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Abstract
This paper details the dynamics of coherent flowctires generated in shallow flo@soundimpermeable and
permeable 2-dimensional bedforms overlaying a kiglermeable idealised bed. Particle imaging vehetry
(PIV) measurements were conducted in order to chenae flow both over and underneath idealised 2-
dimensional dunes overlaying a packed bed of umifsize spheres. Experiments were conducted insiigface
flow conditions (Froude number = 0.1; Reynolds nemb 25,000) for one bedform height: flow depthiaat
(0.31). The flow above the dune was measured usistandard PIV technique while a novel endoscopit P
(EPIV) system allowed collection of flow data withihe pore spaces beneath the dune. These reshdts that
the permeability of the bed has a critical impactflow around the bedform, inducing a significanteraction
between the freeflow and subsurface flow. The auton between the free-flow and hyporheic flowignificant;
in the leeside, recirculation in the separationez@ replaced by a mechanism of asymmetric altermattex
shedding. The paper will discuss the implicatiohghese results for the morphodynamics of coarsksent
bedforms
1. BACKGROUND interface, and that this has direct implications fo
the stability of grains at the bed interface. TEhes
In many natural shallow channel flows, thesurface-subsurface flow interactions are expected
deposition of sediment creates a complex bedformo be even greater in the presence of bed
geometry that provides both resistance to flow an@opography that will generate pressure gradients at
can dominate the flow structure. This is withesse@nd within, the bed surface. However, most models
by the presence of a multitude of bedforms inof bedform dynamics assume that the bed, and
nearly all river channels, and by the presence dbedforms, are impermeable or characterized by
bedforms of different size, shape and internalaminar flows within the pore space (Cardenas and
structure, dependent on the grain size distributionwvilson, 2007), and neglect the existence of any
of the bed sediment and the flow characteristicgransitional layer in the upper sediment bed. The
Even though in most natural channels the bed caturrent lack of understanding of this transitional
be regarded as permeable, many previougsone may be one of the reasons why the
experimental, numerical and theoretical studiesnorphodynamics of coarse-grained bedforms are
have treated such surfaces as essentialhather poorly understood.
impermeable. However, the deposition ofHere, we investigate the role played by bed
cohesionless sediments generates porous layersgarmeability on flow around an idealised bedform,
which the permeability may be relatively highin order to gain new insight on the formation and
(especially in gravel-sized sediments) and, morevolution of bedforms in cohesionless sediment.
importantly for shallow flows, where the This paper details the dynamics of coherent flow
subsurface flow may comprise a significant portiorstructures generated around a model of a 2D
(up to 30-40%) of the total flow discharge. Recenimpermeable bedform overlaying a permeable bed
large-eddy simulations (LES; Stoesser and Rodif cubically-packed uniform spheres (D = 0.04 m
2007) have shown that interactions between thgiameter). This simplified case of an isolated
freestream and subsurface flow of a highlybedform concentrates on the structure and
permeable bed can dramatically alter thedynamics of the wake produced by such
mechanisms of momentum exchange across thepography in the presence of bed permeability.
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2. METHODOLOGY Froude numberFrs=Uq(g-h,)®® (where g is
acceleration due to gravity = 9.81 if)-sFor the
Laboratory experiments were conducted in alata reported herein, these dimensionless numbers
recirculating hydraulic flume (Figure 1) that wasare 2.110"and 0.18 respectively.
4.8 m long and had a cross-sectional widt, T —
=0.35m and heightd, =0.60 m, in order to o
maximize the thicknessh{9 of the permeable [1 i
domain and the range of water depthg) (that 1}7
could be investigated. Additional details on the+ sk
flume characteristics, including flow conditioning
and instrumentation can be found in Blois et al Adicolasd
(2011). For the present study, bdthy and hy, '
were kept constanth{y = 0.24 m,h,,=0.18 m),
thus yielding a flow depth: bed thickness ratio,
h./hyeg Of 0.75. The sediment bed, which covere
the entire length and width of the flume test
section, was built using a simplified geometry
comprising six layers of uniform spheres
(D = 0.04 m diameter) that were rigidly fixed in a
cubic arrangement. A 2D bedform with a
triangular cross-section (lengtlhgy=0.41 m and
height hs=0.056 m, with a Ileeside angle,
Qe = 27°) was used. The grain roughness an
bedform submergence wert,/ (D/2)=9 and
hy/ hg= 3.2 respectively, this simulating a

2D-bedform N

Figure 1. Schematic diagram of the experimental se
up.

he flume was instrumented with two different
PIV systems: i) a standard PIV for above-bed
measurements, and ii) an endoscopic PIV system
(EPIV) for subsurface measurements (Fig. 1) as
described in Blois et al. (2011). A photograph of
the experimental set-up showing the solid dune
placed on the permeable bed and both PIV systems
is shown in Fig. 2. Above the bed, the flow was
fMuminated by a 50 mJ Nd:YAG laser (Litron
Lasers) and was imaged by a 4 Mp camera

simplified dune in such coarse-grained sediment(Redlake MotionPro Y5). Image capture was kept
P 9 ¢onstant at 10Hz, thus obtaining time-resolved

The total flow dischargeQy, = Quea + Qseam (S€€ 01 "rio s while allowing sufficient images (n =

definitions below) was measured using a mag”e“ﬁooo, time series was tested for stationarity)do b

23:;522‘;?52 thlzrriggliﬂgﬁ to rtg%e‘:u?&%véncollected to obtain robust statistics. The laggt|
PP yp was introduced from the top (see Fig. 1) as the

was used to measure the mean velocity of th\(/evater surface was relatively flat and the lasdntli
freestream flow, U,, for a number of flow y 9

conditions. The mean flow discharge over the beag?lm?ngi rprlg‘¥;i?i%nln ;[:h(;? tﬁ‘;nggg;it;?aréewgg\?vuta
Qstream Was estimated aQsrearmUohwW. The y ma : ,

flow uniformity over the permeable bed Wastwo-borescope configuration was employed (Blois

characterised (without the bedform) by coIIecting.et al,, 2011), with the seeding particles and image

UDVP data for different flow conditions and at Interrogation/ validation schemes _bellng th? same
. . ' . . as those used for EPIV (see details in Blois et al.

different locations. Flow uniformity was achieved 011)

at a distance approximately 2 m downstream fron% '

the inlet section. Due to constraints in the

experimental set-up, the measurement location Wzl

kept unchanged while the location of the bedforn}

was varied to maximise the number of flow|

——— e ———
PIV camera

oncoming flow was uniform.
Up, was also used to compute the freestream floy
Reynolds numberRe = Uy h,/v (Wherev is the
kinematic viscosity = 1.0080°nm?s?) and
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3. RESULTS used. In all the pore space locations considered
herein, the pore flow has high velocities and
Figure 3 shows the time-averaged flow in theturbulence intensities R > 300, with
leeside of the impermeable bedform overlaying ®e = U,D/v, where U, is the mean pore space
highly-permeable bed. Our PIV data reveal thatelocity magnitude). This onset of turbulence
the wake generated in such a bed configuration igithin the subsurface contrasts with recent
dramatically different when compared to classicahumerical models that are based upon the
cases of 2D impermeable bedforms on amssumption of a laminar subsurface flow (Cardenas
impermeable bed (see review in Best, 2005)& Wilson, 2007). In our present results, the mutual
Specifically, our data show that: a) the flowinteraction between the turbulent wake and
separating at the crest does not reattach at tthe bgubsurface flow appears significant in the
due to its interaction with flow in the near-bedmechanisms governing these phenomena.
region, which is characterized by continuousAdditional evidence to suggest that previous
upwelling; b) this flow upwelling is so intense tha numerical methods may provide incorrect results
it produces flow separation from the individual can be found in the location of the low-pressure
spheres, as suggested by the streamlines reportgdak. Numerical models predict that the peak of
in Fig. 3; c) as a result of b), the flow sepanatio low-pressure occurs very close to the crest
zone, a major feature associated with flow(Cardenas & Wilson, 2007). The location of the
transverse bedforms on beds that are impermeablgeak in low pressure, qualitatively inferred from
is absent and replaced by two large-scale countesur velocity data by considering the direction and
rotating vortices of comparable size; and d) thenagnitude of the flow, is shown in Fig. 4. The
magnitude of vorticity is high both at the crasid  data suggest that this low-pressure peak may be
at the toe of the bedform, thus highlighting theshifted downstream and that the distance between
presence of two counteracting shear layers witlthis peak and the bedform crest scales with the bed

opposite vorticity. permeability. The existence of strong upstream-
Figures 4 and 5 illustrate the mean flamundthe  moving flow (region D) at a relatively long

bedform, meaning that flow both aboaed below distance from the bedform supports this
the bedform was quantified. Pore space flow wagypothesis. The effects observed at the bedform
collected using EPIV at 15 differeKtlocations, at may also be influenced by grain roughness as well
the same depth within the bed £-2D). By as bedform permeability, and thus additional
examining Figs 4 W component) and 5u( experiments are needed in which these features of
component), we identified four different the bedform are isolated.

subsurface flow regions, herein termed A, B, Crigure 4 shows a very strong jet concentrated at
and D. This classification was based uporthe toe of the impermeable bedform and directed at
qualitative criteria that considered flow structure 45 degrees up into the flow, while the flow
velocity magnitude and the principal flow direction upwelling progressively decreases in its magnitude
in the pore space. Region A is characterized bgownstream. These observations are supported by
downward-moving flow that is generated by thethe patterns of subsurface flow, which show that
high-pressure region upstream of the bedform. Ithe magnitude and distribution of upward-moving
region B, the flow can be mainly consideredflow in the subsurface (region C) is proportioral t
horizontal and flowing parallel to the bed surfacethev component of the freestream flow at the same
In region C, however, the pore flow has a strongertical location.

upward-component, which is consistent with flowFigure 5 illustrates that the wake is characterized
towards the low-pressure region above the bedy a low-momentum region that is consistent with
associated with the bedform wake, which inducegleceleration of flow in the subsurface.

significant suction of the subsurface flow. Figall The mean flow structure described above is the
region D has an upward-moving component butresult of complex dynamic mechanisms taking
contrary to regions A-C, the horizontal componenplace in the wake and involving the interaction
is significantly negative. The relative extent ofpetween two shear layers of opposite vorticity.
these regions highlights changes in the large-scaleigure 6 shows an example of the instantaneous
flow paths that are due to the specific bedfornflow fields in the wake of the bedform. Similar to
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past descriptions of flow over backward-facing3) Three discrete flow regions can be identified
negative steps and bedforms, the shear layevithin the bed: i) upstream of the bedform (region
originating at the crest generates clockwiseA):. downward-moving flow is deflected
rotating vortices that tend to dominate the wakedownstream with significant horizontal flow
However, in the case reported herein, the wake iaccelerations; ii) beneath the bedform (region B):
dominated by a quasi-vertical jet that originates aflow is predominantly horizontal and characterized
the toe of the bedform (Fig.6) and impingesby the interaction of multiple interacting jets,
against the clockwise vortices generated abovenhich results in a complex flow pattern; and iii)
near the bedform crest (see label A in Fig. 6)e Thdownstream of the bedform (regions C and D):
jet dynamics are complex, involving pulsationspore space flow, although displaying a strong
and flapping dominating the motion in region A.upward component, is predominantly directed
In turn, the jet originating at the bed generatesliagonally, before converging at/D ~ 7 and
anticlockwise rotating vortices at the bedform toemoving vertically upwards.

(see B in Fig. 6) that subsequently interact whith t Based on these observations, it is suggested that
vortices shed from the crest. The flow dynamicghe movement of fluid from the permeable letd
observed herein can thus be described abhe freeflow may have a significant impact upon
asymmetrical vortex sheddingince the vortex at the recirculation zone in the wake of the bedform
the bedform toe (B) remains confined to the leghat has hitherto not been quantified, and willdhav
side, and only vortices generated at the crest (Ajonsiderable implications for the geometry and
are shed downstream. Further downstream, theharacteristics of bedforms generated in such
wake is dominated by larger-scale clockwisecoarse-grained, permeable, sediments.

rotating vortices (C) that originate through the

interaction between vortex A and the jet. 5. REFERENCES
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1) Flow upwelling in the bedform leeside appears 3-540-36183-1_23.
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shedding that appears to trigger pulsing jet mation

from the bed.
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Figure 3. Mean flow in the leeside of an impermediedform showing the distribution of vorticitylow left to
right. Streamlines are also shown to highlightstracture of the flow.
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Figure 4. Distribution o¥ component around the bedform. The arrows on thedirepresent the mean direction of
the flow at the different pore space locations. et dot represents the location of the low-presgeaak at the near
bed.
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Figure 5. Distribution ofi component around the bedform. The arrows on thedirepresent the mean magnitude
of u at the different pore space locations.
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Figure 6: Example of instantaneous flow fieldhie bedform leeside, showing theymmetrical vortex shedding
mechanism. The colormap refers to teomponent (m9).
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