the domain between the upper wall of
the cylinder and the free surface. Numerical solutions for the flow are obtained with standard k-ε and RNG
k-ε turbulent models and the free surface geometry is calculated by the Volume of Fluid (VOF) model
available in FLUENT code.
The investigated flow regimes correspond to three immersed depths of the cylinder, but the numerical
analysis is developed for one single case. The results of computations are compared with the experimentally
free surface line and the wake pattern. The RNG k-ε model is validated in the whole investigated domain,
less for the free surface profile at the onset of the hydraulic jump. In that region, immediately downstream
the minimum water depth, the flow regime is unsteady and the free surface discloses chaotic fluctuations.
The experimental set-up and the procedure of recording the trace of free surface are presented in the
paragraph 2. The paragraph 3 is dedicated to the numerical simulations of the flow, where is shown the
comparison between the computed profile of free surface and the experimental one. The results of the work
are finally summarized and discussed in the last paragraph.
2. EXPERIMENTAL SET-UP AND FREE SURFACE PROFILE

The experiments are performed in a free surface transparent water channel of total length L = 1232 mm
and a rectangular cross-section of maximum height H max = 150 mm and constant width B = 15 mm, [19,
20]. The cylinder with diameter D = 50 mm is located at the distance L1 = 303 mm from the entrance
section, which is connected to a constant level water supply tank. In the middle of the channel a weir is fixed
(thickness bw = 6 mm) which controls the transported flow rate and, in consequence, the free surface level,
(Fig. 1). The total flow rate is divided around the cylinder, Q = Q1 + Q2 , and no fluid leakage is noticed
between the cylinder and the lateral walls of the channel.
The visualizations and measurements were performed at three constant entrance water levels H 0 , in
the interval 92 < H 0 < 115 mm. In all cases the height of the weir was kept constant at the value hw = 64 mm
(Fig. 1). The flow characteristics and the values of Reynolds and Froude numbers obtained from
measurements are presented in Table 1.
Table 1
Flow characteristics and the values of Reynolds and Froude numbers (the numerical analyzed case is marked)
H0
[mm]
92
105
115

h
[mm]
7
20
30

Q
[m3/s]
0.1457
0.2415
0.3289

V0
[m/s]
0.1
0.15
0.2

Re
[-]
5000
7500
10000

Fr
[-]

0.143
0.214
0.285

The trace of the free surface line (FSL), considered as the intersection between the middle channel
plane and the 3D free surface, was determined using series of high resolution images taken with a Sony SLT
camera, at frequency of 12 frames/s. For the measurements of FSL profile, y 0 ( x ) , was used as reference
level the parallel line with the channel bottom corresponding to the centre of the cylinder (Fig. 2a).
The h – height represents the characteristic depth of the flow around an immersed cylinder [16, 18]; it
is defined as the distance between the upper surface of the cylinder and the unperturbed free surface line, in
our case being measured at the distance x = 180 mm upstream the centre of the cylinder (Fig. 1).
Experimentally, it is noticed that flow regime is always stationary upstream the cylinder. At few
millimetres upstream of the impact point on the cylinder surface, the hydraulic jump starts to develop and the
free surface discloses 3D-fluctuations (Fig. 2b), so the flow in this area is unsteady (characteristic which is
maintained until the vicinity of the weir). Some periodicity of the flow was noticed, but fluctuations of free
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surface disclose a chaotic profile, especially in region immediately downstream the cylinder. At small
h – heights, these fluctuations are associated with Kelvin-Helmholtz instabilities developed in the fluid gap
between the cylinder and free surface (Fig. 3a), phenomena which will be considered for our further studies.
bw

hydraulic jump

Free surface

Q1

h
V0

D

H0

y
x

hw

H1 = 60 mm

Q2

0

weir

20 mm

x=180 mm

L1 = 303 mm

L2 = 613 mm

Fig. 1 – A sketch of the flow configuration and open channel geometry. The computational domain and boundary conditions are
presented in Fig. 5. The domain of interest, where hydraulic jump takes place, is marked on the figure.

The focused planar surface of the camera is the middle plane of the channel, but the reflections of the
front transparent channel wall are also recorded. The measurements of the FSL are affected by the capillarity
and the fluctuation of the free surface curvature, therefore the experimental error is in the range of the
capillary length, which corresponds to the value h ∗ ≈ 2.6 mm (Fig. 2c). We expect this error to be relevant
in the region corresponding to the onset of hydraulic jump and high fluctuations (Fig. 2b). Since the
y0 – distance is always taken in the picture at the lower captured trace of the free surface, the measured FSL
profile is considered to be the minimum reached free surface level in the cross section.
FSL - free surface line

h
y0(x)

B

fluctuations

3D free surface

Middle plane

∼ h*

Reference level
30 mm

a)

10 mm

y0

10 mm

b)

c)

Fig. 2 – Visualization of free surface and the free surface line (FSL): a) FSL and the reference level, y0(x); b) 3D profile of the free
surface; FSL line is obtained as the intersection of the real 3D free surface with the middle plane, which is the focused camera plane;
c) detail with the FSL in the region of fluctuations and the effect of capillarity on the measurements.

The direct visualization of the streak lines, wake and vortical structures developed downstream the
cylinder are obtained simultaneously with the free surface profile. The coloured tracers are introduced in the
flow field through very thin needles located far upstream the cylinder or by injection of the dye from outside,
directly into 36 holes distributed equally on the cylinder surface. The pictures show the location of separation
(critical) points D1 and D2 (Fig. 3), for three different h – heights (details are given in [19]).
a)
a)
D1

c)

b)
b)
D1
D1

D2

D2
10 mm

10 mm

D2
10 mm

Fig. 3 – Direct visualizations of the free surface and the wake: a) h = 7 mm, b) h = 20 mm and c) h = 30 mm.
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The measured profiles of free surface during the period of 1 s are shown in Fig. 4. The corrected
standard deviation (CSD) and the mean values of the measured profile of FSL, which will be considered for
comparison with numerical simulations, are marked in the plot.
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Fig. 4 – Instantaneously free surface lines recorded at 12 frames/s; the mean FSL and the corrected standard deviations are also
represented. The fluctuations of free surface starts immediately after the separation point D1 and are developing downstream the
cylinder in a band of 4 mm width. Minimum of FSL corresponds to the end of cylinder.

3. NUMERICAL SIMULATIONS

The aim of the numerical study is to compute the free surface line (FSL) and to reproduce the flow
spectrum around the cylinder, with the focus on the downstream wake. In particular, the main interest is to
determine the flow kinematics in the gap between the cylinder and the free surface.
Numerical simulations are performed with the FLUENT code, which solves momentum and continuity
(RANS) equations based on finite volume method [22],
 ∂ v
 v  = ρb − gradp + divT
 ,
ρ
+ v ⋅ ∇
E
∂ t

divv = 0.

(

)

(2)

 = 2(η + η )D

In (2) ~
p are the mean velocity and pressure; the mean extra-stress tensor T
v and ~
E
0
t
~
includes the shear viscosity η 0 and the turbulent viscosity ηt , where D is the mean stretching. The k-ε
models consider η t = ρC µ k 2 ε , where Cµ is a constant ( Cµ ≅ 0.09 ), k (the specific turbulent kinetic
energy) and ε (the specific turbulent dissipation rate) being given by the corresponding transport equations.
The computations are performed on a 64 bit server Dual 2.33 GHz with 16 GB RAM memory, the
computation time for each case being around 4 days, for a precision of 10-5. Two turbulent models are
considered in the present simulations: standard k-ε and the RNG (Re-Normalization Group) k-ε models (with
standard wall functions) are run using steady and unsteady solvers. For the model discretization, the SIMPLE
scheme was employed for pressure-velocity coupling, QUICK for the momentum and the transport
equations.
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The equations (2) are coupled with the Volume of Fluid (VOF) model available in FLUENT [1, 2, 4, 9,
17, 22]. In VOF procedure the computations are performed simultaneously in the whole domain for the two
immiscible fluids (water and air in our case) and in each cell is calculated the volumetric fraction between
the two phases. The flow separation water-air line is traced using the modified HRIC (High Resolution
Interface Capturing) reconstruction procedure and implicit scheme. The reference computed FSL line is
drawn through the cells which contain 50% of each phase [22]. The computational geometry is the 2D
configuration of the channel (Fig. 1). The mesh contains 638.436 cells, 1.270.606 faces and 632.170 nodes; it
is structured around the cylinder, the corresponding values of dimensionless wall distance y + are in the
range of 0 < y + < 7.
The initial distribution of the phases and the corresponding boundary conditions are shown in Fig. 5a:
(i) inlet water ( x = 0 ): the height H 0 = 105 mm kept constant imposing the linear pressure distribution
p = ρgy , 0 ≤ y ≤ H 0 ; (ii) inlet – air, top-air and outlet: constant atmospheric pressure, p = p0 ; (iii)
adherence conditions on the weir and the lower wall: v = 0 . The final distribution of the phases and the free
surface line (steady state) is shown in the detail (Fig. 5b).
top-air - p0
inlet air - p0
FSL

outlet - p0

air
water

air

y
initial interface
cylinder
inlet water

0

water

FLOW

weir

b)
a)

x
walls - v = 0

Fig. 5 – Numerical computational domain, a) initial phases configurations and the boundary conditions; b) detail with the final
distribution of the phases and the free surface line (FSL).

In Table 2 are presented the results for the computed steady flow spectrums, in comparison with the
direct visualizations. The locations of the separation points on the cylinder are well reproduced by the RNG
k-ε model. The computed steady and unsteady free surface lines are compared with the experimental FSL in
Fig. 6. One can be noticed that experimental free surface line upstream of the cylinder is perfectly
reproduced numerically, but the oscillations downstream the cylinder are captured only by the RNG k-ε
model. The fitting of free surface in the domain of hydraulic jump is considered fair. The maximum
difference between the experimental and numerical free surface is of 3.2 mm, recorded at the end of the
immersed cylinder (Fig. 6b), value which represent an absolute error of 3% from the average height of the
water in that point of the channel. The analysis of the numerical results (free surface profile, location of
separation points, wake structure) in comparison with experiments concludes that RNG k-ε turbulence model
is more indicated to simulate the flow under investigation.
Solutions with the unsteady solver have been also obtained for the RNG k-ε turbulence model, using
the time step of 0.001 s, for a precision of 10-5. The numerical results are shown in Fig. 6 in comparison with
experiments and steady solution. Based on the analysis of the results displayed in Fig. 7, and also taking into
account the very long time needed for computation of the unsteady solutions, one can conclude that steady
solver offers a fair representation of the average time free surface configuration. There are several
differences between the numerical results and the experimental FSL, especially in the region between the
separation point D1 and the end of cylinder, mainly due to the high curvature and fluctuations of the free
surface. The capillarity phenomenon and the photographic image deformation can also induce some errors in
measurements. Actually, the visualized free surface is a band (Fig. 2a), and the measured values correspond
to the lowest level of this band (Fig. 7a), the numerical free surface being in almost all cases at higher level
than experiments. Comparisons between numerical and experimental results were made also quantitative
using the PIV system. For the PIV measurements was used a CMOS Nano Sense MKII camera, with a
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maximum acquisition rate of 5 kHz at a resolution of 512 × 512 pixels. The light source was an infrared laser
Nanopower with a power of 4 W and a wavelength of 795 nm. The seed particles are glass spheres coated
with a silver layer. The measured velocity fields between the cylinder and the free surface confirm the
numerical results and validate also quantitatively the RNG k-ε turbulence model for this type of flows [2, 8,
12, 13]. The results of the PIV measurements are presented in Fig. 7.
Table 2
Comparison between computed and visualized flow spectrums for the reference case (Table 1). The steady solutions obtained
with RNG k-ε model offer a better representation of the real flow than the standard k-ε model
Models

standard k-ε

Properties of
the model

The model is proper for fully developed turbulent
flows (known as a high-Reynolds- number model).

RNG k-ε
The RNG theory provides an analytically-derived
differential formula for effective viscosity that
accounts for low-Reynolds-number effects. The model
is better suited for turbulent flows in vicinity of
stagnation and separation points.

D1
D1

θ1

Numerics

θ1

θ2

θ2
D2

D2

θ1 = 104˚, θ2 = 273˚

θ1 = 135˚, θ2 = 240˚

D1
θ1

Experimental
(direct
visualization)

θ1

D1
θ2
10 mm

D2

Detail, θ1 = 110˚
a)

10 mm

The wake downstream the cylinder, θ2 = 273˚

0.12

b)

Detail
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0.04

H [m]

H [m]
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weir

0,098

RNG
Standard
Experiments

0.02

0,100

steady RNG
unsteady-it3
unsteady-it3.6
unsteady-it4.2

0,096
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0.00
0.2

0.4

0.6

0.8

x - coordinate [m]

1.0

0,094
0,25

0,30

0,35

0,40

Experiments

0,45

0,50

x - coordinate [m]

Fig. 6 – a) Comparison of the experimental free surface line with the numerical steady solutions for the two k-ε models; b) steady
and unsteady numerical solutions (corresponding at 3 s, 3.6 s and 4.2 s) and experimental data are shown (Fig. 4).
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CYLINDER

0,45
0,50
x-coordinate [m]

0.075
0.28

0.29

0.30

0.31

0.32

x - coordinate [m]

0.33

Fig. 7 – Comparison between computations and experimental investigations: a) free surface line (CSD bar and the capillary length
are shown); b) velocity distribution vx corresponding to the center of the immersed cylinder.

5. CONCLUSIONS
The paper was dedicated to the experimental and numerical investigations of the flow around an
immersed cylinder, in the presence of free surface. The study established a CFD procedure to compute the
free surface geometry and the flow pattern in the neighborhood of the cylinder for “weak turbulent flows” in
sub-critical regimes, i.e. the characteristic Reynolds and Froude numbers are within the ranges:
5000 < Re < 10000 , respectively Fr < 1 . The numerical procedure based on the RNG k-ε turbulence model
and steady solver was validated for 2D configuration by the experiments performed in a free surface 2D
water channel. The free surface line was experimentally obtained using both streak lines direct visualizations
and quantitative PIV velocity measurement in the gap between the free surface and the cylinder.
The numerical trace of the free surface fit very well the experiments, except of the region downstream
the cylinder where the numerical solution reproduces only qualitatively the fluctuations observed in the real
flow. However, the proposed CFD procedure gives a fair representation of the free surface geometry in
vicinity of the cylinder.
The present result is very promising and offers possibilities to investigate in more details the local
hydrodynamics around the immersed bodies, especially in relation to Kelvin-Helmholtz instabilities
developed in the region between the free surface and the wake downstream the body. The further study will
be focused to the investigation of possible correlation between the frequency fluctuations of the free surface
and the vortex detachment frequency from the cylinder, at low immersed depths of the cylinder where the
influence of surface tension is expected to be observed.
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