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LONG-TERM GOALS 
 
Our long-term goal is to clarify the role of vortex structures on the incipient erosion of cohesive and 
cohesionless sedimentary beds by oscillatory flows using a comprehensive approach based on laboratory 
experiments and turbulence resolving numerical simulations. In particular, the research activity of the 
present year was devoted to the numerical study of the formation of sediment patterns in an oscillatory 
boundary layer and both to the numerical and experimental investigation of the oscillatory flow past a 
rigid spherical object, much larger than the thickness of the undisturbed boundary layer, resting on a 
plane rough bottom. The achievements are presently summarized. 
 
The continuation of the latter investigation by considering flow conditions at which the sediments can 
be dislocated from the bottom end set into motion by interacting with the vortices shed by the object, is 
planned for the next year. 
 
OBJECTIVES 
 
• Investigate the basic mechanism of formation of sediment patterns on a plane sea-bed under 

morphogenetic wind-waves (numerically). 
• Investigate the flow about a bluff body resting on the seafloor (numerically). 
• Describe the incipient sand grain motion in oscillatory flow (by NRL experiment). 
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run nr. Lx1 
δ 

Lx2 
δ 

Lx3 
δ 

Nx1 Nx2 Nx3 

 

nr. 1 109 27 54 1024 256 512 
nr. 2-6 31 21 15 576 384 288 

 

Table 1: Part 1. Computational domain. 
 
 
APPROACH 
 
Two numerical investigations were carried out: 

1. Direct Numerical Simulations (DNSs) of an Oscillatory Boundary Layer (OBL) with movable 
spherical sediments were performed systematically both over a smooth and over a rough plane 
bottom in order to describe the mechanism leading to the formation of sediment patterns on the 
sea bottom. 

2. Two DNSs of the oscillatory flow past a bluff rigid spherical body fixed on a plane bottom were 
performed with the aim to describe the flow field about an heavy object resting on the seafloor (e.g. 
a mine or an isolated stone). In one of the simulations the bottom was smooth, while a layer of 
spherical roughness elements, of diameter one order of magnitude smaller that the bluff body, was 
considered in the second simulation. 

 
Although the numerical method adopted for the fluid solver is basically similar in the two investigations, 
different strategies were used to simulate the particle-particle and body-fluid interactions motivated by 
the subtle differences of the physical phenomena. A brief description of the numerical approach is given 
in the following section. 
 
As concerning the laboratory activity that was planned on the proposal, the experimental facility was 
built and tested and a preliminary experiment was made. A description of the facility is provided below. 
 
Numerical approach. Part 1. DNS of sediment patterns: A fractional-step method was used to 
advance the incompressible Navier-Stokes equations in time along with a Crank-Nicolson scheme to 
discretize the viscous terms and a three-step, low-storage, self-restarting Runge-Kutta method to 
discretize explicitly the non-linear terms. A uniform equispaced grid was used. Table 1 shows the size 

of the computational domain Lxi  and the number of grid-nodes Nxi, i = 1, 2, 3 along the streamwise (x1), 
spanwise (x2) and wall-normal (x3) directions, respectively, used for the present runs. The condition of 
periodicity is applied in the streamwise and spanwise direction, while no- and free-slip conditions are 
enforced at the bottom and at the top of the domain, respectively. The velocity field is forced to vanish 
at the surface of the spheres by an Immersed Boundary (IB) technique. Finally, particle-particle 
collisions are resolved with a Discrete Element Method (DEM) which is based on the soft-collision 
approximation, i.e. the collision occurs in a finite time which is sub-discretized in order accurately to 
compute particle trajectories and guarantee the numerical stability of the overall scheme. 
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δ 

 

run nr. Rδ s Rp 
d bottom n. initial 
δ configur. particle rows 

1 46.6 2.46 119.0 1.92 smooth 1 
2 26.3 2.65 11.4 0.53 smooth 1 
3 26.3 2.65 11.4 0.53 smooth 1 (perturbed) 
4 26.3 2.65 11.4 0.53 rough 1 
5 26.3 2.65 11.4 0.53 smooth 6 
6 26.3 2.65 11.4 0.53 rough 6 

 

Table 2: Part 1. Simulation parameters. 
 
 

 run nr. Lx1 Lx2 Lx3 ( f ine) ( f ine) ( f ine) (coarse) (coarse) (coarse) 

δ δ δ Nx1 Nx2 Nx3 Nx1 Nx2 Nx3 

S1 60 60 30 1024 1024 512 256 128 128 
R1 192 96 96 1024 512 512 256 128 128 

 
 

Table 3: Part 2. Computational domain and mesh refinement. Appendices fine and coarse indicate 
the refinement levels 3 and 5, respectively. 

 
 
 

 

run nr. R dbody 
δ 

bottom d 
configur. δ 

S1 47.87 6.3 smooth — 

R1 56.00 28.0 rough 2.6 
 

 

 

Table 4: Part 2. Simulation parameters. 
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Figure 1: Part 1. Topview of the initial configuration of runs nr. 2 (panel a) and nr. 5 (panel b). 

Yellow spheres are movable while the grey spheres in panel b) are resting at the bottom. 
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Figure 2: Part 2. Visualization of the geometrical configuration of the simulation R1 and of the 
refined computational grid presently adopted. Black, blue and red lines identify 

domain-decomposition-blocks of level 3, 4 and 5, respectively. 
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Dimensional length, time and velocity were normalized by the conventional thickness of the Stokes 

layer δ = 2ν/ω, U0 and ω− 1, respectively. The amplitude and the angular frequency of the velocity 

oscillations far from the bottom, U0 and ω, are used to define the Reynolds number Rδ = U0δ/ν. 
Besides Rδ , three further parameters arise from the dimensional analysis of the system: the ratio of the 

particle density to fluid density, s = ρs/ρ, the non-dimensional diameter of the spheres, d/δ and the 

Galileo number Rp = vsd/ν, where vs denotes the gravitational velocity 
!
(s−  1)gd, g being the 

gravitational acceleration. The values of the parameters for the present simulations are showed in table 2.  
In the last two columns of table 2, the configuration of each run is also specified. In particular, the 
movable spheres were initially deposited on the bottom in a row aligned with the streamwise direction. 
In runs nr. 1-4, one row consisting of 50 movable spheres was used, while in runs nr. 6-7, six rows were 
used (i.e. 300 spheres). Moreover, in runs nr. 4 and nr. 6, one layer of well-packed randomly-arranged 
spheres was preliminary deposited on the flat bottom and crystallized at their position in order to mimic 
a rough bottom. Then, either one or six rows of particles were deposited on the resting spheres and the 
simulations nr. 4 and nr. 6 were ready to start. As an example, the initial configuration for the runs nr. 2 
and nr. 5 is showed in figure 1.  Further details on the numerical approach to the present problem are 
reported by Mazzuoli et al., Journal of Fluid Mechanics (manuscript currently under revision). 
 
Part 2. DNS of the flow past a bluff body: Besides the numerical scheme for the fluid solver, which is 
similar to that described in the previous paragraph, the Adaptive Mesh Refinement (AMR) powered by 
PARAMESH v4.1 was adopted, enabling an oct-tree-structure local refinement in the regions of the flow 
where a fine grid spacing is required, according to the CFL condition.  A description of the numerical 
scheme can be found in the previous report of the present project (FY13-FY14). Two simulations were 
performed (parameters in tables 3 – 4):  simulation S1, with one bluff rigid sphere fixed on the wall, and 
R1 which differs from the former because of the presence of a well-packed layer of spherical roughness 

elements hexagonally arranged on the bottom. Roughness elements have the diameter d = dbody/10.7, 
where dbody denotes the diameter of the large sphere. At the highest refinement level (i.e. 5), the grid-

spacing in the three dimensions is equal to dbody/150 (i.e. the large sphere is discretized by ∼  7 × 104 

computation points). This resolution is applied only to the regions in the vicinity of the spheres or where 
vortices are present (red lines in figure 2). The runs required about 150k and 50k CPU hours for each 
oscillation period of simulations S1 and R1, respectively. 
 
It is planned to support and complement the results of the present numerical investigation with the 
experiments currently in progress at NRL. Eventually, new simulations similar to R1 could be performed 
exploring different values of the Reynolds number Rδ . Computational resources on the Cray machine 
“COPPER” (DoD HPC) will be used. 
 
Experimental approach 
 
The investigators from the Naval Research Laboratory (NRL) will study the critical conditions for 
incipient sediment transport experimentally by placing a sediment layer placed at the bottom of the Small 
Oscillatory Flow Tunnel (S-OFT). The experimental set up is aimed at reproducing the actual flow field 
over a plane bottom under wind waves. One set of laboratory experiments will utilize an artificial non-
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cohesive sediment bed with various roughness elements to excite turbulence across a narrow but relevant 
range of natural conditions. In a second series of experiments, natural sediment samples that were obtained 
during a field campaign performed in the northern Gulf of Mexico, will be embedded in the flow tunnel. 
For each experiment, the critical flow conditions for incipient sediment transport will be measured using 
high-speed camera particle image velocimetry (PIV) and acoustic Doppler velocimetry (ADV). Both the 
PIV and the ADV methods sample the velocity with about 1mm spatial resolution and temporal sampling 
rate of 100 Hz. The ADV measures the velocity profile in a 4 cm vertical interval at a single location. The 
PIV provides plane and volumetric measurements of the 3D flow field that give information on turbulence 
structures. 
 
Additionally, the initial bed topography and its evolution will be scanned with an in-house built surface 
laser scanner that provides a spatial resolution of 0.1 mm. 
 
WORK COMPLETED 
 
Accomplishment Summary 

• Numerical investigation on the basic mechanism of formation of sediment patters forced by an 
oscillatory flow . 

• Numerical investigation on the vortex structures originated by the interaction of an oscillatory flow 
with a bluff spherical object (in progress). 

• Assembly and test of the experimental facility. 
 
RESULTS 
 
Numerical Investigation - Part 1. 
A comprehensive description of the results is given by Mazzuoli et al. (see “Publications”). However, since 
the article is still not published, a summary of the main results is given in the following. 
 
Let us consider first the runs nr. 1-2. Under the action of the oscillatory flow, the spheres start to oscillate, 
rolling and sliding on the wall, but maintain their streamwise alignment. After 2 or 6 oscillation periods 
the particles migrate two-by-two in the opposite spanwise directions, until two streamwise-parallel lines 
of particles appear. Then, in few oscillation periods, spheres belonging to different lines combine and 
chains of a few particles form which are orthogonal to the flow oscillations. Finally, chains merge one 
into other until in about 50 oscillation periods two chains of particles as wide as the computational 
domain are attained, as shown in figure 3a. This process was also experimentally observed by Hwang et 
al. (2008) and run nr. 1 well reproduces one of their experiments. The agreement of the experimental and 
numerical results indicates that the present DNSs are able to reproduce the physical phenomenon. Also 
the distance between the two chains showed in figure 3a is comparable with that found experimentally. 
 
The process of formation of transversal chains is robust and occurs, even with subtle quantitative 
difference, also in presence of a bottom roughness (see figure 3b) or by increasing the number of movable 
sphere and in turn the number of particle-particle interactions (figure not shown here). 
 
From the investigation of the flow field during the first oscillation periods, it appeared clear that the 
misalignment of the particles was triggered by an instability process leading to the lost of the symmetry of 
the velocity field on the right and left sides of each particle. Moreover, a non-periodic secondary flow 
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arose in the streamwise direction associated with the growth of the unstable modes of the perturbation 
induced by the spheres. This secondary flow, resulting in streamwise recirculation cells, is responsible for 
the formation of transversal chains. 
 
The interdependency of the dynamics of particle chains and the evolution of non-periodic recirculation 
cells defeats the problem to be investigated rather than by numerical means. Even though no separation 
occurs behind the spheres, it can be presumed that the wake-interaction can play a role in the dynamics of 
particle chains since the amplitude of the particle oscillations is remarkably affected by the relative 
position of the particles. In particular, if two particles are aligned in the streamwise direction, they shelter 
each other and their collective motion slows down while it speeds up as they attain a transversal 
arrangement. This phenomenon was clearly observed also in presence of the roughness elements. 
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Figure 3: Part 1. Topview of the configuration of runs nr. 2 at ω t = 146.47π (panel a) and nr. 5 at 

ω t = 140.50π (panel b). Yellow spheres are movable while the gray spheres in panel b) are resting at 
the bottom. 

 

 
Numerical Investigation - Part 2. A numerical investigation of the oscillatory flow in the vicinity of a 
“large” sphere (i.e. O(10) times larger than the thickness of the boundary layer) was first investigated by 
Fischer et al. (2002), who used DNSs based on a spectral method and could consider a single sphere 
located very close to (but not touching) a smooth wall. Presently, one of the runs of Fischer et al. (2002) 
has been repeated with the numerical method described in the previous section in order to validate our 
approach (simulation S1 in table 3-4). Then, in the second run, the size of the sphere was significantly 
increased and a layer of roughness elements was also considered. As a dimensional consideration, for a 
wave period of 10 s the diameter of the sphere is 5.4 cm. 
 
The data obtained from the simulations S1 and R1 are still in the post-processing phase. However, 
preliminary results were obtained which are described in the following. Figure 4 shows the contour lines 
of the spanwise vorticity computed at the middle vertical plane by Fischer et al. (2002) (lhs panels)    and 
those computed from simulation S1 (rhs panels) at different instants of the wave cycles. The qualitative 
agreement of the spanwise-vorticity field (Fischer et al. (2002) do not provide the values associated with 
the lines) is attained. Slight discrepancies are due to the possibly different levels of the the contour lines 
and to small deviations in the time at which the snapshots are taken. It has been planned also to compare 
the time-dependent values of the hydrodynamic force acting on the sphere throughout an oscillation 
period. 
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In the simulation R1, in which the large sphere is surrounded by roughness elements, strong jets of fluid 
have been observed accelerating in the vicinity of the bottom from the large sphere then propagating 
downstream the spheres over the crest of the roughness elements (as shown in figure 5). Indeed, jets results 
from the interaction of vortex structures shed by the sides of the large sphere at the top of the acceleration 
phase. Contextually a region of strong streamwise velocity directed towards the sphere, forms at the 
bottom of the sphere on the downstream side (blue region of figure 5). This picture can be clarified by 
analysing the evolution of the spanwise component of the vorticity. At the flow reversal the spanwise 
vorticity which originated during the previous acceleration phase and propagated downstream the large 
sphere during the deceleration (figure 6a), rapidly dissipates far from the sphere while is generated again in 
the vicinity of the the sphere and of the roughness elements. The sequence of figure 6c-f shows vorticity 
regions of alternate opposite sign forming and then colliding downstream the sphere. It is worthwhile to be 
noted that during the downstream propagation, the spanwise vorticity regions strongly interact and deform 
the vorticity layer characterizing the undisturbed laminar flow over the roughness elements. Indeed, a jet 
of fluid (equivalent to that shown in figure 5) is squeezed from the bottom and sustained by the interaction 
of the propagating front of spanwise vorticity (green surfaces in figure 6d-f) and the vorticity layer of 
opposite sign (red plane surface in figure 6d-f). 
 
The results obtained so far suggest that the formation and propagation of jets of fluid could support the 
erosion of sediments from the bottom around the sphere and subsequently their removal. This picture can 
be clarified by relating the development of fluid ejections to the distribution of the hydrodynamic force 
acting on the individual roughness elements. This investigation is actually in progress. 
 
Experimental facility 
A number of technical issues had to be resolved before we could proceed with the planned experiments in 
the NRL flow tunnel. The Particle Image Velocimetry (PIV) acquisition computer hardware and software 
(DaVis) were upgraded to address bugs in the previous versions the software. The original camera setup 
with 50mm lenses was limited to a 2 cm depth of field which was rather small for the proposed 
tomographic PIV experiments. To alleviate this limitation, the lens on the cameras were changed from 50 
mm to 35 mm to produce a wider depth of field of approximately 3 cm and give better focus in the test 
section. However, the new lens resulted in a larger field of view at the original camera locations. The new 
field of view was approximately 50% larger than the calibration target of 10 cm x 10 cm so the cameras 
had to be moved in closer to the test section and the mounts had to be reconfigured to accommodate the 
new locations. We also had to upgrade the electrical outlets to GFCI outlets so that any water accidentally 
leaked from the flume would trip the circuit breaker and prevent electrical hazards. 
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Figure 4: Smanwise component of the vorticity computed at x2 = 30δ (middle plane) at ω t = 3.66π 

(row a), ω t = 3.80π (row b), ω t = 3.96π (row c), ω t = 2.44π (row d), ω t = 2.50π (row e). 
Left-hand-side panels are extracted from figure 3 of Fischer et al. (2002). Right-hand-side panels are 
obtained from simulation S1 with contourlines at Ω 2 = ±[0.2, 0.5, 1, 2, 3, 4]U0/δ . Solid and broken 

lines refer to positive and negative values, respectively. 
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Figure 5: Streamwise velocity u/U0 at x2 = 48δ (middle plane) at ω t = 3.25π. Run R1. 
 
 
One of the goals of the NRL experiments was to conduct phase-separated PIV for simultaneous 
measurements of the fluid and sediment motion. Phase-separated PIV can be achieved by spectrally 
separating the backscattered laser light from the fluid tracer particles and the sediment grains, and then 
recording the different spectral bands with different cameras. We are now ready to perform stereoscopic 
PIV measurements of the oscillatory boundary layer above an approximately flat bed of coarse sand with 
median grain diameter of 0.7 mm. Figure 7 shows a picture of the assembled facility and measurement 
section. The water in the flume has been seeded with fluorescent particles that absorb the laser light of 532 
nm and re-emit light at a wavelength of 584 nm. Optical long-pass filters having a cut-on wavelength of 
550 nm and an optical density of 4 have been installed on two cameras to only capture the light emitted by 
the fluorescent particles from which the fluid velocity will be determined. A third high speed camera has 
been positioned above to capture the green laser light reflected by the sand grains so that particle tracking 
can be implemented. The intended field of view is approximately 10 cm x 10 cm. During initial tests with 
the fluorescent tracer particles it was found that the intensity of the backscattered laser light was rather low 
and did not provide the contrast necessary for the PIV analysis. It was determined that the low intensity 
was due to a misalignment in one of the beams of the dual beam PIV laser. The misaligned beam was 
manually adjusted using a photometer. The Bed LAser Surface Tracking has also been set up to conduct 
line scans of the bed. The BLAST system consists of two continuous wave (CW) lasers and two Canon 
EOS 7D DSLR cameras. One CW laser will be used to scan the bed across the width of the tank before 
and after each trial. The second CW laser will be used to capture a line scan at the center of the test section 
over several wave cycles. We have also mounted a Nortek Vectrino Acoustic Doppler Velocimeter (ADV) 
whose transducer head is approximately 5 cm upstream of the test section and will be used to measure a 
vertical profile of the three-dimensional fluid velocity over a height 3 cm above the bed. Initial testing has 
begun and the DaVis software parameters are being fine-tuned. 
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Figure 6: Spanwise component of the vorticity visualized by contour surfaces at the values 
Ω 2 = +0.3U0/δ (green) and Ω 2 = − 0.3U0/δ (red) at a) ω t = 2.5π b) ω t = 3.25π c) ω t = 3.5π 

d) 
ω t = 3.75π e) ω t = 4.0π f) ω t = 4.08π. Run R1. 

 
 
IMPACT/APPLICATIONS 
 

The proposed numerical modeling will augment existing NRL base program and externally funded 
efforts concerned with the erosion of cohesive and non-cohesive sediments, the prediction of seafloor 
roughness and the mobility and burial of munitions in the nearshore. The investigations described here 
will contribute to the basic knowledge necessary to develop reliable models for sediment transport under 
sea waves both over cohesive and cohesionless beds, and for munitions mobility in the nearshore. The 
expected results are also relevant in predicting the acoustic and optical characteristics of nearshore 
waters. The project also addresses issues that are fundamental for coastal engineering applications. The 
results of the project will be reported in scientific articles addressing top-quality international reviews. 
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Figure 7: Pictured is the three high-speed camera lab setup, consisting of two longpass filtered 
cameras (bottom) for stereoscopic PIV of the fluid flow and a single unfiltered camera to monitor the 

sediment grains in the bed. Also shown are the two CW laser for scanning the bed topography and 
the Vectrino ADV profiler. 

 
RELATED PROJECTS 
 
The research proposed here is complimentary to two NRL base funded project entitled “Turbulence-
Controlled Erosion of Sand-Mud Sediments” and “Operational Forecasting the Seafloor Boundary Layer 
in the Littoral”, and a SERDP project entitled “Long Time Series Measurements of Munitions Mobility in 
the Wave-Current Boundary Layer”. 
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