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Abstract. The transport of granular matter by a fluid flos/frequently found in nature and in industry. Whss shear
stresses exerted by the fluid flow on a granulat &ee bounded to some limits, a mobile granulaetaynown as bed-
load takes place in which the grains stay in contaith the fixed part of the granular bed. Undeesle conditions, an
initially flat granular bed may be unstable, gentimg ripples and dunes, such as those observe@serts, in rivers,
but also in pipelines conveying sand. In naturenscexamples affecting human activities are theiaeand the
aquatic dunes. The aquatic ripples and dunes olesenn the bed of some rivers create a supplemeritation
between the bed and the water, affecting the wagpth and being related to flood problems. In caslsre their size
is comparable to the water depth, water flows capeeiment strong depth variations, seriously affeghavigation.
This paper presents an experimental study aboue dormation in rivers. Field measurements were medée
Sapucai river (Minas Gerais State, Brazil), andytlage confronted in this paper to analytical thexi The bedforms
and the water discharge rates were measured simedtasly with an ADCP (Acoustic Doppler Current Heoj
device, in different days and seasons, and theriempetal results show the length-scale of the dwrethe river bed.
The results are then compared to the wavelengtdigesd by some linear and nonlinear stability ars&ly of bed
patterns in free surface flows.
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1. INTRODUCTION

The transport of solid particles entrained by adflilow is frequently found in nature and in induystlt is present,
for example, in the erosion of river banks, in tligplacement of desert dunes and in hydrocarboslipgs conveying
sand. When shear stresses exerted by the fluiddiothe granular bed are able to move some griainisre relatively
small compared to the grains weight, the flow is atale to transport grains as a suspension. Insteawbile layer of
grains known as bed-load takes place in which tlang stay in contact with the fixed part of thamslar bed. The
thickness of this mobile layer is a few grain dizeng (Bagnold, 1941; Raudkivi, 1976).

An initially flat granular bed may become unstabiel give rise to bedforms when submitted to a fflad. These
forms, initially two-dimensional, may grow and gestte patterns such as ripples or dunes. In nasare examples
affecting human activities are the aeolian andattpeatic dunes. The aquatic ripples and dunes oddenv the bed of
some rivers create a supplementary friction betvikerbed and the water, affecting the water depthkeing related
to flood problems. In cases where their size ispanable to the water depth, water flows can expaminstrong depth
variations, seriously affecting navigation (Engeluand Fredsoe, 1982). In industry, examples aretlynodated to
closed-conduit flows conveying grains, such as bgdrbon pipelines conveying sand. In such casesp#uforms
generate supplementary pressure loss, but alssyseeand flow rate transients (Kuru et al., 199anklin, 2008).

The stability of a granular bed is given by theabak between local grains erosion and depositiothere is
erosion at the crests of the granular bed, the itudpl of initial bed undulations decreases andbetis stable. On the
contrary, the bed is unstable. If there is neigresion nor deposition at the crests, there israkestability. The regions
of erosion and deposition can be found from thesncamservation of grains. The mass conservatiotigsphat there
is erosion in regions where the gradient of thevftate of grains is positive and deposition wheie hegative, so that
the phase lag between the flow rate of grains hadédform is a stability criterion. If the maximuithe flow rate of
grains is upstream a crest, there must be depositithe crest and the bed is unstable, othenhisd¢d is stable. To
answer the stability question, the mechanisms ia@at phase lag between the shape of the granethabd the flow
rate of grains need to be known.

In a recent article (Franklin, 2010a), the mechasisf this instability were explained and a linstability analysis
was presented, in the specific case of granulas bedared by turbulent boundary-layers of liquidfhout free surface
effects. It was seen that the basic mechanism¢heze: the fluid flow perturbation by the shapetlug bed, which is
known to be the unstable mechanism (Jackson €t95; Hunt et al., 1988; Weng et al., 1991), #lexation effects
related to the transport of grains and the graeftgcts, which are the stable mechanisms (ValandeLanglois (2005)
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and Charru (2006) in the case of viscous flowsnKia (2010a) in the case of turbulent flows). Tiheear stability
analysis of Franklin (2010a) showed that the lersgthie of the initial bedforms varies with the ddiow conditions.

Franklin (2010b) presented a nonlinear stabilitglgsis in the same scope of Franklin (2010a). Tpgr@ach used
was the weakly nonlinear analysis (Landau and litif¢cl1994; Schmid and Henningson, 2001; Drazin Redl, 2004;
Charru, 2007), useful whenever a dominant modebeaproved to exist. This means that the modes atisgnwith
this dominant one will grow much faster than thbeos, which can be neglected. The analysis is thade on a
bounded number of modes. Franklin (2010b) showed #fter the initial exponential growth (linear pby the
granular bed instabilities saturate, i.e., thegratate their growth rate and maintain the same leagth.

In both articles, Franklin (2010a) and Franklin 1@B), the results of the analyses were comparedotoe
experimental data concerning ripples in closed-oarftbws (which is a case where free surface ¢ffece absent). In
particular, the dependence of the bedform waveleongtthe fluid flow conditions and the saturatidntiee bedform
amplitude were confirmed by experimental resultsv@itheless, the analysis of Franklin (2010a) amachifin (2010b)
are not complete in order to describe the bed hilgtas in cases where free surface effects apeeted, such as the
large wavelength bedforms (dunes) observed in floars.

Franklin (2010c) presented a simplified analysaésdn on Franklin (2010a) and Franklin (2010b)hefihstabilities
on a granular bed in the presence of free surfffeetse. The main purpose was to understand thedfizgples and
dunes observed in nature. The analysis of FrarfRx0c) determines the asymptotic behavior of theelength and
celerity of bedforms observed in free surface flogsch as the ripples and dunes observed in riaedsin open-
channel flows.

This paper presents some experimental results @fblr@ morphology and water flow discharge, colldcte the
Sapucai river. These measurements were performédami ADCP (Acoustic Doppler Current Profiler) d=i in
different days and seasons. The experimental datsen confronted to theoretical results, in pafticthe asymptotic
behavior predicted by Franklin (2010c).

The next section presents a summary of the asymopamialysis of Franklin (2010c). The following sect
describes the experimental devices and procedsregeh as the location where the field tests wesgfqumed. It is
then followed by the experimental results and thactusion sections.

2. RIPPLES AND DUNES IN RIVERS: ASYMPTOTIC BEHAVIOR

In Franklin (2010a) and Franklin (2010b), the effeelated to the presence of a free surface watreansidered.
However, in many cases of practical and environaleinterest, the presence of a free surface mugaken into
account. One example is the presence of duneseénsrivhose depth is of the same order of the dumeelength. In
this case, free surface effects affect the fluitvfhear the bed. It is known from measurementherfield that in such
cases there are at least two characteristic wagtiisnone scaling with the grains diameter and withinner layer
close to the bed (but not with the flow depth,leytare too small), and another scaling with thilfflow depth.

In the last decades, many stability analyses haea done in order to understand the wavelengthtendelerity of
dunes in rivers (Kennedy, 1963; Reynolds, 1964;dinyl, 1970; Richards, 1980; Engelund and Fred%682;
Coleman and Fenton, 2000). The great majority es¢hworks found that the wavelength of the initistabilities
scales with the liquid depth, i.e., there wouldéerimary instability affected by free surface effe This primary
instability should be strong enough to allow theedi growth of bedforms whose length scales wighliduid depth.

Richards (1980) performed a linear stability anialyeat showed the presence of two unstable madesscaling
with the liquid depth (dune mode) and the othetisgavith the grains diameter, but independenttaf free surface
(ripple mode). He proposed that both modes wouldrgmas a primary instability.

Recently, Fourriere et al. (2010) presented a fiséability analysis for bedforms in rivers, in utent regime. In
their analysis, they found that the ripple modettfait free surface effects) has a growth rate niengs greater than
the dune mode (with free surface effects). Alseytfound a wavelength range where the growth matstriongly
negative, corresponding to wavelengths in the cofl@nagnitude of the liquid depth. They called ttdage “resonance
region”. Any bedform in this wavelength range hadrang negative growth rate.

Fourriére et al. (2010) showed that the time st@lg¢he growth of dunes as a primary linear indighis greater
than that for the appearance of dunes by the amales of ripples (which have a much faster grovete rand
evolution). As a consequence, dunes observed @rsrigre the product of a secondary instability Iteufrom the
coalescence of ripples. These dunes grow untilhiegca length-scale in the resonance range, wingie growth is
stopped by free surface effects. In summary, tbend that ripples appear as a primary linear inl#athat eventually
saturates (but they do not prove the saturatiom, that dunes appear as a secondary instabilitytires from the
coalescence of ripples (unstable mechanism) anfidbesurface effects in the resonance range étabthanism).

Franklin (2010c) was devoted to the understandfrthebedforms observed in fluid flows with a fregface, such
as the flows in open-channels and rivers. We knovnfprevious works that in such cases there adeast two
characteristic wavelengths, one scaling with trengr diameter and with an inner layer close tobthe (ripple mode),
and another scaling with the fluid flow depth (dumede). The ripple mode isn't affected by free acefeffects, so that
Franklin (2010c) proposes that the stability anedysade in Franklin (2010a) and Franklin (2010k)\alid for this
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case: we can predict the initial instabilities asaduration with the presented models. For the dunde, Franklin
(2010c) proposes that it is a secondary instabiisulting from the competition of ripples coalesme and free surface
effects.

With these considerations, Franklin (2010c) prodabat the dune mode is determined by a resonaechanism
between the bed and the free surface, so that #tkematical treatment to find the dune mode candiasically in
combining the free surface effects with the moaélsranklin (2010a) and Franklin (2010b). The rewsg employed
by Franklin (2010c) was based on Fourriére et2il10): in free surface flows, as dunes grow bplép coalescence,
their length become comparable to the liquid dejstiihe beginning, this affects the free surfaca subcritical regime
and excites gravity waves in the free surface in@mase with the dunes (186ut-of-phase). If they keep growing,
they would eventually reach a supercritical regifoe which the excited surface waves are in phage tive dunes
out-of-phase). But the dunes have their growth sttg@ped in a region close to the transition frarbcsitical to
supercritical: in this region, the excited surfazaves are out-of-phase by nearly’ $8gging the dunes, resulting in
erosion in the crests. This region, called “resaeanregion” by Fourriére et al. (2010), dictates ¢haracteristic length
of dunes.

Franklin (2010c) employed a very simple approachmtalel the free surface effects, in order to obtlainscales of
length and celerity of the dune mode. This appraamtsisted in approximating the fluid flow far frotfme bed as a
potential flow. With this approximation the behaviof the free surface may be estimated by applyheg mass
conservation and the Bernoulli equations to a p@kfiquid flow. Egs. (1) to (4) are the asymptotbehaviors
predicted by Franklin (2010c). In these equatidhe,subscripd corresponds to the fluid flow over a flat bed (hr
order), and the main variables are defined in Eig-he main results of Franklin (2010c) are sumreeatibelow.

Ho | 0 —

Figure 1. Definition of the free surfagethe dune height, the liquid deptiH and the fluid velocityJ. The
subscript0 corresponds to the fluid flow over a flat bed.

- Case I: subcritical flow
In this caseP<Fr<1, which implies thay<O andU>U,, where Fr :Uo/ gH, is the Froude number: the ratio

between the mean flow velocity and the celeritysofface gravity waves. This means that the fretasarabove the
bedform is a trough, and that the mean velocitgdselerated in the crest region. The surface gravétves arel8C°
out-of-phase with respect to the bedforms. The mari of the fluid velocity is around the crest, wath upstream out-
of-phase component that this simplified model isaapable to obtain (so that the fluid flow is arstable mechanism).
Also, in this case€,>0, so that the bedforms have a downstream celétityn these characteristics, we can conclude
that those forms are dunes (Engelund and Fredseg?).

- Case ll: supercritical flow

In this caseFr>1, which implies tha>0 andU<U,. This means that the free surface above the bedfa bump,
and that the mean velocity is decelerated in thifdoen crest region. The surface gravity waves Greut-of-phase
with respect to the bedforms The minimum of thédfiwelocity is around the crest. Also, in this c&&0, so that the
bedforms have an upstream celerity. From thoseacketistics, we can conclude that those formsteraisually called
anti-dunes (Engelund and Fredsoe , 1982).

- Case llI: transition

In this caseFr=~1. In this region, the excited surface waves areofythase by nearl90° lagging the dunes. This
means that the maximum flow velocities are shiftedinstream the bedform crests, implying erosiohencrests and
stability (the fluid flow is a stable mechanisntlnis case). This condition bounds the length-sotunes by means of
the surface waves and bedform interaction, anthferreason it is called a resonance region.
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Franklin (2010c) considered that dunes are a seggridstability, i.e., they are generated from tioalescence of
ripples. In this case, as the dunes grow up thal alues ofFr increase and tend fr=1. WhenFr~1, the fluid flow
becomes a stable mechanism, limiting then thedizieines.

From this, Franklin (2010c) proposes that the wengthly,.. and the celerity of duneSy,.e in the presence of a
free surface, have the following scales

Agune ~ Ho 1)

dune

3
Cd ne 3C1U0 1 (2)
‘ H, Fr2-1

whereC;, is a constant. These scales agree with some engretial results. For example, from experimental ,dallen
(1970) and Yalin (1977) propose that, =27H,. Raudkivi (1976) claims that experimental resuttad to
Agune =4H, t08H,.

Fourriére et al. (2010) argue that larger bedformay appear from the coalescence of dunes. Theses fare called

mega-dunes and, as the dunes, scale with the degén (although with a higher order of magnitude).
For the ripples, the scales are given by Fran®010a) and Franklin (2010b):

une

Aripple - Lsat (3)
Q
Cripples - Lsat (4)
sat
where L, ~L, = d(u*U gl) is a distance called “saturation length’js the mean grain diameter, is the friction

velocity (square root of the division of the shettess by the fluid density) andl, is the typical settling velocity of a
grain. This distance is a characteristic length wusaturation effects (Franklin, 20108\.is the saturated volumetric
flow rate of grains by unit of width over a flatrface (basic state).

3. MEASUREMENTS IN THE FIELD: EXPERIMENTAL PROCEDUR ES
3.1. The Sapucai River

The sources of the Sapucai river are located inp@ando Jorddo (S&o Paulo State, Brazil), at a hefyabout
1700 m(Mantiqueira montains), and it ends at the Rior@gariver, in Paraguagu (Minas Gerais State, Byraail a
height of abou780 m The Sapucai river crosses two Brazilian Sta%&® (Paulo and Minas Gerais) and has a total
length 0f333 km(Moni Silva, 2007).

The field experiments were performed at Itajuba nd$i Gerais State), whose location is: south lagitud
22°:25:36,55” and west longitudd5°:27':33,42". In this region, the river has a slope of ab@60 m/kmand the bed
is composed mainly of fine sand.

3.2. Instrumentation

In order to measure the bed morphology and the rfiaer discharge, an ADCP (Acoustic Doppler Current
Profiler) device was employed. This equipment afiplwy acoustic Doppler effects, the measuremerih@fwater
velocity and of the bed morphology, in accordanith & pre-determined grid (in a plane). If the gas transversal to
the water stream, the ADCP measures the mean tiebdn each cell of the plane grid and the trarsalearea
traversed by the water flow, so that the waterlisge rate can be computed.

If the plane is longitudinal to the water streahg ADCP can map the existence of transversal daloag the flow
(but the water discharge has no practical meamirigis case).

The ADCP device is composed of:

e atransducer, with usually three or four sens@shesensor transmitting and receiving acoustic lseam
e acomputer, which controls the transducer functigrand stores the raw data;

» electronic cables and connectors;

» asoftware, responsible for the transducer corineldata storage and the processing of the raav dat
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To collect the data in a plane, the ADCP transducest be displaced over the water surface, aloimgeawhile it
measures the water velocities and the bed vedistdnce below it. In order to displace the ADCkhsducer over long
distances, a boat is usually employed.

The device employed in these tests was an ADCP Trel@dyne RD Instruments. It was composed of:
» the WorkHorse Rio Grande transducer, containing Bensors and emitting/receiving at a frequency of
1200 Hz;
» the softwares WinRiverll (tests performed in Julyl@) and WinRiverl (tests performed in December
2010);
* a portable computer;
* aboat, employed to tow the transducer.

3.3. Procedures

All the tests were made in the same location: thet& Rosa station, belonging to COPASA (Companleia d
Saneamento de Minas Gerais), in the city of Itajudmathat the tests presented here correspondeteaime river
location, in different days.

For each experiment, the same procedure was entploye

(a) we performed a transversal measurement witiADEP, which gave us the discharge rate of the Saipver
at the test location;

(b) we performed a longitudinal measurement with ADCP, in order to obtain the longitudinal varatiof the
river bed.

(c) we collected a sample of bed material for asedy

(d) the ADCP data was processed with its softwafmRiverll or WinRiverl);

(e) the data was post-processed with MatLab.

The next section presents some of the collectaalatad the main results that can be drawn from them.

4. RESULTS
4.1. July 28" 2010

The first bed morphology tests were performed oly 28" 2010 at the COPASA Santa Rosa station. The
acquisition done in this particular day was perfedhusing the WinRiverll software, and the cellsesizas0.5 mfor
both the longitudinal and the transversal measuns{@ order to obtain the water discharge rate).

For these tests, the transversal ADCP measurenpeatsded a water discharge rate @f = 11.1 ni/s and a
transversal area 0k = 26.6 M, which gives a mean velocity &f = Q/A = 0.42 m/sThe maximum depth in this
particular transversal line l8y.ns = 1.9 mso thatFr=0.1 and the flow is subcritical and anti-dunes areexected to
be present. The flow is turbulent, for referenB&yans ~ 8.1F, whereR@yyans = U.Hyandv @and v is the cinematic
viscosity of the fluid.

We present and discuss next the longitudinal measemnts of the bed morphology, as they concern ttjréoe
presence of ripples, dunes, anti-dunes and megasdiigure 2 presents the river bed profile meastiis particular
day at the Santa Rosa station, wh2ris the water depth (measured from the water surfandX is its longitudinal
position. The longitudinal positiod is measured from the transversal line and is fromrgstream to upstream.

0 50 100 150 200 250 300 350 400 450 500
X (m)
Figure 2. Water depth as a function of the longitudinal positign

From Fig. 2 it is clear the existence of bedformsthie Sapucai river, with the coexistence of sraall large
wavelength forms. At a first glance, one would téadnfer the smallest bedforms to ripples, theést bedforms to
mega-dunes and the intermediate bedforms to ditmsever, analyzing Fig. 2 in more detail, it candimserved that
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the smallest wavelengths are on the same ordéeddgatial resolution given by the ADCP device,,i0.5 m so that it
would be erroneous to associate these wavelengthe twavelength of ripples.

Obtain the characteristic wavelengths directly freig. 2 is difficult and can lead to errors relatecbur particular
perception of the signal. So, in order to obtaia thavelengths present in the signal (here the wadpth, directly
related to the bedform), we transformed the sigmahe Fourier space (as usually done in signatgssing): we took
the Fast Fourier Transform (FFT) of the entire algand plotted its Power (the Fourier transform tipliéd by its
convolution) as a function of the linear wavenumber 1/4. Figure 3a presents the Power of the signal asetibn of
the dimensional wavenumber. From this figure, itcisar that three or four large wavelength bedforsall
wavenumber) are well defined in the signal, and i small wavelength ripples (large wavenumbannot be clearly
detected, due to the resolution of the ADCP sargplithe small wavelength ripples are in fact tredigdhe FFT as
noise, due to the small sampling resolution. Sarterinediate bedforms are also detected, but tlwsiePis weak, also
due to the small sampling resolution.

150 ‘ ‘ ‘
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. 80 1
N‘é 2 100
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o g 50r
207
0 ‘ : - 0 . .
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k (m?) kH
Figure 3. (a) Power as a function of the wavenurilzerd (b) Power as a function of the dimensionlemgamumber
kH.

Figure 3b presents the Power of the signal as etitmof the dimensionless wavenumiét, whereH is the mean
water depth in the longitudinal direction. From F8lp we can measure the position of the peaks @wtier signal is
stronger) in depth units, allowing us to directhsaciate the bedforms wavenumber (or wavelengttiyeavater depth.
In Fig. 3b, the first four peaks (from the left)rmmspond tokH = 0.007; kH = 0.013; kH = 0.022ndkH = 0.026
respectively. These peaks then correspond to bedfavhose wavelengths are a hundred times the vdateth,
characterizing the mega-dunes (formed from theesaaince of dunes).

Next, one can identify three peaks of lower Powdeie(to the spatial resolution of the sampling) responding to
kH = 0.057; kH = 0.081andkH = 0.094 These peaks correspond to bedforms whose wathkage one order of
magnitude greater than the water depth, correspgrtlien to dunes. As said before, the spatial Sampésolution
given by the ADCP is not sufficient to detect thegence of ripples.

4.2. December 14 2010

The second bed morphology tests were performedemember 14 2010 at the same location: the COPASA Santa
Rosa station. The acquisition done in this pardicdiy was performed using the WinRiverl softwarg] the cells size
was of abou0.5 mfor the transversal measurements (in order to olite water discharge rate) and of abbum for
the longitudinal measurements.

For these tests, the transversal ADCP measurenpeatsded a water discharge rate @f = 20.6 ni/s and a
transversal area ok = 32.4 M, which gives a mean velocity &f = Q/A = 0.64 m/sThe maximum depth in this
particular transversal line l8y.ns = 2.1 mso thatFr=0,1 and the flow is subcritical and anti-dunes areexected to
be present. The flow is turbulent, for referer®ijyans ~ 10°.

As done for the other tests, we present and discessthe longitudinal measurements of the bed hmugyy, as
they concern directly the presence of ripples, dunati-dunes and mega-dunes. Figure 4 presents/érebed profile
measured this particular day at the Santa RosarstathereZ is the water depth (measured from the water suyfaoce
X is its longitudinal position. The longitudinal pien X is measured from the transversal line and is fromrdstream
to upstream.
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Figure 4. Water depth as a function of the longitudinal positign

As in the case of Fig. 2, Fig. 4 shows the presafdeedforms in the Sapucai river, with the coestise of small
and large wavelength forms. However, the smallestalength present in Fig. 2 cannot be seen in &ignd the
explanation for this is the smaller sampling resotugiven by the ADCP in the December tests,,ilan Also, from
this smaller resolution, one can expect more diffies to identify the wavelengths correspondingltmes. In order to
identify the characteristic wavelengths presenthie bed, we proceed as before and we computeddiverPof the
signal in the Fourier space.

Figure 5a presents the Power of the signal asctifumof the dimensional wavenumber. From this ffiggut is clear
that two or three large wavelength bedforms (smalenumber) are well defined in the signal, and tha small
wavelength ripples (large wavenumber) cannot beatied, due to the resolution of the ADCP sampliBgme
intermediate bedforms are also detected, but Bmiver is weaker, also due to the small samplingluésn.

Figure 5b presents the Power of the signal as e@ifumof the dimensionless wavenumisét. From Fig. 3b we can
measure the position of the peaks (where the signsironger) in depth units, allowing us to dihe@ssociate the
bedforms wavenumber (or wavelength) to the watettddn Fig. 3b, the first three peaks (from thi)leorrespond to
kH = 0.018; kH = 0.032;andkH = 0.046 respectively. These peaks correspond then toobmdfwith wavelengths a
hundred times the water depth, characterizing tagaxdunes (formed from the coalescence of dunes).

Next, one can identify two peaks of lower powergdao the spatial resolution of the sampling), cgpmnding tckH
= 0.060; andkH = 0.071 These peaks correspond to bedforms whose watbkeage one order of magnitude greater
than the water depth, corresponding then to dukesaid before, the sampling resolution given gy ADCP is not
sufficient to detect the presence of ripples.
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Figure 5. (a) Power as a function of the wavenurilzerd (b) Power as a function of the dimensionlemgamumber
kH.
4.3. Discussion

The experimental results were able to show thetenie of bedforms in the Sapucai river, and thesomea
bedforms scale with the water flow depth. We castinljuish two distinct bedform sizes: one with avelangth of
about ten times the water depirand the other with a wavelength of about a huntireds the water depth.

The presence of a wavelength of about ten timeswtater depthH strongly supports the physical argument
proposed by Fourriére et al. (2010) and FranklDiL(Z) that dunes are secondary nonlinear instiaiilformed by the
coalescence of ripples and whose length-scalegiae@ by a stable mechanism due to free surfaaestf Also, the
scales obtained by the mathematical treatment gexpdy Franklin (2010c) are corroborated by theegrpental
results. In cases where the water stream is sidatrithese forms are called dunes.

The presence of a wavelength of about a hundreéstithe water depttl means larger bedforms, whose
wavelength is an order of magnitude greater thanvthvelength of dunes. Fourriére et al. (2010) psepthat, after
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dune formation, another nonlinear instability takéece with the coalescence of dunes, forming éaeger bedforms.
These forms are called mega-dunes. The ADCP measuts in the Sapucai river showed then the presaibeth
dunes and mega-dunes.

Finally, due to the small sampling resolution of tADCP, ripples cannot be clearly detected in tkgeemental
data. For this reason, we were not able to conbarecales proposed in the literature with the Saipripples.

5. CONCLUSION

The transport of granular matter by a fluid flowfisquently found in nature and in industry. Whée shear
stresses exerted by the fluid flow on a granulat & bounded to some limits, a mobile granulagi&pnown as bed-
load takes place in which the grains stay in cdntath the fixed part of the granular bed. Undezgl conditions, an
initially flat granular bed may be unstable, getiagaripples and dunes, such as those observeesierts, in river beds
but also in pipelines conveying sand.

It is known from observations in rivers and in ofdrannels that two different kinds of bedforms ntagxist.
Those forms have different wavelengths, one scaliitly the grains diameter and with an inner laylese to the bed
(but not with the flow depth), called ripple, andosher scaling with the fluid flow depth, calledndu(this category
includes the mega-dunes and the anti-dunes). Maayiqus works were made in an attempt to understhed
generation and evolution of these forms, but urdii there is not a consensus about it.

This paper presents experimental results obtainethé field, concerning the morphology of sand bedéree
surface turbulent streams. The tests were madeeitsapucai river, in the city of Itajuba (Minas &srState, Brazil),
with the use of an ADCP (Acoustic Doppler Currentfifer) device. The obtained data concern the wdischarge
rate and the longitudinal variation of the bed.

The experimental data showed the existence of bedfavhose wavelength scales with the flow depth:

- bedforms whose wavelength is one order of magdaityreater than the water depth;

- bedforms whose wavelength is two orders of magleitgreater than the water depth.

The scaling of the bedforms wavelength with theewdepth comes from a stable mechanism relategt¢osturface
effects, and that occur in the transition from sitleal to supercritical regimes, known as “resorenegion” (Fourriére
et al., 2010; Franklin, 2010c). As soon as thesm$cappear, their wavelength is about ten timeswditer depth and, if
the water stream is in subcritical regime, theycaléed dunes.

Concerning the bedforms whose wavelength is a tghdmes the water depth, it has been argued Hegt t
originate from the coalescence of dunes (Foureém., 2010). These larger forms are usually datkega-dunes.

Due to the small sampling resolution of the ADCiBples could not be clearly detected in the expernital data.
For this reason, we were not able to compare tperémental data with the scales proposed for rippighe literature.

In summary, the field measurements showed the pecesef bedforms in the Sapucai river. Although wpp®se
that ripples exist in the bed, they could not beecked (due to the small sampling resolution efADCP device used).
The experimental data showed the presence of dam#snega-dunes in the Sapucai river, whose scgleg avith
those predicted in literature (Franklin, 2010c; Figuwe et al., 2010). This agreement corroboratesécent theoretical
efforts to understand the formation and evolutibbexdforms in rivers and open-channel flows.
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