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INVESTIGATING BED CONFIGURATION ON SANDY BED
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ABSTRACT: , _ '
The main objective of this study is to investigate the effect of different flow parameters,
mainly flow discharge and Froude number on bed configuration upstream and downstream of
hydraulic jump. Bed regression was studied at different Froude numbers ranging from 2.0 to
19.6 upstream the hydraulic- jump and ranging from 0.21 to 0.62 downstream the hydraulic
jump. The sand used in the experiments was natural and sieving analysis was tested where
grain ‘size diameter was found to be 0.4 mm at 60 % passing. This experimental study was
conducted at the Hydraulics Research Institute (HRI), the National Water Research Center
. (NWRC), employing two different rectangular flumes with different capacities and
. dimensions.. Therefore, different velocities; different depths and thus different Froude
numbers were obtained. The two sides of the flumes are made of glass to facilitate
visualizing and monitoring the bed configuration. Extensive field observations on sediment
movements in movable bed flume have been carried out for estimating the bed roughness in
~ river channels. o

Seventy two runs were executed at different discharges started from 0.02 to 0.130 m?/s with
an increment of 0.01 m’*/s where each discharge has six different gate openings to get all
characteristics of bed configuration. The experimental investigations showed that at low
unidirectional velocities (<0.50 m/s), increasing the flow caused the bed to evolve from small-
scale symmetric ripples to large-scale symmetric ripples to dunes and later to plane bed. At
higher velocities (>0.50 m/s), a similar trend was observed, but ripples were more asymmetric
and moved to standing waves and then anti-dunes. Two phase diagrams are presented, the
first diagram at Fr <1 and the second at Fr >1 to summarize the observed relationships of bed
configurations - to flow conditions. These diagrams assist in the interpretation of bed
configuration characteristics.. ' ' '
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1. INTRODUCTION

Studying the bed configuration is vital in

‘predicting  flow resistance, sediment
transport, and deposition within many
. rivers. ‘The changes in bed form result
‘from the interaction of the flow, fluid,
and bed material. Thus, the resistance to
flow and sediment transport is a function
of the slope and depth of the flow, the
" viscosity  of the fluid, and the size
 distribution of the bed material. Bed
configurations that are common in natural
ﬂ‘o-w' environments can be generated by'
purely unidirectional flows, combined
flows, and purely; oscillatory flows. In the
natural énvironment; mést bed fdfms are

obsérved in sands, but they are produced in

silts and gravels as well. The bed .

~configurations- that may form in an
alluvial ‘channel are plane -bed without
sediment r'novemerit,“ ripples,  dunes,
plane bed with sediment movement,

anti-dunes, and chutes and pools.

Bed configuration 'chariges were 'generated
under low unidirectional velocities. Bed
configuration changes were not observed as
a distinct bed state but rather appeared to
mark transitions in bed-form scale and
-symmetry. Bed conﬁguratién_s were more
prevalent at longer oscillatory periods and in

finer-grained sediment.

With the introduction of only a small flow
velocity, bed configurations evolve into

large-scale ripples and the resultant bed

_formé becomes similar to that produced by

low-flow  dunes. Accordingly, these
experiments suggest that much of the bed
éonﬁguration changes record is produced
by combined flows, long-period, ﬁner
grained sanAd andA wide basins to form; bed
configurations fnay théreforé serve as a
useful.

unrestricted, open-water conditions.

indicator of deposition in

Bed configuration is typically similar to the
ﬁndings of Simbns 1§81[12] where at
Froude Number (Fr <<l), typical fipplé
pattern is coﬁﬁgured, then transferred to

dunes with ripples and when the value is a

little increased (Fr < 1) only dunes were

formed, later dunes are v(rashed out and
plane bed started to be appear. At Fr >1

standing waves and antidunes were formed,

Fig. 1.

Fig. 1: Forms of Bed Roughness in Sandy
Channels [12]
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2. LITERATURE REVIEW

" Primarily, the literature, in the field of -

sandy bed configuration, was -reviewed.

Many researchers were interested in that

field. . For example, Andreotti et al (2006)
published a paper about Aeolian sand .
ripples; ‘it was an experimental work of

fully developed states. “This research. was

concerned more about the effect of Aeolian .

sand ripples [2]. Blom (2006) published a
research about the impact of the variability
in dune dimensions on sediment sorting
and morph-dynamics [3]. Catafio-Lopera
and Garcia .(2006) published also a

.. research about Geometric and Migrating -. .

characteristics of.amalgamated bed forms
under oscillatory flows [4]; both of the two
reséarches covered and discussed Coastal
and Estuarine. Bartholdy et al (2005)
published an experimental work about
"Flow and grain size control of depth--
independent simple sub-aqueous dunes"-
[5]; Best (2005) published a research
about the fluid dynamics of river dunes [6].
Dumas et al (2005) published a research
"experiments on oscillatory-flow and
combined-flow bed forms" [7]. Hersen

(2005) published a . paper about flow

effects on the morphology and dynamics of
Aeolian and sub-aqueous barchan's. dunes

[8]." Kleinhans (2005) published a research -

entitled "upstream sediment input effects

C.23
on experimental -dune ‘trough scour in

sediment mixtures" [9].

- Based . on the surveyed . literature, a

shortage in the experimental investigations
was evident. For that reason, the present
research was initiated with set objectives.

The main objectives of this research are; to

- study the effect of flow conditions, mainly

- the Froude number on bed conﬁguration

upstream and downstream .of hydraulic

jurrip; to study the effect of unidirectional

- velocities on wave lengths; and to develop

- diagrams- to summarize the observed -

reiationships of bed configurations to flow
conditions to assist in the interprétation of
shallow sedimentary environments where
unidirectional combined flow is thought to

be omnipresent.

4.1. THE EXPERIMENTAL FLUMES

- The used flumes have rectangular cross

section with different dimensions. The
side walls along the entire length .of the
flume are made of glass with wooden-
ffames, to.allow visual investigation of the
ﬂdw- patterns  and  stability of bed
protection. The horizontal bottorn of the
flume is made of ceramics and wood. The
flumes are fed from -a pump with a

maximum- discharge of 0.05 m’/s for the

smaller flume and 0.130 m’*/s for the larger

-one. The flume is equipped with a steel
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wooden radial gate. : There is, also, a
movable -downstréam. g_ate.located at the

end of the flume. The bed material size.is

less than 0.5 mm. It was checked by sieve:

analysis before it was used. It is a medium
sand type with a size‘between 0.5 mm to
0.25 mm, Simon 1981 [12].

Laborétory experiments weére conducted to
investigate” bed forms generated under
different flow conditions (discharges and

Froude numbers).  Experiments were

carried out in a small and large flumes with

- glass sides; the smaller one with
dimensions 40 m long, 0.4 m wide, and 0.6
" m high and the larger one with dimensions
25 m long, Im wide and 1 m high. Fig, 2
shows 3-D view of thé smaller flume,
while Fig. 3 shows longitudinal section of
the larger flume respectively. Natural sand

was selected as a bed material where sieve

analysis was performed to get the grain .

sizes distribution, see Fig. 4. Different
flow discharges ranging from 0.02 m%/s to
0.13 m*s were run with' corresponding

velocities from 0.02 m/s to 1 m/s. Three

regimes: appearances of an initial wave .

. length, coarsening of the pattern, and
finally saturation of the ripples have been
identified.

Pt
plizef o

Fig. 3: Longitudiﬁal Section of the Larger.

Flume
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Fig. 4: Grain Size Distribution of the Used
Sand

4.2. MEASURING DEVICES

The measuring devices comprised a flow
meter, current meter and point gauges. A
camera and a video recording were' also

available.
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One ultrasonic flow-meter with an
accuracy of + 1% was used to determine

the flow discharge. It wds installed on a

16" diameter feeding pipe, Fig. 5.

Fig. 6: Electro-Magnetic Current-Meter

The flow velocities were measured' using

an Electro-Magnetic current-meter type

EM.S. (manufactured by - Delft-

Hydraulics); Fig. 6. The device was
connected to a mean value meter to show
the averdge vélq'city within a selected time

period.

To monitor the water levels, two point
gauges with side stilling wells were
installed. Also, a mobile point gauge with
an accuracy of + 0.1 mm was used to
measure the water and bed level.

Video and photo cameras were also
essential to record the flow patterns and to
moﬁitor the stability of "the -rip-rap
protection layers. In order -to measure the

flow discharges, flow meter sensors were

installed on the flow feeding pipe.

5. MODEL TEST PROGRAM
A comprehensive mode] tést program- was
designed to achieve the study objectives

conditions

The first

covering different flow
(different Froude mnumbers).
flume was used for low discharges ranged
from - 0.02 m¥/s to 0.05 m’/s while the
second flume was used for high discharges

ranged from 0.06 m3/s t0 0.13 m/s.

Two flow regimes were -used in the

research; the first one is directly
downstream of the sluice gate which is
called the ﬁppef flow regime at flow depth
y1 < ¥e and Fr > 1, Fig. 7 at C.S. (1); the
second flow regime is the lower flow
regime where y»>>y. and Fr <1, Fig. 7 at
C.S. (2). Table 1. shows the model test
prégram for.upper flow regime (Fr > 1)
While Table 2. shows the model test

program for lower flow regime (Fr<1). At
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each flow discharge, six different gate

openings -were- used -to. control the .flow .
depth downstream of the gate at

supercritical flow conditions (Fr>1) and

also the conjugate depth (Fr <1) so as to

control the value of Froude numbers. .For.. .A

the first (small) flume, the dlscharge starts

from 0.02 m?s to 005 m3/s -and gate

openings started from 0.01 m to 006 mjon
the contrary, the second (large) flume starts

from 0.06 to 0.13 m®/s with gate openings
- from 0.03 mto0 0.08 m.

At each géte opening éorresponding to
specific discharge, the flow depth (Y) was

measured employlng pomt gauges and also

using rulers sticked with the flume glass

‘walls. The flow velocity was measured
using electro-magnetic current meter with

high accurdcy. More double checksfor

velocity measuring were done: applying -

_ Bernoulli's equation at the upstream

section of the gate and the downstream

section of the gate, Equation (1).. The

ripples lengths and heights were measured .

using vernier caliper devices and rulers. It

was more realistic to get.dimensionless.

parameters to be applied for any
dimensions of streams, so ripple length to
ripple height, ripple length to flow depth,
and ripple height to ﬂow depth were
determined and plotted.

¥e
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Fig. 7: Flow Depth upstream and

downstream of the Gate ‘and Conjugate
Depths '

Applying. —Berno‘u'lli"sj . EQuaﬁon ‘between |
C.S.(1)and C.S. (2):

+ Vz + sz
d L= = ‘
M 2g | y2 22

"i"'-"""';';f“'"' _ : (1) .o

Apblying Momentum Eq. and Continuity
Eq., the conjugate depths are given by:

22205 (N(1+8Fr? 1)
e ()

. The minimum. apron length (Lapron)

required to retain the hydraulic jump on the
apron with existing tail-water can be
determined by El-Masry and El-Gamal [1].
The Empirical formula for determination
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of scour length based on Bligh is
depending on bed material Cg, upstream
water level and bed level Huax. '

Lpiigh = 1.2 C V(Hpax/3.9) ---mnnm- (3)

Where ¢ (Cpiigh) is a coefficient
depending on bed material-(for fine is 15
and for coarse sand is 12 in case of Bligh
Formula [1] ‘

(Hmax) is the difference . between -

upstream water level and dry downstream
level (m).

Lane's formula for percolation length (L, )

may be written as follows:
Lp= Cv . Hmax ) TTemeTeT . (4)

(CL)isa coefficient depending
on bed material (for fine is 7 and

Whei‘e :

for coarse sand is 5 in case of = .

Lane Formula [1]

5.1. RIPPLES AND DUNES HEIGHT
(H) AND LENGTH (A ) USING
DIMENSIONAL ANALYSIS THEORY .
It is technique to study fluid flows, to pian
experiments and present data completely.
It is also method for reducing the -numbeﬁs
" and complexity of experifnenfal variables
and then saving time and money. Using
Buckingham Pi (n) Theorem: ¢ (h, A, y,
PV, 1, 8) =0

Then n=7 whichare h, X, y, v,. p, U, and
g k =3 which are M, L, T -
Where : h = ripples and dunes height-(m),
A = ripples and dunes length (m),

'y = water depth (m), v= water velocity

(m/s), and (p, 1, and g) are constants

Number of Pi (m) =n-k=4 (m, 7, 73,

TC4)
ﬂ:ll=yal ! pcl
ML T°= 12! (LT-l)bl (M1'3) iy,
For M 0=C,
- . . Cl ={
ForT . T 0=-b;.
b1 =0
For L 0=a +b -3C
+1 ‘ sar = -1
et e O
1 ___yaZ vb2 pCZ h
T = A ¥y ----_--_;____ (6)
= v VP o M

—— C ()

Since 73 is dimensionless and T3 =p v y/
p=Re

‘. Re (m13) can be neglected since it doesn't
have significant effect in open channel
flow

— ad_bd _C4 . ) . . (8)

= gyiv since 4 is dimensionless
ST vz/gy =Fr -
A opuy v
yoyox w4
:d:»(-—,—.Fr‘!:O 73 1S
- ,_:" '\- 2
neglected '

S Ripples or dunes relative height (h/y)
= ¢ (Fr) ‘
Ripples or dunes relative length (f—:)

= o (Fr)

- This is the theory which our experiment

is based on.
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Table 1: Sample of the model test program

Flow Gate Gate Upstream Gate "Measure Gate
Test No Disc?arge . Opening Type ~ Flow Depth, Opening"
: ) (m’/s) d (cm) ’ y (cm) Downstream Gate Flow
' ' Depth y, (cm)
1 1 14.0 0.9
2 2 13.7 1.9
3 3 13.3 2.8
4 0.02 4 12.8 . 3.5
5 5 12.6 4.0
6 - 6 Sluice [ 121 4.8
MR TN e e Gate B
7 1 14.8 , 0.85
8 -2 143 - 1.80
9 0.03 3 Flume L 135~ |- 2.70
10 4 Width - 13.1- ' 3.30
11 5 =0.4m 12:8 | 3.80
A2 L8 s ] 4.80
13t0 18 0.04
1910 24 0.05.
2510 30 0.06
31't036 0.07
37t042 | 0.08
43t048 | . 0.09 :
49 to 54 0.10 Radial
55t060 |- 0.11 Gate
_6lto6 02 | | I N
R Flume : 5
67 2 . 95 1.65
68 3 _yyiam 34 2.60
69 0.13 4 e 76 . 3.20
70 5 70 L 3.60
71 6 66 - - 465
72 7 50 : 5.60
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Table 1: Sample of the model test program (continued)
Test No. Flow . Gate Gate Conjugate Flow Velocity Froude No. Froude No.
Discharge | Opening Type | . Depth Downstream Fry <<1 Fr; >>1
(') | d(em) y2 (cm) Gate VaI(g y2) Vir(g y1)
. : - Vi (m/s) :
Sl 1. 23.30 5.55 0.21 18.7
2 2 15.50 2.63 0.32 6.1
3 ) 3 12.14 . 1.79 0.41 3.4
4 0.02 4 10.26 1.43 0.49 2.4
5 5 9.50 - 1.25 : 0.53 . 2.00
6 6 Sluice -8.10 105 0.62 15
A e o sl o Gate sl g e e o e .
7 1 - : 36.24 8.82 0.21 30.5
8 2 Flume | 2432 417 031 9.90
9 0.03 3 Width 19.31 278 0.39 5.40
10 4 '=0.4m 20.53 227 0.36 474
11 -5 ‘ : 15.56 1.97 0.48 3.23
- 12 e 6 13.19 1.56 0.57 2.27
13t018 | - 0.04 : ' §
"19t024 | 0.05
251030 0.06
311036 0.07
37 to 42 0.08 .
43t0 48 0.09
49 to 54 0.10 .
551060 | 0.1 Radial
N ’6! ’t'o‘6:§\~ ‘-5~Q-07'\‘04,{~1‘go"-‘-5\,}’.’v2‘-¢- AR N ALSY I s el e e i AN SR -
67 : 2 ‘Flume 44.9 . 0.29 19.6
68 3 Width. 35.1 0.37 9.9
69 0.13 4 =1.0m 373 0.41 73
70 ' 5 -29.3 0.44 6.1
" 71 6 24.7 0.53 4.1
72 7- 21.9 0.59 3.1

5. RESULTS AND DISCUSSIONS

From the model outputs, with the aid of

. Tables (2, 3) and Figs. (8 to.16), it can.be.

discharges or long period flow,

Figs. 12, 15.

concluded that:

+ . generated more under low’ Froude -

Bed configuration changes are

number, F'igs.A 14, 16.
‘Much - of the observed bed
configuration cross-layers changes

are produced by either high

The lower flow regime shifts to the

“upper flow regime at a Froude
- - number of 0.4 for larger flume,

Fig. 16, and at Froude number _of

0.7 for smaller flume where the
depth is shallower and velocity is
higher., Fig. 14.
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_ Bed configuration changes height is

more observed at low Froude

number, Figs. 11, 12, 14 and 16.

Bed configuration changes height
and length, ratio of length to height,

'length and height to upstream

normal~  flow . depth  have
insignificant  increasing  after

specific value of Froude number

© (Fr>6), Figs. 13, 15.

For low Froude number ripble and
dunes length ‘and height have
significant - increase ‘with Froude
number (Fr, <l‘), Fig. 14.

Bed changes length, height and
ratio of length to .heAight (L/H)
increase with 4increasing Froude
number, Figs. 13 to 16

Ratio of bed changes length and
height to upstream normal - flow
depth Y anc_'l.,H/Y) increase with
increasing Froude number.

Decreasing actual water depth

‘downstream of the gate (y;) leads

to increasing the flow velocity and

_increasing Fry.

For lower flow regime (Fry<<1),

the ripple and dune height and
length at Fr;= 0.2 at discharge 0.02
m®/s are 3 and 11 cm respectively
while at discharge 0.13 m%/s are 4.6
and 25 cm respectively. At Fry=
0.4, the ripple and dune height and
length at discharge 0.02 m’/s are 5
and 24 cm réspectively while at
discharge 0.13 m’/s ‘are 6.5 and 44
cm respectively, Figs. 14, 16.

For upper flow regime (Fry>>1),
the ripple and dune height and
length at Fr,= 2 at discharge 0.02
m®/s are 5 and 25 cm respectively
while at discharge 0.13 m>/s are 9.2
and 35 cm respectively. At Fr,= 4,
the ripple and dune height and
length at discharge 0.02 m’/s are
6.5 and 28 cm respectively while at
discharge 0.13 m%s are 11 and 47
cm respectively, Figs. 13, 15.
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5.1 SAMPLE OF RESULTS ANALYSIS AT THE UPPER FLOW REGIME
Table 2: Sample of the study results at the upper flow regime (Fr, >>1)

Test Flow Gate Gate Upstream Antidunes | Antidunes
No. . | Discharge | Opening | Type | Normal Depth |- Length Height L/H | LY | HY

(m’/s) d (cm) , y (cm) L (cm) H (cm)
1 0.020 ‘1 14.0 . 35 8.0 437 |2.50 | 0.57
2 2 13.7 32 7.2 444 1233|052
3 3 133 . 28 6.1 459 1210 | 046
4 - 4 - 12.8 26 5.5 4,73 |2.03 ]10.43
5 5 12.6 - 25 5.0 5.00 1 1.98 |.0.40
6 6 I2.1 20 3.5 571 -| 1.65 | 0.29
AR R S | Sluice [t e e D R A . i
7 0.030 1 Gate 14.8 41 9.0 4.55 [ 2.77 | 0.61
3 2 14.3 38 8.1 1 4.69 |2.66 |0.57
9 -3 13.5 33 7.0 471 | 2.44 | 0.52
10 4 13.1 30 | 63 476 1229 | 0.48
11 5 12.8 28 5.6 5.00 [ 2.19 | 044
2 6 ool s as [ as - [521 200 | 038

Table 2: Sample of the study results at the upper ﬂow regime (Fr; >>1) (continued)

Test- Flow Gate Gate "Water Flow - Velocity Froude No.
No. | Discharge Opening Type : Depth Downstream Fri>>1]
(m*/s) d (cm) Downstream Gate Opening | . Vg v
: - ) Gate Opening" V, (m/s)
i (em) _
1 1 09. . . 5.55 - 18.7 .
2 2 1.9 2.63 6.1
3 3. 2.8 : 1.79 34
4 0020 4 3.5 1.43 24
5 5 4.0 1.25 2.00
6 6 4.8 1.05 .5
SR SRR Sluice [ im AR AR R G 1 RARRRA -
7 1 Gate ‘ 0.85 :82 30.5
8 , 2 1.80 4.17 - : 9.90
9 0.030 3 2.70 : 278 5.40
10 4 3.30 ' 2.27 4.74
11 5 3.80 , 1.97 - 3.23
12 ). . ST USRI N L) S 227

5.2. SAMPLE OF RESULTS ANALYSIS AT THE LOWER FLOW REGIME
Table 3: Sample of the study results at the lower flow regime (Fr, <<])

Test Flow Gate Gate "Water Flow Depth | Conjugate Velocity Conjugate
No. - | Discharge | Opening | Type Downstream Gate Depth Downstream Water

(m*/s) d(em) [ -Opening" y, (cm) “ya{cm) | Gate Opening Velocity

- ’ Vi (m/s) V5 (m/s)
1 0.020 1 0.9 23.30 5.55 0.32
2 2 . 1.9 - 15.50- - 2.63 0.39
3 3 2.8 . 12.14 1.79 0.45
4 4 3.5 ~ 10.26 1.43 0.49
5 5 4.0 9.50 1.25. 0.51
6 6 4.8 8.10 " 1.05 0.55

Snr el i aiwdEas e Sluice T s g R e

7 0.030 1 Gate 0.85 . 36.24 8.82 0.40
8 2 ’ 1.80 24.32 .. 417 0.48
9 3 2.70 : 19.31 2.78 0.54
10 4 3.30 20.53 2.27 0.51
11 5 3.80 s 15.56 1.97 0.59
12 6 4.80 13.19 | 156 0.65
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Table 3: Sample of the study results at the lower flow regime (Fr, <<I) (continued)
- Test Flow Upstream Froude no. Ripple |  Ripple
No. | Discharg Normal Fry <<1 and. and ,
e Depth y (cm) Vg ya Dunes Dunes L/H LY H/Y
ROCYOR Length | Height ‘
. L(cm). | H(cm)"
1 14.0° 021 . 10 3.0 33 0.71 0.21
2 13.7 0.32 20 4.2 4.7 1.46 0.31
3] 0.020 . 133 0.41 25 | 5.1 4.9 1.88 0.38
4 ) 0.49 32 5.5 5.8 2.50 0.44
5 36 6.0 6.0 2.81 0.48
6 | dsonssmianls 45 175 6.0 3.72 0.64
- ' 3.2 3.7 0.81 0.22
) 4.2 5.0 1.47 0.29
0.030 . 49 | 53 | 193 | 036
’ . 4.8 5.8 2.14 0.37
5.5 6.0 2.58 0.43
5.3. SAMPLE OF MONITORING

AND VISUALIZING THE FLOW
“AND BED CONFIGURATION IN
"THE FLUME

) . S F1g 10: Measuring the Ripple
Fig. 8: Monitoring and Visualizing Bed Length and Height -

the Flow and Bed Conﬁguratlon in the

Flume
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e
A D,

Q=110 (F

I =

=110 (Fr, = 0.6)
Fig. i2: Ripples'and Duﬁes at Discharge
0.110 M*/S with Different Froude
Numbers

e Sy 5.4. SAMPLE OF RESULTS
Q=0.10m’/s (Frs=1) | ANALYSIS FOR BED
Fig. 11: Ripples and Dunes at Discharge CONFIGURATION

0.10 m’/s with Different Froude Numbers

=G Anlgiunes HeghuNormm! Fow Depn HY |
Lengo / Roie Hegri LM |
i

Fig. 13: Sample of Bed Configuration.
Characteristics at the U}pper Flow Regime
‘ ~ (Fri>>1) At Q=0.02 M’/S on the Smaller
" Flume '



C.34  Mahgoub. S.E

SRS Binst gt e e
=R Crplseniduan ek v

Fig. 14: Sémple of Bed Configuration’
Characteristics at the Lower Flow Regime
(Frs<<1) At Q= 0.02 M*/S on the Smaller

Flume

. Fig. 15: Sample of Bed Configuration
Characteristics at the Upjper Flow Regime
-(Fr>>1) At Q= 0.13 M/S on the Larger

' Flume '

Ly T ———y

= = Resten D Lo

Fig. 16: Sample of Bed Configuration
Characteristics at the Lower

Flow Regime (Fr,<<1) at Q=

0.13 m*/s on the Larger Flume

7. CONCLUSIONS

From'the study results and analysis, it can
be concluded that:

® Much of the observed bed

 configuration changes are produced
by either high discharges or long
period flow. i

* At low unidirectional velocities,

- when increasing the flow rate, the
bed begins to evolve from small-

. scale symmetric ripples to dunes
and then'to plane bed.”

¢ At higher velocities, similar trends
can be observed, but ripples were
more asymmetric and moved to

_standing waves and then to anti-. .
dunes. )

¢ Standing waves and anti-dunes bed
configuration only occurs with
Froude number greater than 1.0
(the upper flow regime Fr>1).

¢ Ripples and dunes. only occur at
Froude number less than 1.0 (the
lower flow regime Fr<1).

e The lower flow regime (Fr<l),
ripples and dunes, transfers to
upper flow regime, standing waves
and anti-dunes, at a Froude number
of 0.4 at the larger flume but in the
smaller flume at Froude number of
0.7 where the depth is. shallower
and velocity is higher.
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