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ABSTRACT: Laboratory observations and computatiaesllts for the response of bedform fields tod:
variations in discharge are compared and discugderisimple case considered here begins with dvela
low discharge over a flat bed on which bedformsiaitgated, followed by a short period with doulilee
original discharge during which the morphology leé edforms adjusts, followed in turn by a reldgiveng
period of the original low discharge. For the grsire and hydraulic conditions selected, the Froudaber
remains subcritical during the experiment, andreedt moves predominantly as bedload. Observations s
rapid development of quasi-two-dimensional bedfodusng the initial period of low flow with incress
wavelength and height over the initial low-flow &l When the flow increases, the bedforms rapidly
crease in wavelength and height, as expected fittver @mpirical results. When the flow decreasesx bac
the original discharge, the height of the bedfod®asreases in response rapidly, but the waveleregttedses
much more slowly. Computational results for themeaconditions simulate the formation and initiabwgth
of the bedforms fairly accurately, and also predictincrease in dimensions during the high-flowiqeer
However, the computational model predicts a muolver rate of wavelength increase, and performsdess
curately during the final low-flow period, whereetlvavelength remains essentially constant, ratrear te-
creasing. In addition, the numerical results shess lvariability in bedform wavelength and heiglanththe
measured values. Based on observations, thesemglismies may result from the simplified model fedis
ment particle step lengths used in the computdtiapproach. Assuming a constant value for the lsiegth
neglects the role of flow alterations in the bedlsadiment-transport process, which appears tdt iespre-
dicted bedform wavelength changes smaller tharetbbserved.

1 INTRODUCTION spatially distributed adjustment of the bedfornidse

to variations in discharge.
The greatest barrier to using computational models Over the past two decades, improvements in the
for predicting flood inundation, sediment transport methods for measuring and visualizing flows over
and large-scale morphologic change in rivers is theedforms have driven data collection efforts in the
presence of bedforms and their complex adjustmeréboratory and in field situations; these measure-
to temporally varying flow fields. Even the verysbe ments have greatly improved understanding of those
computational flow models in rivers rely heavily onflows. This work has clarified certain aspects lo# t
accurate specification of local roughness for mgkin basic bedform instability mechanism, and has also
correct predictions, and local roughness is frejyen provided accurate basic data on mean flow and tur-
dominated by form drag on bedforms that vary sigbulence fields for a variety of flow conditions and
nificantly in space and time. Typically, this rough bedform shapes and sizes for testing computational
ness is parameterized using empirical approachd®w models. Currently, there are several computa-
which have been developed based on constant digenal codes that have been shown to yield reason-
charges; the evolution of bedforms and the drag theable predictions of the complex flow structure over
generate is poorly understood in flows with strongoedforms using both direct-numerical simulation
temporal variability in flow discharge. Improviniget  techniques and turbulence closure methods. There
current capability for predicting flow and sedimentare also coupled models in which tested flow models
transport in natural rivers with varying hydrograph have been combined with sediment-transport models
requires an improved capability for predicting thein order to investigate the initiation and morplgio

evolution of bedforms, notably the recently-
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published models developed by Giri & Shimizu The sediment used for the experiments described
(2006) and Niemann & Fredsge (in press). With conhere was well-rounded, well-sorted 0.6-mm filter
tinued verification and refinement, these approachesand. Bearing in mind the range of depth and dis-
and others like them will provide the capability charge in the flume, the sediment size was chasen t
needed for predicting the initiation and behavibr o mutually satisfy the various competing requirements
bedforms in constant flows, and for predicting theof excellent grain visibility for photography, high
adjustment of bedforms to temporally varying flows. Rouse number, subcritical Froude number, low rela-
In this short paper, results from the computationative roughness, high particle Reynolds number, and
model for bedform initiation and evolution devel- expected bedform characteristics. Bedform phase
oped by Giri & Shimizu (2006) are compared todiagrams from Middleton & Southard (1984) were
laboratory experimental data for bedforms developused in this assessment, with conditions chosen to
ing and adjusting to a simple time-varying flow.ig'h correspond principally to 2-dimensional bedforms
model, which has also been discussed and comparbdsed on their empirical data. Giri & Shimizu.
to flow data by Nelson et al. (2005), and Giri & (2006) used finer sand (0.28mm) in their earlier
Shimizu (2006), uses a two-dimensional closurework and used a very narrow flume (0.10m) to en-
type flow model (described in more detail below) inforce two-dimensionality. Experiments at GSTL
combination with a probabilistic model for bedloadshowed that the 0.28mm size used with the dis-
sediment “pick-up” and deposition and an advectioneharge per unit width used in the experiments edrri
diffusion model for suspended-sediment transportout in the narrow flume actually results in three-
The approach has been shown to yield good resultimensional bedforms in the 0.25m-wide flume at
for the development and morphology of bedforms ilGSTL, in agreement with bedform phase diagrams.
constant flows, although with some discrepanciesor these experiments, one of the questions talbe a
(see Giri & Shimizu, 2006). dressed concerned the importance of three-
The goal of the research presented herein is to adimensional processes, particularly with regard to
sess this state-of-the-art method for making predichow these processes might affect the variability of
tions of bedform behavior in time-varying flowsdan the bedform dimensions, so it was undesirable to
to try to identify aspects of the problem that needorce two dimensionality through the flume dimen-
further research to develop this and similar meshodsions.
into practical predictive tools for scientists asmi- Measurements were carried out during the bed-
neers. Verified methodologies for predicting evolu-form evolution runs using a variety of noninvasive
tion of the bedform field in rivers appear to beegy  techniques. For the runs discussed in this paper,
real possibility in the near future, and are likedy time-lapse videography was used to record the evo-
dramatically improve the current capabilities forlution of the bed, and direct measurements of wave-
predicting river behavior across a range of tempordengths, heights, and water depths were also made
and spatial scales. during the runs. For some runs, laser-Doppler ve-
locimetry (LDV) and high-speed videography were
also employed to obtain detailed near-bed flow sta-
2 LABORATORY EXPERIMENTS tis-

The laboratory experiments consisted of observatics along with grain motion information at various
tions of bedform initiation and growth on an inlifa  collocated positions along the bedforms. In some
flat bed for a simple time-varying discharge. The e cases, particle image velocimetry data were catect
periments were carried out in the sediment transpo
research flume at the U.S. Geological Survey’s Gec
morphology and Sediment Transport Laborator
(GSTL) in Golden, Colorado. This tiltable flume has
a test section approximately 6m in length, with
width of 0.25m and maximum depth of approxi-
mately 0.40m. Flow is controlled via two pumps,®
one of which has a variable frequency control to al_,
low accurate discharge variation. Discharge is de}
termined within 0.5% using an inline vortex flow-
meter. Typically, the initial bed for the experinan
runs was constructed by adjusting the flume to
specified slope and screeding the sediment bed
that same slope using the flume rails as a referen
This process was checked using both laser surve
and still water to assess accuracy; typically sdope
can be set accurately to within 0.0001.

Figure 1. Photograph of the lab test section andsomement
equipment.
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to corroborate and extend the record obtained usingodel to a direct-numerical simulation (DNS) model
LDV measurements. In this short paper, the focus iand found that predictions for the mean flow com-
on the observed geometric characteristics of tide be pared to measured data about as well as the DNS ap-
forms, although some justification and discussibn oproach, but that the DNS approach performed
the other measurements is offered below. The flumslightly better for turbulence quantities. For pieea
and other laboratory details are shown during an exgrid sizes, neither the closure model nor the DNS
perimental run in the photograph in Figure 1. were very accurate for turbulence structure near th
bed and in the shear layer immediately downstream
of the bedform crest due to the importance of ne-
0.025 glected small-scale turbulence. The DNS approach
was deemed impractical for morphologic evolution
due to the need to compute the flow solution itera-
tively. The DNS solution required more than an or-
0.01 der of magnitude greater computation time for simi-
lar grid spacings. Tjerry & Fredsge (2005) and
Niemann & Fredsge (in press) used @ klosure for
: : : : : : their model of flow over dunes, and appeared to
O 1000 2000 3000 4000 5000 6000 achieve similar levels of accuracy in predicting de
TIME (SECS) tailed LDV measurements. Nelson et al. (2005) also
showed that the model used in this paper predicted
Figure 2. Hydrograph used in bedform evolution expents. near-bed pressure distributions accurately, which i
key part of predicting the structure of the flonedo

the importance of form drag.
The hydrograph used for most of the measure Boundary conditions for the flow model were a

ment program was chosen to be the simplest one that i it tthe bed. a ki i ditég
contained both a sharp rise and a sharp decrease}f S!IP conaition at the bed, a kinematic conditain
discharge, as shown in Figure 2. The initial beothe free surface, and a periodic boundary condition

slope of the flume was set to 0.002 for all thesrun " the streamwise model domain. Computations

shown here. This value was chosen to provide an infVere performed for various model domain lengths

tial average bed stress equal to about three ar fog.r:.d results(;/vzrg[hfotu?ﬁ t% be insensitive to thﬁ’ co
times the critical shear stress for the sedimehis T 210N Provide at the domain was Several imes

combination results in rapid initial formation ofdb larger than the_length of the Iargest bedform mod-

g
Q
[N}

DISCHARGE (M3/S)

phase with a central difference method and succes-
sive over-relaxation for pressure, and solvingatie

3 NUMERICAL MODELING vection phase using a high-order Godunov scheme
known as the cubic-interpolated polynomial (CIP)

The details of the numerical approach used to predi Tethod. Solutions found using this approach have
the results of the bedform evolutions are discusse@een compared to measurements and the model has
fully in papers by Giri & Shimizu (2006, 2007) and een shown to be fairly accurate f(?r pr_edlctln_gvflo
Giri et al. (2006) and will not be repeated in thisOVer bedforms (Nelson et al., 2005; Giri & Shimizu,
short paper. However, some brief comments to indi2006)'

cate how the components of the model function are

worthwhile. 3.2 The Sediment-Transport Model
In order to make realistic predictions of the bebav
3.1 The Flow Model of bedforms, bedload transport predictions need to

The flow model is based on the solution of the two9° beyond relating local time-averaged flow quanti-

dimensional Reynolds-averaged Navier-Stokes equz&'—es’ like boundary shear stress, to local trartspar

tions cast in a boundary-fitted coordinate systemonoWn by several linear instability analyses fod-be
The coordinate system is updated at each time sté Irn:sat?e tlr)]as]lc '?fﬁa?'“%g'v'ng rlsebto dbedzmm ¢
of the morphologic evolution predictions. The turbu related 1o the fact that a bump on a bed under-a tu

lent momentum fluxes are treated using a nonlinei?UIent _shear flow produces the highest velocitya(at
k-g closure; although the advantages of this approa ed distance from the bed) and bed stress upatrea

over a standard ke are modest, the nonlinear treat-© the crest of that bump, a point originally mamje

ment is apparently more accurate for treating saeparBenJam'n (1959) in the context of wind flow over

tion zones. Nelson et al. (2005) compared this flow/aves. Thus, if transport is related to near bddcve
ity or stress, the maximum sediment flux is upstrea
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of the bump, and deposition must occur between thathere A is the mean step length asds the dis-
maximum and the crest: the bump grows. Insertingance from the point of entrainment. Based on a few
this physical model into a simple linear stability experimental studies and on theoretical considera-
analysis yields the fact that all wavelengths gemdl  ions A s typically assumed proportional to sedi-
the shorter the wavelength, the faster it grows; ent grain size (D) for bedload transport, with the

fastest growing wavelength is not identified. Over stant of roportionality dependent to some deare
the past few decades, several ideas have been ;’f&n prop y dep 9

forth to explain this result and provide for théese O the flow characteristics. The value /fis set to

tion of a fastest-growing wavelength on an inigiall 20D for the results presented here.

flat bed. These include the role of gravity in aitg In a recent study, Giri & Shimizu (2007) showed
sediment motion, the scale over which turbulenee rethat, as might be expected, the detailed resuitseof
sponds to shear in the flow, and a spatial lag prdsedform evolution model are sensitive to the value
duced by the shift between the local flow condiion of A. Although outside of the scope of this short pa-
and the local transport associated with the grgin bper, one of the primary reasons for the experinienta
grain transport process. Although each of these eErogram described here was to make accurate deter-

fects may play some role, these authors believe the,inaiions of this poorly constrained quantity using
observations suggest that the last of these tlwee ﬁigh-speed videography

most important. In simple terms, if the shift inests

upstream of the bump crest is significantly shorter The actual manner OT application of the sed|'ment-
than the distance sediment particles move, it waitl transport model above is to use bed stressesedferr

produce deposition on the bedform crest. Followindrom velocities computed at the closest grid péint
this argument to its logical conclusion yields itiea  the bed assuming a logarithmic velocity profile and
that initial ripple lengths on flat beds shoulddre- an appropriate grain roughness. This is somewhat
portional to sediment grain size, since the lerajth confusing, as the quantity thus derived is NOT the
saltation trajectories scale roughly with grainesiz boundary shear stress in either a time-averaged or
thereby defining a lower wavelength cutoff belowstantaneous sense, but some surrogate developec
which the features cannot form (i.e. when the saltéom an instantaneous velocity. Nevertheless,dhis
tion lengths are greater than the flow-induced Upp,ys variability from the flow model to enter the

Sgegrgalsgfiffécitg rrgal)J(iirrggTheStLrjizszﬁf g‘ﬂ;ﬂinguﬂfsesediment-transport field, thereby introducing appro
by q q riate small-scale perturbation to the bed thatctou

approach for bed load transport, much as treating : 3
suspended sediment in nonuniform flows require ot be treated using some time or ensemble-averaged

the use of an advection-diffusion model. quantity. The method also allows for variations in
For the calculations presented here, the disequflow structure to alter the net sediment flux; two
librium bedload-transport model presented by Nakatime series of near-bed velocity with the same mean
gawa and Tsujimoto (1980) was employed. Theibut significantly different variances vyield signifi
approach specifically separates entrainment of-sedgantly different sediment fluxes due the nonlinear
ment (so-called “pick-up”) and the distrainment (orgependence on velocity in the equation for sediment
deposition rate) of sediment. In their model, the d gntrainment given above. Based on experiments on
mensionless entrainment rate is given by flow and sediment transport over bedforms and
. downstream of backward-facing steps, capturing this
P./d/(0./p~1Dg = 003r. (1~ 0.035/1.) variability appears to be important for understagdi
bedform behavior (Nelson et al., 2005). Thus, even
whereps is the sediment entrainment rgteandps  though the model for bedload transport used here in
are the fluid and sediment density, ands the di- relatively simple, it appears to capture the imgairt
mensionless shear stress. The distrainment rate Fbﬁysica] processes necessary for modeling bedform
given by initiation and evolution.

pd = psfs(s )
4 RESULTS
wheref4(s) is a probability density function of sedi-
ment particle step length given by Nakagawa and

Tsujimoto (1980) as 4.1 Experimental Observations
In Figure 3a-d, video frames of the bed morphology
f_(s) :leXF(_Ej are shown for 4 times during the hydrograph shown
® A A in Figure 2. Figure 3a, shows the bed about 5 min-

utes after the beginning of the experiment, when a

244



Marine and River Dune Dynamics - 1-3 April 2008 - Leeds, United Kingdom

complete train of bedforms was first present ofier t charge at 2700s, the immediate response of the bed-
test section. Before this time, the bed surfacevskdo forms was a rapid decrease in height (flattening),
incomplete individual ripples with an initial lefgt without much change in wavelength. Much smaller
of about 0.08-0.09m; over time these features greamplitude bedforms formed on the flattened upper
and additional features formed until a completetra stoss side of the original features, resulting in a
of bedforms was observed. The average wavelengtiather confusing combination of long, relativelglni

of the features once a complete train of bedform$eatures mantled with a few lower, shorter features
was present was approximately 0.1m; these bed- In most cases, the shorter features migrated up to
forms were quite two-dimensional, with continuousthe crest of the large ones without much effect, bu
crests across the width of the flume and only minom some cases the smaller features interactedgtyron
variations in the position of the crest line on tite  with the larger crests, resulting in much more ¢hre
der of 0.01m. Over the remainder of the initial lowdimensional structure with oblique crests and erest
flow period, bedform heights increased to aboutwvith bifurcated crest lines. Over time, this intera
0.02m and wavelengths increased up to about 0.2ion resulted in shorter average features, but the
0.25m, with a considerable amount of variability inprocess was relatively slow and showed significant
both measures. Figure 3b shows the bedform mokariability. The final bedform morphology at theden
phology after 1800s, at the end of the initial low-of the hydrograph is shown in Figure 3d. In order t
flow period. Water depth during this flow varied quantify the variability, the hydrograph shown in
only by 1-2 mm and averaged 0.09m. Figure 2 was run three times on an initially fladb

—
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Figure 4. (a) top, computed bed for T=300s, (b) 83ds, (c) T=2700s, (d) bottom, T=6300s
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ferent scales and vertical exaggeration of a fastor of the hydrograph was moved to the beginning of the
five, which should be borne in mind when comparflow period, such that the high flow (g=0.02"/8)
ing Figures 3 and 4. In the computational restitts, occurred for the first 900s of the bed evolutiani; f
initial wavelength shown in Figure 4a is about 20%owed by the low flow for the remainder of the ex-
longer than that found in the experimental observaperiment. The major discrepancy between the mod-
tions. By the end of the low flow period, the wave-eled and the measured bedform morphology appears
lengths and heights are very close to the saménéor to be an underprediction of the increase in wave-
experimental and laboratory runs. During the higHength during the high flow period; it seems plausi
flow period, the computational results show increasble that the underestimate of the bedform height ma
ing wavelength and height, although to a lesser deprincipally be a byproduct of the lack of waveldngt
gree than that seen in the experiments. change, since bedform steepnesses fall in a relativ
narrow range for the case of bedload transport. It
After the period of high flow, the heights of theds would be unreasonable to expect the model to pre-
forms decrease slightly in the computational result dict the correct height for bedforms that are about
although only by about 20%, much less than thahalf as long. Looking at these other flow scenarios
seen in the experimental measurements. More n@nd the associated wavelength evolution provides
ticeably, the computational results predict vetgei more information on to what degree the bed configu-
change in wavelength when the flow drops; there isation seen at the end of the runs are what the low
no evidence that the wavelength decreases. This m#gw alone might produce, and whether the timing of
be partially due to the fact that the experimental the high flow period makes a significant difference
sults show a markedly smaller increase in wavein the final morphology.
length during the high flow period, such that the
wavelength at the end of that period of the hydroin Figure 5, the wavelength evolution for the anagi
graph is similar to that found for the experimentalruns (with standard deviations) is shown with the
results after the final period of low flow. Howeydr model results and for the cases of constant low flo
is also plausible that the model is not capableapt  and earlier high flow. Interestingly, both the rabd
turing the processes leading to the decreasing-wavand the lab results for all the hydrographs produce
length seen in the laboratory observations. similar results at the end of the runs, with a wave
length around 0.3-0.5m and heights of about 0.02m.
This corroborates the results found by Giri and- Shi
1 5 DISCUSSION mizu (2006) to some extent, in that the model pre-
dicts the observed morphology at the end of a rela-
In order to understand the discrepancy between therely long period of constant flow. However, isal
model and the observations for the high flow periodconfirms that the approach does not work as well fo
two additional hydrographs were run. First, the lowthe case of time-varying flows. The model performs
discharge was applied to an initially flat bed foe  reasonably for the initiation of bedforms on a flat
entire flow period, and second, the high-flow s@tti bed and predicts the general evolution of increasin
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wavelength and height from that initial stage, thet  pears to be adequate for constant flow, it is yikel
response to a rapid flow change is muted relatve tthat the shortcomings of the morphologic evolution
measurements. As shown in Figure 5, the model renode| for time-varying flows are associated with

sults do show a more rapid increase in wavelengtiyis assumption. For the case at hand, where the in
during the high-flow period relative to a constanti;, response to the sudden increase in flow is to

low flow, but the rapid increase and subsequent de- hl le th Kin frict .
crease are not correctly predicted. roughly double the average skin friction, it seems

There are a variety of physical effects that migh€€ar that the average step length of particlesingov
produce the observed error. First, if the moderove @S bedload should also increase in response. Fhis e
predicted the form drag at the onset of high flow,fect would preferentially stop the growth of shorte
such that the sediment flux was underpredicted, thigatures while promoting that of longer featurés:
evolution would take place slower than expectedthough it would not necessarily explain all the-dis
However, as shown in Figure 6, the ratio of total t crepancy between the predicted and measured wave-
skin friction stress behaves reasonably; the sia f |engths shown in Figure 5, it seems that the effiéct

tion increases by about a factor of 2 when the disy more general approach for step length would cer-
charge increases and then decreases somewhat astﬁ?ﬁly move the results in the correct direction.

form drag increases. It seems more likely that the
wavelength selection process is incorrect in the

Figure 6. Time history of total versus averagen dkiction 6 CONCLUSIONS
stress for the hydrograph in Figure 2. The dark laorre-

sponds to no form drag, the light trace is theahibw flow The next step in the iterative process between-labo
and constant high discharge, and the darker tsadhei de- ratory and field measurements and computational
creasing flow and final low flow period. model development appears to lie in the measure-

ment and detailed characterization of the bedload

model, which suggests that the step-length approaggdiment particle step length. As noted above,-high
may be at fault. When the stress or near-bed wglocisPeed videography combined with LDV measure-
increases in that approach, the amount of sedimefients are currently be used to address this iggue.
moved increases’ but the average Step |ength bg]]s pOInt, flow models appear SUff|-C|ent|y accerat
tween the point of entrainment and the averagetpoiri® address the morphological evolution of bedforms,

of distrainment does not, this is almost certaimly and predictions for relatively constant conditi@me
oversimplification of the real situation. encouraging. For the first time, sediment-transport

As noted above and in Giri and Shimizu (2007)m0dels for bedforms are taking direct consideration
of the effects of variability in predicting sedimen
motion and the subtle feedback between the flow
and topographically induced accelerations that gov-
ern the local turbulence fields and, thereby, the
Bl transport of sediment. Continuing progress on this
problem requires a better-defined relation between
the details of particle motion and near-bed floas-p
ticularly including the concept of step length atsd

2 A precise determination over a wide range of flow-con
Gl ditions. Engineers and scientists working in this
area are extremely close to truly predictive modéls
I bedform behavior. These approaches seem likely to

revolutionize the current ability to predict flomé
morphologic behavior in rivers.
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