





















































































































































































































































Figure 6.18: Height of the horseshoe vortex for Re = 800
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Figure 6.19: Height of the horseshoe vortex for Re = 700
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Height of the horseshoe vortex for Re = 700

Figure 6.20
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The velocity of the free-stream was calibrated for each 90 degree turn of the water-
pump regulator. In view of conservation of mass, the mean free-stream velocity on
the table can be estimated by measuring the time taken to fill part of the volume
of one of the tank, since mean U is equal to S—Z‘;I:l; The volume Vi, 1s 8.5 1
corresponding to a height of 5 cm in the box. The Reynolds number of the flow

has been evaluated for each velocity, Re = %, where v is the kinematic viscosity of
the salted water. The temperature of the water was approximatly 24°C for which
v = 0.96 x 107°m?/s. The radius of the hemisphere, a = 0.019 m. Hence 700 < Re <
1300. At Re = 1300, the vortex manifests an oscillatory motion. The Froude number
Fr based on the fluid depth is given by Fr = W, where H is the fluid depth.
Fr < 0.12 in our case, so the fluid motion is always subcritical. The horseshoe-
shaped vortex appears for U = 0.035 m/s, Re = 700. The values of U and Re
considered together with observed values of ¢y, h and d are given in table 6.1. With

increasing Reynolds number, the core radius ¢y and the distance d of the leading

point of the vortex from the center of the hemisphere both decrease in value.

U(m/s) Re cofa d/a h/a
0.04 800 .11 1.20 0.18
0.045 900 0.095 1.22 0.15
0.05 1000 0.075 1.18 0.10
0.055 1100 0.07 1.17 0.12
0.06 1200 0.07 1.16 g1l

Table 6.1: Flow parameters
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Chapter 7

Conclusion

Numerical and experimental results have been presented to study the time de-
pendent shape and stability of the horseshoe-shaped vortex created around an ob-
stacle. For simplicity, the obstacle was represented by a hemisphere and the vortex
filament is chosen to have uniform vorticity in the core. The hemisphere was placed
on a wall and a constant stream of velocity U flowed past this body. The fluid was
regarded as being inviscid, incompressible and of uniform density. The evolution of
the vortex has been followed numerically by integrating the nonlinear Lagrangian
equations of motion. The laboratory experiments have been used to check the nu-
merical work.

In terms of the objectives set out in section 1.1, the following conclusions can be
drawn:

1) The characteristics of the steady horseshoe-shaped vortex were determined
experimentally. A number of numerical experiments were conducted starting with

an initial guess for the shape of the filament. It was found that on the upstream
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side a fairly steady shape could be obtained. However, on the downstream side,
travelling waves appeared on the filament which could not be suppressed through the
evolution. This resulted in the filament diverging away from any steady configuration
downstream of x = 0. This artifact may partly be the result of the particular choice
of filament length and the way the ends are treated. Further calculations with
longer filaments, with the ends at an appropriate angle at a greater height may be
considered as part of future work. The present work serves to identify the parameters
for which steady solutions are possible. An alternative to the present approach is to
consider Newton’s iteration method for obtaining convergence to the steady shape.
The equations obtained here can be utilized to develop this latter method. Further,
the present numerical experiments will serve to identify initial guesses to consider for

the Newton’s method which is typically sensitive to the choice of the initial guess.

2) The experimental study revealed that the global shape of the vortex and the
values of d and c¢ were in good agreement with the numerical study. The vortex is
fairly steady for 800 < Re < 1200 corresponding to the velocity 0.04 m/s< U <0.06
m/s. At low Reynolds number, 800< Re <900, the height of the vortex can be seen
to increase with downstream location. Laboratory experiments suggest that the
ends are at a greater height than the leading point. To complete the experimental
study of the horseshoe-shaped vortex, a measurement of the circulation in the core

would help to fully capture its characteristics. Also, measurements of the velocity
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and observation of fluid particles downstream might give some explanation of the
fluid motion.

Comparisons with experimental results show that the influence of the shear in
the boundary layer and the presence of the wake behind the hemisphere, which have
been ignored in the computations on the motion downstream of the obstacle, needs
to be taken in consideration.

However, upstream of the plane x = 0, the existence of fairly steady solutions
suggest that the inviscid mechanism assumed here as governing the dynamics of the

filament is a good approximation in this upstream region.

7.1 Further work

The effect of viscosity was not included in the analysis. For a limited time,
viscous effects are negligible during the process of interaction. However the motion
downstream of the hemisphere is governed by viscosity. Also the influence of the
turbulence in the wake must be taken into account. So the study of this problem
would be more complete with the consideration of viscous effects.

Another aspect which could be a start for future work i1s consideration of non-
uniform vorticity in the core. A study coupling non-uniform vorticity in the core
and viscous effects would help to understand how important these aspects of the

problem are to the motion of the horseshoe-shaped vortex past a hemisphere.
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Appendix A

Still pictures of the experiments

Figure A.1 shows the outline of the vortex for Re = 900, the free stream flow is
from the top to the bottom. The horseshoe-shaped vortex can be seen extending all
round the hemisphere. The filament that produces hydrogen bubbles is just at the
top.

In all the following figures, the free stream flow is from the left to the right.
Figure A.2 shows a sideview of the vortex for Re = 900. The horseshoe-shaped
vortex can be seen all around the hemisphere. The filament that produces the
hydrogen bubbles is on the left. Figure A.3 shows a sideview of the vortex for Re =
800. The horseshoe-shaped vortex can be seen extending all round the hemisphere.
The filament that produces the hydrogen bubbles is on the left. The horseshoe-
shaped vortex stretches upwards downstream of the hemisphere. Figure A.4 shows
the cross-section of the vortex for Re = 1100. The filament that produces hydrogen
bubbles is on the left and the hemisphere on the right. Figure A.5 shows a view of
the water-table. The mirror can be seen on the right and the lamp on the left.
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Figure A.l: Picture of the shape of the horseshoe vortex for Re = 900
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Figure A.2: Picture of the shape of the horseshoe vortex for Re = 900
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Figure A.3: Sideview of the horseshoe vortex for Re = 800
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Figure A.4: Cross-section of the horseshoe vortex for Re = 1100
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Figure A.5: View of the water-table
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