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ABSTRACT
When considering the problem of water waves, induced by NOMENCLATURE
an obstgcle,_ in a fluid domair) of finite depth, th_e r_nain b Obstacle height
assumption is generally to consider the water as an inviscid = . . .
fluid, which means that the velocity profile is not sheared but b=b/h Dimensionless obstacle height
constant upstream from the bottom up to the free-surface. F Froude number
The objective of the experiments presented in this paper is h Water depth _
to produce a free-surface flow over an obstacle, in a hydraulic U Upstream flow velocity
channel, with a constant velocity profile upstream. To achieve 9 Acceleration due to gravity
this, we carried out an original device. The channel, with an
obstacle lying on its bottom, is filled with a quantity of water at Greek Letters
rest. A drive system moves, at a constant adjustable velocity, A Wavelength .
the bottom of the channel generating then a relative movement ¥ Dimensionless streamfunction
of the water with respect to the obstacle. Measurements of the
wavelengths are performed and compared with that given by
the theory. DESCRIPTION OF THE EXPERIMENTAL DEVICE
The device is a rectangular cross-section channel, 10m long,
INTRODUCTION 0.30m wide and 0.50m high (photo 1).

The objective of the experiments presented in this work is to
produce a free-surface flow over an obstacle in a hydraulic
channel with a constant velocity profile upstream, as assumed
in the most theoretical studies. To do this, we proceeded to the
development of an experimental original device. This has been
designed so that the channel can be filled with a quantity of
water at rest with a given depth. A drive system can move, at a
constant adjustable speed, the bottom of the channel, on which
is set the obstacle, generating then a relative motion of the
water. In a previous study, the experiments were done in a
channel where the obstacle was at rest and the water flowing.
The velocity profile is thus sheared due to the fact that it
necessarily vanishes at the bottom. When we move the
obstacles, at a constant speed in the water otherwise at rest, we
can consider, in the relative motion, the flow at uniform
velocity far upstream of these obstacles.

Photo 1 View of the hydraulic channel
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The channel bottom is a tarpaulin deployed along the
channel. The new bottom is then moved with a drive system
which consists essentially of three cylinders. The first is called
the drum motor on which is wound a cable, of length greater
than twice the length of the channel, closed on both sides by a
combination of disk and rolling, all crossed by a rod. This drum
is attached upstream of the channel walls (photo 2).

Photo 2: The drum motor

The establishment of the other two cylinders is relatively
similar to the preceding one; the extremity of the sheet is
wound on the first cylinder which is placed at the entrance of
the channel. It goes through the bottom of it and then finds the
second cylinder placed downstream on the outer walls of the
channel where it is wound to its second extremity. To ensure
that the sheet follows the movement of the cables, the two
cylinders are connected with a fishing line of a length
equivalent to twice the length of the channel (Photo 3).

Cylinders

Fishing line

gt W

Photo 3: The driving system

The described system is connected to a drum motor attached
to the outer wall of the channel. The junction of the motor with
the drum is provided by a mechanical speed reducer connecting
the vertical axis of the motor to the horizontal axis of the drum.
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For varying the rotational speed of the motor and the
direction of its movement, the motor is connected to a
frequency variator which rotates the motor in one direction or
the other one.

In our experiments, we used PVC obstacles. At the bottom
of the channel, drive cables and the sheet are attached to the
base of the obstacle (photo 4).

Obstacle

Tarp

Photo 4: The obstacle and the tarp

The velocity characteristics are measured using a laser Doppler
anemometer (photo 5a, 5b) which is shipped with the drive
system (photo 5c).

Photo 5: Laser Doppler Anemometer

MATHEMATICAL FORMULATION

It should be remind that in most studies of free surface
flows, the fluid is assumed inviscid and incompressible. The
hypothesis of an irrotational flow leads to the resolution of the
Laplace equation for either the streamfunction or the velocity
potential.
Let us recall the case of the streamfunction formulation. We
consider the steady 2-D flow over an obstacle of maximum

height b lying on the bottom of a channel.



Far upstream, the flow is uniform with constant velocity U
and depth h.
The fluid being incompressible, one can introduce a stream

function ¥ (x,y) such as:

- - _,0Y oY

u y V)=(— y 1
(u,v)=( oy ox ) 1)
where u and v represent respectively the horizontal

component and the vertical component of the fluid velocity.
The flow being uniform far upstream of the obstacle, the
theorem of Lagrange ensures us its irrotationality everywhere in
the fluid; thus:

AVY =0 )
The fluid being inviscid, it slips on the bottom of the channel
which is then a streamline taken as:

¥ (X,yp) =0
where §/b (i) denotes the equation of the bottom.

©)

The free-surface §o(x) is also a streamline. The value of the

streamfunction, on it, is determined by conservation of the flow
discharge.

¥ (x,yo)=Uh (4)

In addition to this kinematic condition, we must express the
conservation of the energy of the fluid on this free-surface
where the pressure is constant (atmospheric pressure). The
Bernoulli's equation gives:

gyot+¥2(V-U?) = gh ()
where g is the acceleration due to gravity and V the free-surface
velocity.

We note that this dynamic condition is non-linear and that there
is no radiation condition downstream for the subcritical regime,
except that the velocity of the flow and the height of the free-
surface must be bounded.

The problem may be non-dimensionalized with respect to the
velocity U and the height h by introducing the following
variables:

(X, ¥, b, Yo, Yo)
¥ = ¥ /Uh.

= (X,Y,b,yu Yo/h; (U v) = (u,v)U;

The equations (2) to (5) are then written as follows:

AY =0 6.1)

¥ (X, Y)=0 (6.2)

yﬁ%m(ﬁq 11=1 (6.3)
on Yo

¥ (X Yo) =1 (7

where F=U/\/g_h is the Froude number and n the outward

normal vector.
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In the vertical plane (x,y), the domain Q is bounded in the
lower and upper side by respectively the bottom I', the
unknown free-surface I'; and the two verticals I', and T
respectively upstream and downstream of the obstacle. Taking
into account the physical conditions above-mentioned, the
problem consists on finding a streamfunction ¥(x,y) which
satisfies the Laplace equation and which verifies the boundary
conditions (6.2) and (6.3) and that of uniformity of the velocity
upstream:

Y=y
o¥/lox=0

on FL
on FL

(6.4)
(6.5)

The figure 1 shows an example of a solution obtained with
this type of boundary condition.

F=0.32; b=0.29

A

T T T 1

4
Figure 1: Theoretical free-surface computed

When we consider an open-channel flow, the velocity
profile, in any section, is sheared because of the bottom
condition; the boundary conditions (6.4) and (6.5) cannot thus
be satisfied.

The experiments we conducted and which are described
below allow us to satisfy this condition of uniformity of the
velocity profile upstream of the obstacle.

THE EXPERIMENTS

The hydraulic channel is first filled up to a given water
depth. To choose the desired velocity, we fix the frequency
(speed) to drive the obstacle. By triggering the switch, the
motor rotates and carries with it the drum. Cables wound on the
drum pass through the pulleys, carry the obstacle that moves
with the tarp along the channel, then return to the pulleys
located at the downstream part of the channel.

Velocity measurements of the “upstream” flow were taken
at the centerline of the cross section of the channel using a laser
Doppler anemometer. The figure 2 shows that the experimental
velocity profile is not sheared and is nearly uniform.
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Figure 2: "Upstream™ measured velocity profile

Experiments carried out in channels show that, according to
the value of the Froude number, the free-surface looks like:
- a unique elevation over the obstacle then gradual going back
to the undisturbed level (y = 1) for a supercritical flow
upstream (photo 6) .

Photo 8

- a depression followed by a hydraulic jump (Photo 9).

Photo 9
Photo 6 . . . .
In most studies dealing with the propagation of surface
- a depression in the vicinity of the obstacle followed by a waves in a hydraulic channel, the dimensior_ﬂess wavelength
supercritical flow downstream of the obstacle (photo 7). considered is generally that deduced from the linear theory:

Vh =21 F? (8)

F= % is the Froude number where U is the mean velocity.
g

The experimental wavelength is obtained by measuring, on
the photos, the distance between two consecutive peaks. Some
of these results are shown in the figure 3 with non-dimensional
variables with respect to the undisturbed water depth h which is
not kept constant.

It should be reminded that to obtain surface waves depends
not only on the value of the Froude number but also on the
relative height of the obstacle compared to the water depth.

Photo 7
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Figure 3 Experimental and theoretical wavelength
CONCLUSION

The device we developed is primarily designed to allow
comparison between theoretical results and experimental
measurements in similar assumptions. Indeed, while it is
impossible to conduct experiments with an inviscid fluid, the
condition of nullity of the velocity at the bottom of the channel
can be bypassed.

For example, we have measured experimental wavelengths
and compared them to the theoretical ones issued from the
linear theory which is based on the smallness of the obstacle
height relative to the water depth in the channel. The
conclusion we reached is that the dimensionless height of the
obstacle must be less than 0.2 to estimate reasonably well the
experimental wavelength by the linear theory results.

REFERENCES

[1] Lamb H. Hydrodynamics. Cambridge University Press,
1932.

[2] Euvrard, D., Sur la possibilit¢ d’une résolution numérique
directe du probléme de Neumann-Kelvin, par introduction
d’une perturbation singuliere. C. R. Acad. Sci. de Paris. 262,
1976.

[3] Bouhadef, M. Bauche, B. Peube J.-L., Structure de
I'écoulement a surface libre derriére un obstacle noyé au fond
d'un canal. C. R. Acad. Sci. de Paris. 292, 1981,

[4] Forbes L.K. & Schwartz L. W.. Free-surface flow over a
semicircular obstruction. J. Fluid Mech.114, 299, 1982.

[5] Cahouet, J. & Lenoir, M. , Résolution numérique du
probléme non linéaire de la résistance de vagues
bidimensionnelle. C. R. Acad. Sci. de Paris. 297, 1983

[6] Boutros Y.Z., Abdelmalek M.B. & Massoud S.Z.,
Linearized solution of a flow over a non uniform bottom, J. of
Comput and Appli Math, 16, 105, 1986.

[7] King A.C. & Bloor M.I.G.. Free-surface flow over a step. J.
Fluid Mech.182, 193, 1987.

[8] Ghaleb, A.F. & Hefni, A.Z., Wave free, two-dimensional
gravity flow of an inviscid fluid over a bump. J. Mec. Theor.
Appl., 6, 4. 1987

1758

[9] Amara M. & Bouhadef M.. A new approach of numerical
modelling of 2D surface waves induced by an obstacle.
Computer Meth. and Water Ress. C. M. P., 1991.

[10] Milewski P.A. & Vanden-Broeck J.-M.. Time-dependent
gravity-capillary flows past an obstacle. Wave Motion. 29, 63-
79, 1999.

[11] Boukari D., Djouadi R., Teniou D., Free-surface flow over
an obstacle. Theoretical study of the torrential case. Abstract
and Applied Analysis, 6 (7), pp413-429, 2001

[12] Vanden-Broeck J.-M. & Dias F.. Steady two-layer flows
over an obstacle Phil. Trans. R. Soc. A 360, 2137-2154, 2002.
[13] Bukreev V. I., Supercritical flow over a sill in an open
channel, Journal of Applied Mechanics and Technical Physics,
Vol. 43, No. 6, pp. 830, 835, 2002.

[14] Guendouzen, T., Bouhadef, M., & Zitoun, T. Experimental
study of surface gravity waves induced by an obstacle moving
in a hydraulic channel. International Congress of Chemical and
Process Engineering. Praha. 2002

[15] Bukreev V. 1., Gusev A. V.. Waves behind a step in an
open channel. Journal of Applied Mechanics and Technical
Physics , 44, N°1, 52-58, 2003.

[16] Bouhadef M., Zitoun T. & Guendouzen T.. Contribution
to numerical and experimental study of 2D free-surface flow.
IASME Transactions Journal, Issue 3, volume 1, pp 455, 459,
July 2004.

[17] Sarker M. A., Rhodes D. G.. Calculation of free-surface
profile over a rectangular broad-crested weir. Flow
Measurement and Instrumentation, 15, 215-219, 2004.

[18] Bouhadef, M., Zitoun, T. & Guendouzen, T., Contribution
to numerical and experimental study of 2D free-surface flow,
IASME Transactions Journal, Issue 3, vol. 1. 2004

[19] Bouzelha-Hammoum K., Bouhadef M. & Zitoun T..
Numerical study of 2D free-surface waveless flow over a
bump. WSEAS Transactions on Fluid Mechanics, Issue 6,
volume 1, pp 732, 737, June 2006

[20] Liapidevskii V. Yu. and Xu Z., Breaking of waves of
limiting amplitude over an obstacle, Journal of Applied
Mechanics and Technical Physics, Vol. 47, No. 3, pp. 307-313,
2006.

[21] Teniou D., Sur I’écoulement d’un fluide dans un canal
avec obstacle au fond, Annales Mathématiques Blaise Pascal,
Volume 14, n°2, p. 255-265, 2007.

[22] Liapidevskii V. Yu. and Gavrilova K. N., Dispersion and
blockage effects in the flow over a sill. Journal of Applied
Mechanics and Technical Physics, Vol. 49, No. 1, pp. 34-45,
2008.

[23] Bouzelha-Hammoum K., Bouhadef M., Zitoun T. &
Guendouzen-Dabouz T., Contribution to the study of a free-
surface supercritical flow above an obstacle: theory -
laboratory work , International Conference on Fluid Mechanics
and Aerodynamics, Rhodes, 2008.

[24] Bougamouza A., Guendouzen-Dabouz T., Bouzelha-
Hammoum K., Bouhadef M. & Zitoun T., 2D supercritical free-
surface flow: an experimental study, HEFAT 2010, Antalya,
2010.



