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ABSTRACT
Sediment entrainment mechanisms were studied experimentally involving high-frequency
particle image velocimetry (PIV) measurements synchronized with hydrodynamic force
measurement and the entrainment of spherical particles. Two experimental series were
conducted. The first experimental series termed fixed bed experiments, focussed on the
relation between near-bed velocities and forces on a spherical sediment particle. The second
series of experiments, termed the entrainment experiments, focussed on the flow structure and
magnitude of the critical velocities causing entrainment. High frequency Particle Image
Velocimetry (PIV) was used to capture the details of the flow.The study aimed to improve the
understanding of sediment transport mechanics, particularly the link between particle
entrainment and the velocity causing entrainment, hydrodynamic forces, and turbulent flow
structures. A spectral model of drag force based on quasi-steady theory is developed. The
model is applied to experiments with different exposures of the target sphere. The
performance of the model depends greatly on the choice of appropriate values of CD and A. In
the formulation of drag force the product of coefficient of drag and exposed area ( CD A ) is
found to be a more useful quantity. An improved expression for pdf of lift force based on the
normal error law is provided which matches the measured data up to 3 FL for all exposures.
The skewness of the measured lift force is found to increase with increase in exposure
indicating that the quasi-steady lift force starts to act with increase in exposure yielding a
skewed distribution. The spectral density function of lift force as a function of streamwise and
stream-normal velocity is developed and validated using the measured lift force data. The
ratio of CL A CD A is found to increase with increase in exposure and the fluctuating
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Bernoulli‟s lift is found to play a dominant role in generating high lift on bed sediment
particles. Predominance of fluctuating Bernoulli‟s lift, over lift due to stream-normal velocity
fluctuations, is observed at all particle exposures. The influence of vortices on sediment
entrainment was studied in detail using a model vortex. It was found in particular that the
streamwise position of the particle with respect to an advecting vortex is important in terms of
creating the forces on its surface responsible for entrainment. Experimental investigations
using PIV revealed the predominance of clockwise eddies associated with hairpin vortices.
However, anticlockwise eddies induced by large scale sweep events were found to be mainly
responsible for entrainment. The flow field during entrainment was found to be significantly
different from the normal flow field, marked by negatively correlated streamwise and streamnormal velocity fluctuations, indicative of sweep events. For a completely shielded particle,
the forces induced by an anticlockwise vortex are found to be the dominant entrainment
mechanism. The particle is more likely to entrain by hydrodynamic lift (vortex and
Bernoulli‟s) induced by an advecting anticlockwise vortex directly above it. For particles at
higher exposure, the quasi-steady drag is found to be the primary entrainment mechanism
aided by Bernoulli‟s lift. Sweep events were found to be responsible for entrainment of both
shielded and exposed particles with lift and drag force being the dominant mechanism
respectively. Impulse is found to be an important factor in initiating sediment entrainment.
Quadrant analysis and pdf plots of the dominant hydrodynamic force reveal the higher
probability of occurrence of high magnitude force induced by sweep events. Ejection events
are found to be mainly responsible for extreme forces below the mean. PIV measurements of
the velocity flow field for entrainment events revealed that the flow profile at the instant of
entrainment is significantly different from the mean flow profile, featuring an increase in
velocity. This increase in velocity is due to the occurrence of a large scale sweep event. A
non-linear turbulence magnification factor is developed using regression analysis to account
ii
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for the role of turbulence and exposure in particle entrainment. The role of turbulence for a
given flow depth is found to decrease with increasing exposure of the particle. An expression
for the “threshold velocity” based on the mean and the fluctuating velocities at a particular
elevation above the bed is developed for estimation of a new Shields type parameter. The new
Shields type parameter is found to vary from 18 to 7 with increase in exposure of the particle.
The proposed Shields type parameter is found to be dependent on exposure of the particle and
considered to be more appropriate in defining the sediment transport threshold, since it
closely represents the effect of near-bed turbulence and exposure. The study is extended for
field applications by the use of similarity laws relevant to sediment entrainment, rendering the
findings relevant to a large number of prototype flow configurations for a range of particle
size based on flow depth and slope. The results of this study will be useful in developing new
physically based formulation for numerical models of sediment transport based on physics of
the particle entrainment.
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