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Abstract

Bedform superimposition and amalgamation are utigsiin many sedimentary environments and yet vesgss
a sparse knowledge of the fluid dynamics of suctifdren interactions and both their sediment transpod
morphological consequences. In this paper, we temorresults concerning the morphology and flowdgeof
amalgamatingnobile bedforms using a unique, narrow (5 mm wide) flumbkich allows the behavior of strictly
two-dimensional bedforms to be observed and quedtifMeasurement of the morphology and flow fields
associated with bedform amalgamation reveals thoitance of interactions between the separatioesofithe
upstream and downstream bedforms, with flow shaljershear layer interactions, bedform stalling embside
erosion being central to the amalgamation proc€hese fluid dynamic patterns reveal a distinct sega of
stages during bedform superimposition and amalgamatvhich leave a characteristic record in thespreed
sedimentary cross-strata.

1. BACKGROUND 2011). Recent research documenting the
interactions between barchan dunes (Schwammle

Bedform superimposition and amalgamation ar@nd Herrmann, 2003; Endo et al., 2004; Hersen
ubiquitous in all river and marine environments@nd Douady, 2005; Duran et al., 2005, 2007;

and lay behind the processes of bedform growthiugenholtz and Barchyn, 2012) has also shown
and diminution, and are also central to thgdhe complex behaviour of such interactions, and
preservation of the deposits of bedforms in thdhat these dynamics may produce a range of
subsurface. Recent years have witnessed increaddgématic characteristics in dune evolution and
study of the interactions between bedforms, yet wglgration (Schwammie and Herrmann, 2003; Endo
still possess a rudimentary knowledge of the fluigt @, 2004).  Additionally, recent work
dynamic interactions between bedforms undeflocumenting the cross-stratification produced by
mobile bed conditions (Best, 2005). Research hddédforms (Reesink and Bridge, 2007, 2009) has
shown how the dynamics of such bedformPointed to the importance of bedform
interactions may be critical across the transitiorsUPerimposition and amalgamation in controlling
from ripples to dunes (Bennett and Best, 199615he geometry and mternal_ structure of bedding
Robert and Uhlman, 2001; Schindler and Roberfroduced by a range of different size bedforms,
2004, 2005), Additionally, experimental work has{rom ripples to larger bar forms in rivers.

indicated that the interactions of two bedformsSuch experimental studies are often made more
may produce non-linear effects in the productiorcomplex due to the 3D nature of mobile bedforms,
of turbulence in the bedform leeside, with thewhich makes quantification of their flow fields
interactions between the shear layers producegifficult, if not impossible, especially in the &ide
from adjacent leeside separation zones beingegion when superimposition and amalgamation
critical (Fernandez et al., 2006; Palmer et al.are occurring and are strongly 3D processes.
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bedform profiles were taken using cameras
2. METHODOLOGY mounted at the side of the flume. A Nikon D90

DSLR was used with a remote control timer to
In order to examine the interactions betweenake images every 5 s, whilst the PIV camera (see
bedforms, we constructed a 5 mm wide flume (Figbelow) was also used to provide a record of the
1) that is designed to remove any threechanging bed elevation through time. These
dimensionality in the bedform planform, and thusimages were used to examine the geometrical
allow interactions between 2D bedforms to becharacteristics of the bedforms, including their
investigated and quantified. The working sectiorheight, wavelength and shape, and migration
of the flume is 3.0 m long, 0.25m high andcelerity and characteristics. A grey-level
0.005 m wide. A distribution plenum, fabricated ofthresholding scheme was found to well capture the
clear acrylic, guides fluid into the working sectjo profiles of the bedforms as they evolved through
whilst a return plenum collects the flow at thetime (Fig. 2).

downstream end of the working section. An acryllcln addition to this morphological study, particle

roof is fitted to the top of the flume to provide . : :
support and maintain the width of the channetlmage velocimetry (PIV) was used to quantify the

: . . low  fields durin bedform rowth,
throughout its length. An integral sediment trapsuperimposition and e?malgamation. PI\E/J permits

funnels_ any segﬂment down into the return IOIIC?'m‘:ls.tudy of the mutual interactions between the flow
where it is recirculated back to the inlet sectlonﬁeIOI and mobile bed in all phases of bedform

The water and sediment circulation is driven by %evelopment A dual-cavity Nd:YAG laser (15 Hz

magnetic  drive, glass fiber reinforced d 35 mJ | d : 05
olypropylene, centrifugal pump.An inline and s> mJ per pu S€) was use to project a 9.5 mm
P ’ ' thick light sheet, through a series of mirrorspint

elect_romagnetlc ﬂOW meter in th_e return “r.]ethe working section of the flume. This allowed
provides a real-time display of discharge, with.

values being adjustable from 3 to 48 L mirf(c. illumination of an areac. 20.0 mmx 200 mm.
50-800 cnis?). An acrylic stop-gate is inserted at Neutrally-buoyant 10 um ~diameter fluorescent
the end of the flume to provide a control on th articles (emission approx. 670 nm — LeFranc &

: : ourgeois Flashe Light Orange) were introduced
thickness of the sediment bed and help set the ﬂomto the flow and the light scattered by these

depth. The required flow depth and velocity are_ .. .
: ; articles was collected by a 12-bit, frame-straddle
thus controlled by selecting the appropriate volum CD camera (11 Mpixel) coupled with a 60 mm

of water within the flume and the pumped ’ )
discharge. The entire flume is mounted on a ste cal-length lens and high-pass filter (cutoff at
50 nm). This set-up allowed us to selectively

framework that provides both support and allows X . ,
the flume slope tF:) be adjusted viaprfjack at thet in collect the light from the tracer particles andefil

end of the flume. Adiustment of the slone thulUt the light from the suspended sediment that was
- 1l P ignificant in the lee side of the bedforms.

allows a constant flow depth to be imposed alon .
equences of images were collected at a rate of

the entire test section. 2 Hz. Pre-processing of these images involved the
development of dynamic masking procedures

The sediment used in these experiments consist@@S€d upon detection of the position of the
of 212-325um soda lime glass beads (densitybedform' Interrogation of these images was

247 g cn) that formed a bed. 5 cm thick along performed using recursive cross-correlation
the entire length of the flume. A small quantity Oftechpiques and ad_aptive interrogation windovx_/s to
150um  mean diameter silica  carbide maximize the spatial resolution of the associated

(density 3.2 g cif) sand was added to the mixtureinstantaneous velocity fields. Post-processing of

during the experiments to aid visualization of thethe data set involved detection of the flow fields

cross-stratification produced by the migratingassfii.atedth V,l’ith” spedcific dsta?es ?f bedforrp
bedforms. A flow depth ofc. 0.13m was evolution that aflowed production of maps o

employed in these experiments with a discharge oﬁgév:;g::gn da\r/](()jrti::/i(tertlcal velocities, turbulence
23.6 L min* yielding a mean velocity in the test Y
section of c. 0.59 m&. Measurements of the
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to the downstream bedform, as it is trapped by the
upstream ripple, and also lower flow velocities

over the crest of the downstream bedform. Both of
these factors serve to decrease the celerity of the
downstream bedform; 3) As the upstream bedform
continues to migrate and catch the downstream
bedform, its flow separation zone, and erosion at
mirrors its reattachment region, begins to erode the ofest

it the downstream bedform (Fig. 2C). This produces
an erosion surface over which the upstream
bedform migrates, and lowers the height of the
downstream bedform; 4) Bedform migration

continues upon the now essentially static and
stalled downstream bedform (Fig. 2D) and leads to
eventual amalgamation of the two bedforms

PIV laser

‘e IV synchronizer (Figure 2E). This resultant bedform now possesses
=8 A = a larger and renewed flow separation zone, and
\ffymagmﬁcf[owme er—=. this amalgamated bedform then begins to migrate
= nreturn pipe, " ! . . .

RN PV 3 downstream (Fig. 2E). This amalgamation process
T N i thus produces a distinct reactivation surface

between the lower and upper cross-stratification

produced by these two bedforms, with this surface
being the product of bedform amalgamation and

not any change in mean flow conditions; 5) The

process may then begin again with the stoss side
migration of another smaller upstream ripple (Fig.

2F).

Results from the PIV show the changing patterns
of flow around bedforms during their migration,
with the high resolution data showing the detdfls o
3 RESULTS flow near the bed as well as in the bedform leeside
| A sequence of four images (Fig.3) shows flow
around a migrating bedform that is in the initial
stages of superimposition. Initial migration of the
bedform (Figs 3A,B) shows no influence of an

Figure 1. The 5 mm wide flume with the PIV lasedan
camera installed. Flow is away from the observer.

In this paper, we will detail the interactions
between ripples migrating within the flume, and

doc“me”t .t_he changing flow _fields durin_g upstream bedform, with a region of maximum
superimposition 6.‘”0' amalgamation of .mOb'Iestreamwise velocity over the crest, a marked
bedforms. Wedv:’”; u?Ie theseb %l:;servatg)ns toregion of flow separation in the leeside with
propose a model for flow as bediorms ecom?ecirculating flow, a strong shear layer surrougdin

fsupenmpose_d_ ar_1d amalgamate, and to detail tm%is region and reattachment on the toe of the
internal stratification such processes produce. bedform. The presence of an advancing

The superimposition of ripples in the flume superimposed bedform is shown by the appearance
involves five principal stages: 1) initial migratio of a lower velocity region upstream (Fig. 3C), a
of a smaller, larger celerity, upstream ripple thatesult of an upstream bedform wake, that begins to
initially has little or no fluid dynamic influencen  both decrease velocities at the crest and also
the downstream bedform (Fig 2A); 2) As thedecrease the size of the flow separation zone.
smaller ripple migrates up the stoss side of th€ontinued migration of this bedform, whose
downstream form, the leeside flow separation zonmorphology is not seen in this sequence, begins to
of the upstream form begins to exert a shelteringllow erosion of the crest of the downstream
effect on the downstream bedform (Figure 2B)bedform (Fig. 3D) and shows an advancing lower-
This results in both less sediment being transgorte
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velocity wake region on the stoss side of the T N |

bedform. Ufm/sj: 01 0 0.1 02 03 04 0.5 0.6

¥ [mm]

y [mm]

Figure 2. Images of ripples imaged through the #um
sidewalls. These six images are each 20 s apdsd (to
sequence = 100 s) and show the superimposition ar -
eventual amalgamation of a smaller ripple with an<
initially larger downstream bedform. The ripple gt

isc. 1.5 cm. Flow left to right.

Plots of the flow field during another instance of
bedform superimposition show a similar sequenc:
of events, in maps of changing streamwise velocit
(Fig. 4) and spanwise vorticity (Fig. 5). Initial
migration of the bedform shows a larger leeside
flow separation zone (Figs 4A,B) and associateyE
spanwise vorticity along the shear layer (Figs
5A,B). The separation zone becomes smaller (Fig
4C,D,E) as an upstream bedform approaches, wi
the shear layer also becoming less extensive (Fic
5D,E). Impingement of the shear layer from the

upstream bedform onto the stoss side of th
dgwnstream ripple (Figs 4D,E,F and 5D,E I:)Eigure 3. Instantaneous PIV flow field maps showing
PP 9 . =" Jstreamwise flow velocity (in MY and streamlines over

results in erosion of this surface and a decrease L migrating bedform (A,B) that begins to show the

the bedform height. influence of an upstream superimposed bedform (C,D)
Flow fields are 15s apart and the ripple height.is
2 cm. Flow left to right.
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Figure 4. Instantaneous PIV flow field maps showing

streamwise flow velocity (in m$ over a migrating

be_dfotr_m (A'B'E[:) tthat h%s % Eulrzaer’l\lmr:o?ﬁd be_dfor as a superimposed bedform migrating over its stoss

migrating over Its stoss side (D.EF). No € e'wn side (D,E,F) for the same realizations as shown in

the size of the separation zone associated with thlgigure4 Flow fields are 20 s apart and the ripelight

downstream bedform as the upstream ripple appreachﬁeS c.15 ém Flow left to right

(C,D,E), and that the impingement of the shearrlaye™ ™ ' '

from the upstream bedform upon the bed causesoerosi

and lowering of the stoss side of the downstream

bedform (D,E,F). Flow fields are 20 s apart and the

ripple height isc. 1.5 cm. Flow left to right.

Figure 5. PIV flow field maps showing instantaneous
spanwise vorticity over a migrating bedform (A,Bat
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