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Abstract

The classical log law for velocity profile is applied to engineering
practice. Field observations indicate that the composition of the bed ma-
terials obviously influences the shape of vertical velocity distribution. To
clearly understand the roughness effect, six types of materials were laid
separately at various depths for the investigation of the effects of rough-
ness elements on the vertical velocity distribution. A down-looking 3D
acoustic Doppler velocimeter was used to measure the velocity profiles.
The experimental results showed that the curve characteristics of velocity
profiles are strongly dependent on the roughness scale and related flow
parameters. If d/R, Fr, and Re are larger than 0.15, 0.47, and 60 000, re-
spectively, the velocity distribution may resemble an S-shape profile. The
inflexion position Z«/H for a given S-shape profile was empirically de-
duced as Z«/H=-0.4481d/R + 0.3225. Otherwise, the velocity profile
agrees well with the logarithmic law. The findings of this study are use-
ful in engineering practice (i.e., depth-averaged velocity and flow rate es-
timate).
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1. INTRODUCTION

Most flow structure studies in open channel focus mainly on the velocity
profile since it has been often used to examine the local effects due to
roughness elements on the flow field and flow resistances (Nowell and
Church 1979, Raupach 1981, Dong and Ding 1990, Dong ef al. 1992, Robert
et al. 1992, Wohl and Ikeda 1998, Tachie et al. 2000, Ferro 2003a,b). The
classical logarithmic velocity profile is employed as the boundary condition
linking the boundary node and the first calculated internal node, so that the
large computational time consumption can be reduced in modeling the
boundary layer (Lin and Li 2002, Knopp et al. 2006). The velocity profile
indicates the mass transport distribution and the momentum transfer.

Back to the last century, Kuelegan (1938) proposed the velocity profile
fitting the log-law along the entire depth. With the advanced experimental
investigation and theoretical analysis, the velocity distribution often varied
with the bed roughness scales. In the 1980s, the previous studies (Zippe and
Graf 1983, Nezu and Rodi 1986) showed that the log law could only be es-
tablished in the region of near-wall, and the logarithmic formula should be
extended with a wake function for the whole depth (Coles 1956, Kirkgoz
1989, Kirkgoz and Ardiglioglu 1997, Liu et al. 2005). Cardoso et al. (1989),
however, pointed out that wake function might be affected by secondary
flows, upstream flows, and so forth. Wang et al. (1998), comparing the de-
veloping flows within the boundary layer, thought that the wake function
was essentially an empirical processing of measured data, and thus no uni-
versal wake function exists to cover all situations. Papanicolaou et al. (2012)
successfully introduced the velocity defect law to describe the velocity dis-
tribution around the boulder within the array. Many research studies also
document the characteristics of velocity profile regarding the effects of dif-
ferent roughness scales. Bathurst et al. (1981) defined roughness as small a
scale as h/dsy> 7.5 or hidsy > 4.0, (dso, the particles for which 50% are fin-
er; dg4, the particles for which 84% are finer); however, Bray (1988) believed
that the quantity of the relative depth for small scale roughness is A/ds, > 20.
Dong and Ding (1990) and Dong ef al. (1992) studied the influence of
boundary roughness on flow characteristics by changing the value of 4/k,. He
suggested that the velocity profile is able to be fitted just by the logarithmic
formula if A/k, <2.0 (k, is 10 mm, the maximum diameter of bed materials),
while the wake function should be introduced if #4/k;>5.0. He and Wang
(2004) also pointed out that the velocity profile on rough beds cannot be de-
scribed with a single logarithmic formula. Jiménez (2004) believed that for
the logarithmic layer to occur the relative depth (flow depth to the roughness
height ratio) should exceed at least 40. On the basis of the flume experiments
using pingpong balls instead of sand grains, Yang and Yang (2005) showed
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that the velocity profile only complies with the log law when A/k;> 1.9 (k, is
4.0 cm, the diameter of pingpong ball).

The log law for fitting the boundary flow velocity distribution is classical
due to its simple description, the explanation of mechanism, and universality
for the boundary conditions. The velocity profile, however, does not fre-
quently satisfy the log law in realistic rivers, in particular steep mountain
rivers with high flow condition and large-scale roughness (i.e., gravel and
cobble) (Biron et al. 1998, Wohl and Thompson 2000). Katul et al. (2002)
believed that when the ratio of the water depth and roughness scale is small
(< 10), the boundary layer theory becomes invalid to estimate the flow dis-
charge and flow resistance. Byrd et al. (2000) presented that only a small
proportion (10%) among all field measured velocity distributions could be
described by the logarithmic profile, while the majority was attributed to
other profiles, including S-shape profile, irregular profile, and linear profile.
Schmeeckle and Nelson (2003) reported that the wake effect induced by
roughness elements plays significant role in formation of S-shape velocity
profile. Studies by Shvidchenko and Pender (2001) show that the drag force
induced by the large-scale roughness elements significantly negatively con-
tributes to the velocity distribution within the lower layer of the water depth.
Byrd et al. (2000), employing the scaling analysis of the momentum and ki-
netic energy equations, showed that terms usually neglected in cases with
small-scale roughness became significant in very rough mountain rivers.
This change was the rooted reason for occurrence of the non-logarithmic ve-
locity profiles such as S-shape profiles. Similar S-shape velocity profiles can
be extensively identified regarding the flow through canopies, including ter-
rain canopies and aquatic canopies (Raupach er al. 1996, Nepf and
Ghisalberti 2008) and atmospheric flow over urban roughness (Kastner-
Klein and Rotach 2004, Coceal ef al. 2006). The S-shape velocity profile al-
so frequently coincides with the bed-forms such as large-scale dunes due to
bed-load transport. The above-mentioned studies all indicate that the veloci-
ty profile is highly correlated to the roughness scale. The logarithmic profile
corresponds with small-scale roughness, while the S-shape profile with
large-scale roughness (Franca 2005).

In order to explore the cause of occurrence of the irregular velocity pro-
file (i.e., S-shape profile), the turbulence structure near the bed with large-
scale roughness (i.e., gravels and cobbles) were examined recently. Roy et
al. (2004) with the field investigation results showed that the large-scale tur-
bulent flow structures over the gravel bed developed within the entire water
depth, which led to the disappearance of the boundary layer. Hardy et al.
(2009) demonstrated that the turbulent coherent structure was triggered by
the flow wake flapping around the roughness (gravels), and more well-
organized with the increase in the Reynolds number. Further, other more re-



1688 XK. WANG et al.

lated studies can be found to understand the flow turbulent behavior near the
rough bed (Buffin-Bélanger and Roy 2005, Legleiter ef al. 2007, Singh et al.
2010). Because of the complicated flow structure characteristics induced by
the rough boundary, researchers (Nikora et al. 2007, Aberle et al. 2008,
Stoesser and Nikora 2008) have recently employed the time-averaging con-
cept to spatially average the Reynolds averaged Navier—Stokes equations,
obtaining a new term referred to as form-induced stress analogous to Reyn-
olds stress. With the simplification, it is found that the form-induced stress
and associated turbulent kinetic energy might be the source to result in the ir-
regular velocity profile (Cooper and Tait 2008, Mignot ef al. 2008, 2009).

The categories of velocity profiles are conventionally divided into log-
law and log-wake-law types within the open channel. Based on the experi-
mental studies (Marchand et al. 1984, Bathurst 1988, Ferro and Baiamonte
1994), the velocity profile, however, may be described as an S-shaped type
with near-surface velocities significantly greater than near-bed velocities
over large scale roughness with the depth/sediment ratio (%4/ds4) ranging from
1.0 to 4.0. At the same time, two conditions for the development of an
S-shaped profile were given by Bathurst (1988). These were (i) channel
slopes above 1.0%, the depth sediment ratio A/dg, from 1.0 to 4.0, and (ii)
particular bed materials with non-uniform condition to allow the develop-
ment of the lower zone flow. Ferro (2003a) developed a mathematical equa-
tion with four parameters to reproduce the measured S-shaped velocity
profile in a laboratory flume. Ferguson (2007) agreed that the log law be-
comes invalid as the ratio of the water depth and the roughness layer thick-
ness decrease below 4.0, while the S-shape profile is applicable.

Bathurst (1985) pointed out the depth/sediment ratio (4/ds4) has to vary
from 1.0 to 4.0 to form an S-shaped velocity profile, and the upper limit of
h/dg, defines the point at which the projection of bed material into the flow
becomes relatively insignificant. Ferro (2003a) agreed on Bathurst’s state-
ment, while further modified the depth sediment ratio /4/dss ranging from
1.17 to 12.12 according to experimental data. Afzalimehr et al. (2011) also
achieved a similar result of S-shape velocity profile within the cobble-bed
rivers but not for all cases. The range of the relative submergence is suggest-
ed as 2.0 <h/dgy <4. In this present study, a filed surveys firstly verified
that the different roughness element affected changes of vertical velocity
profile in mountain river with wide size distribution sediment, and then, the
effects of relative roughness ratio 4.9 < h/k,<+ow and 1.0<B/h <4.0 on
velocity profiles are further explored in the flume experiment. Also dis-
cussed are the two other questions: (i) whether or not there exists an
S-shaped profile on a artificial bed with a flat slope arrangement, and (ii)
how to determine the logarithmic or S-shape curves according the flow and
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boundary conditions; in other words, how to achieve the inflexion position
for the given S-shape curve.

2. METHODOLOGY
2.1 Experimental setup

Most field surveys show that there is a non-uniform sediment on the bed ma-
terials in mountain river, the patterns of sediment sorting in this wide size
distribution sediment commonly result from the segregation of particles with
the interaction between flow and sediment, and then the uniform sediment
region often occurs in some local small unit area. In order to choose the di-
ameter of experimental sediment in the flume, we investigated the character-
istics of bed materials at the intersection between the Baisha River and
Mingjian River at Dujiangyan irrigation system in Chengdu, China. Physi-
cally, the typical vertical velocity distribution and the flow rate were meas-
ured using the FlowTracker Handheld acoustic Doppler velocimeter (ADV)
manufactured by SonTek/YSI. Figure 1 presents the monitoring photos and
the related sediment characteristics on the river bed. Figure 1a indicates that
different uniform sediment groups were distributed on the river bed. Fig-
ure 2a shows the vertical water depth distribution at Baisha River. The mean
flow velocity was estimated at the 0.6 local water depth (see Fig. 2b). The
flow rate was calculated by the single-point method in hydrological analysis,
as a consequence of 0.512 m*/s of the flow discharge with respect to Baisha
River. The detailed vertical velocity profile in Fig. 2c has been monitored at
four typical positions (i.e., a distance of 1.4, 1.8, 2.8, and 3.8 m, respec-
tively), showing that in the shape of velocity profile there obviously exist
some differences; this result may affect the precision of flow rate calculation
assuming the logarithmic law of velocity profile. The velocity data at regions
from the river bed to the 0.2 dimensionless water depth, however, cannot be
obtained because of the limitation of the FlowTracker Handheld ADV sys-
tem monitoring blindness zone. The flume experiment would be designed
and completed to systematically explore the influence of bed roughness on
the velocity distribution.

The experiments were carried out in a flume with size of 0.60 m (width)
x 0.60 m (depth) x 13.5 m (length) and a flat slope, located in the State Key
Laboratory of Hydraulics and Mountain River at Sichuan University (Chi-
na). The test zone shown in Fig. 3 is 4.0 m long, where two typical cross-
sections with intervals of 20 cm among sections were selected in the middle
reach within the flume. The velocity profile was uniformly measured along
five verticals distributed at each cross-section, i.e., line 1#, line 2#, line 3#,
line 4#, and line 5#, at positions of 0.10, 0.20, 0.30, 0.40, and 0.50 m, re-
spectively. The measurement interval distance is 0.5 cm within regions of
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== - Mingjian River
- d:3.0~5.0cm

(b)

Fig. 1. Field observation photos showing the diameters of bed materials and flow ve-
locity: (a) the diameter characteristics of bed materials at Baisha River in river con-
fluence, and (b) observational section of vertical velocity profile and flow rate at
Baisha River.

2.0 cm above the bottom, and 1.0 cm within outer regions in order to obtain
detailed velocity field in each vertical monitoring line. Based on findings of
previous studies which investigated velocity profiles, the uniform sands were
used in this study to dispose of the effects of k; on the conditions of rough-
ness scales because of the uncertainty of roughness height k; for the different
selection criteria, i.e., ks = dgs, d7s, dsq or doy (Einstein and El-Samni 1949,
Lane and Carlson 1953, Bathurst ef al. 1981, Meyer-Peter and Miiller 1948).
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Fig. 2. The flow characteristics at flow rate monitoring section in Baisha River:
(a) the vertical water depth distribution at flow rate monitoring section, (b) the verti-
cal velocity distribution at 0.6 h position in flow rate monitoring section, and (c) the
vertical velocity profile at typical locations in flow rate monitoring section.

Beds with five types of sediment roughness and a smooth bed were set up,
the diameter of the uniform sands ranging from 2.0 to 40 mm, as shown in
Figs. 4 and 5.
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Fig. 4. Schemes of bed types in experiments.
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Fig. 5. Photos of bed types used in experiments.
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Table 1
Parameters of experimental runs
Bed | pun | S| 2 gyl RA Oy LVl ar | B | Y] Re vle\fggﬁy
shape tion |[cm] [m] |[1s7] [ms™] [cms ] shape
| 1# [502(1.2|0.19|83.3| +o [0.28|0.00 | 0.12 | 1.30 [41915| Log
Type 2# 150.11.2]0.19 |83.3| 400 |0.28]0.00 | 0.12 | 1.28 | 41967 | Log
I ) 2# 129.312.0[0.15(84.2| 40 |0.48]0.00 | 0.28 | 2.11 [57300| Log
6# |129.312.0]0.15({84.2| 400 |0.48|0.00 | 0.28 | 2.20 |57300| Log
Type 3 1# [420(1.40.18|74.9| 210 {0.30|0.01 [ 0.15| 1.60 [41981 | Log
II 2# | 42.0(1.4|0.18|74.9| 210 [0.30 [ 0.01 | 0.15 | 1.48 |41981 | Log
4 1# [37.0]1.6|0.17 |84.9| 74.0 {0.38 | 0.03 | 0.20 | 2.30 51137 | Log
Type 2# 137.0|1.6[0.17 |84.9| 74.0 | 0.38 | 0.03 | 0.20 | 2.11 |51137| Log
111 s 2# 124512.4(0.13|78.1|49.0 |0.53]0.04 | 0.34 | 2.95 |57830| Log
4# |24.712.410.14 |78.1| 49.4 | 0.53]0.04 | 0.34 | 2.65 |57619| Log
6 1# [30.7(2.0(0.15|71.7| 30.7 {0.39] 0.07 | 0.22 | 3.09 |47668 | Log
2# 130.712.0]0.15(71.7| 30.7 | 0.39] 0.07 | 0.22 | 2.88 | 47668 | Log
7 2# 1 17.413.4(0.11 [71.7] 17.4 | 0.69 | 0.09 | 0.53 | 3.51 | 61044 S
Type 4# |18.113.3(0.11 |71.7| 18.1 | 0.66 | 0.09 | 0.50 | 3.42 | 60155 S
v g 2# 116.713.6(0.11 [77.6| 16.7 | 0.77 ] 0.09 | 0.61 | 4.04 | 67057 S
3# [17.1(3.5]0.1177.6| 17.1 |0.76 | 0.09 | 0.58 | 4.26 | 66487 S
9 2# 118.013.3(0.1176.9| 18.0 [0.71]0.09 | 0.54 | 4.71 | 64652 S
4# |18.013.3[0.11[76.9| 18.0 [ 0.71] 0.09 | 0.54 | 4.72 | 64652 S
10 2# 131.0|1.9(0.15(61.2] 155 ]0.33]0.13 | 0.19 | 2.79 {40487 | Log
4# |31.0|1.9]0.15(61.2| 15.5]0.33]0.13 | 0.19| 2.96 | 40487 | Log
1 2# 128.612.1[0.15(72.3| 143 [0.42]0.14 | 0.25| 4.12 {49790 | Log
Type 6# (29.0(2.1|0.15]|72.3|14.5(0.42|0.14|0.25 | 4.12 |49452| Log
v 12 2# | 18413.3(0.11(76.8] 9.2 [0.70]0.18 | 0.52 | 5.51 | 64035 S
4# 119.5]13.1]0.12|76.8| 9.8 |0.66|0.17 | 0.47 | 5.40 | 62612 S
13 2# 117.913.4(0.11|77.2] 9.0 [0.72]0.18 | 0.54 | 6.41 | 65040 S
3# [17.2(3.5]0.11|77.2| 8.6 [0.75]0.18 | 0.58 | 6.20 | 66005 S
14 1# [22.8(2.6(0.13(98.3| 5.7 {0.72]0.31 | 0.48 | 9.24 | 75131 S
Type 2# 122.112.7[10.1398.3| 5.5 [0.74]0.31 | 0.50 | 9.14 | 76140 S
VI 15 1# 1202(3.0(0.12 101 | 5.1 [0.83]0.33|0.59| 9.75 81193 S
2# 119.713.0[0.12 | 101 | 4.9 |0.85]0.34 | 0.61 | 9.66 | 82009 S

Explanations: Type I — smooth bed; Type II — uniform sand with 2 mm diameter;
Type III — uniform sand with 5 mm diameter; Type IV — uniform sand with 10 mm
diameter; Type V — uniform sand with 20 mm diameter; and Type VI — uniform
sand with 40 mm diameter.

In this experiment, the flow velocities were measured by a down-looking
3D acoustic Doppler velocimeter (ADV) probe with the standard 16-MHz,
which is manufactured by SonTek Inc. The research was done under the fol-
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lowing conditions: (i) the sampling volume by ADV was small (ie.,
0.125 cm’), (ii) the sampling location was situated 5.0 cm below the sensor
head, and (iii) the instrument sensed the distance between the bottom of the
measuring volume and the bed surface with a high degree of accuracy
(£1 mm). The above enables precise determination of the position of each
velocity measurement (Bergeron and Abrahams 1992), and acquisition of a
high-resolution record of the vertical velocity variation with minimal profile
disturbance due to the presence of the probe.

2.2 Analysis of velocity profiles

The flow velocity measurements were carried out under different discharges,
and related hydraulic variations were calculated as shown in Table 1, i.e.,
values of the width/depth ratio B/h and of depth/roughness height ratio A/k;,
(ky is the median diameter of uniform sands), hydraulic radius R, relative
roughness d/R, average velocity V= Q/(Bh), the Froude number Fr=
O/(g"*B h*"?), Reynolds number (Re = VR/v; v is water kinematic viscosity
with magnitude of 0.01239 cm?/s with water temperature 12° in this experi-
ment).

2.3 Vertical velocity profiles

Figure 6 shows that the longitudinal velocities at the same cross-section for
an individual run nearly collapse onto the logarithmic profile despite differ-
ent transverse distances against the wall. This indicates the limited side
boundary effect on the velocity distribution so that the measurements are re-
liable. Figure 7 shows that an alternative S-shape velocity profile occurs for
different bed roughness and flow conditions. Traveling along this profile, the
velocity at lower layers is significantly resisted, with an inflexion point at the
upper layer. This phenomenon is consistent with the descriptions based on
previous studies (Marchand ef al. 1984, Liu et al. 2005, Afzalimehr et al.
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Fig. 6. Logarithmic curves of vertical velocity profiles.
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2011). However, the previous studies, besides the scale of roughness, did not adopt
the flow condition characterized by the Froude number, Fr, as a factor to determine
the pattern of velocity profiles. The influence of the Froude number, Fr, on the ve-
locity profile will be analyzed and discussed in the subsequent part of the article.

2.4 Shear velocity estimation

The analysis of velocity profiles frequently employs the shear velocity to
represent the dimension of velocity to obtain the formula of velocity descrip-
tion. However, the shear velocity is a somewhat artificially created variable,
able to be calculated from the bed shear stress. Rowinski ef al. (2005) dis-
cussed 10 methods including the gravity method, logarithmic profile method,
near-bed Reynolds-stress method, turbulent kinetic energy method, Prandtl-
based method, efc. Those authors pointed out the variability of different
methods which can be applied to estimate bed shear stress. With the meas-
urement of high-frequency velocity fluctuations, the measured turbulence
may be used in the determination of the shear velocity. For example, Laser
Doppler Anemometers (LDA) or ADV provides information on the instanta-
neous 3D velocities within a small sampling volume that makes it possible to
obtain various turbulence parameters (e.g., Nikora and Goring 1998). Con-
ventionally, the most frequently used method to calculate the shear frictional
velocity is fitting the log-law velocity profile. However, the velocity profile
does not satisfy the log law any longer when large-scale roughness exists at
the bottom, as mentioned above. Comparably, the kinetic energy method is
very straightforward to calculate the shear velocity once the distribution of
the turbulent kinetic energy is obtained by measurements. Wang et al. (2007)
stated that the 3-D turbulence kinetic energy method (i.e., Kim et al. 2000,
Biron et al. 2004) is the correct method to determine the shear velocity on a
rough river bed. This method, therefore, is also used in this study. The

method is based on the formula 7,=pU; =0.5Cp(@"*+V"*+ W), where C
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is assumed to be equal to 0.19. This method has been proved to be applicable
in gravel beds (Schindler and Robert 2005).The shear velocities for each run
are listed in Table 1.

Figure 8 presents mean velocity profiles with normalization of the shear
velocity at the selected cross-section for each run, in which the mean veloci-
ty has been calculated by averaging velocities with respect to five vertical
lines and normalized with the shear velocity, as shown in Table 1. It is to be
noted from Fig. 8 that the velocity increases and fits log law through the in-
creasing water depth in Runs 1-6 and 10-11. Further, there occurred an in-
flexion located within the range of 0.15~0.30 Z/H (H is the averaged depth)
away from the bed for the Runs 7-9 and 12-15. As a result, the mean velocity
collapses into an S-shape curve. Comparing Run 6 with Run 7, the mean ve-
locity profiles are respectively characterized by logarithmic and S-shape
curves with the same discharge of 71.7 1s™ and bed materials with uniform
sands of 10 mm diameter and but different flow depths. Generally speaking,
the flow structures are strongly dependant on flow conditions (i.e., Froude
number, Fr; Reynolds number, Re) and boundary conditions (i.e., hydraulic
radius, relative roughness d/R, the value of width/depth ratio B/h).

To further reveal the relationships among the bottom roughness, d/R,
flow conditions, Fr, and Reynolds number, Re, on the patterns of velocity
profile, the relationship between the profile pattern and the influential factors
is plotted in Fig. 9. The roughness scale d/R is set as the x-axis and the
Froude number, Fr, and Reynolds number, Re, as the y-axis. As shown in the
diagram, the S-shape velocity profile coincides with the relatively large-
scale roughness, which has the roughness height of 10 mm above. With re-
spect to these situations, the Froude number has larger value; when
Fr > 0.47, the S-shape velocity profile could be formed in this study. In addi-
tion, the character of flow turbulence (Reynolds number) indicates that when
Re > 60000, the S-shape curve occurs in these runs.

As discussed above, the logarithmic velocity profile is not satisfactory
for description of the velocity over the very rough bed with the high Froude
number and Reynolds number. The S-shape velocity profile may be an alter-
native distribution. Generally speaking, the wall function method that em-
ploys the log law or power law for velocity connection between the
boundary node and the first internal node is very powerful to in the numeri-
cal simulation of turbulent flows. However, within the situation that the S-
shape velocity may occur, it is more appropriate to use an S-shape velocity
profile to set the wall function. The hyperbolic tangent function as proposed
by Katul ef al. (2002) can be used to describe the S-shape velocity profile
which inherently has an inflexion point on the profile. It is clearly noted that
the inflexion position varies with the roughness scale and flow condition.
Determination of the inflexion position regarding different boundary and flow
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Fig. 8. Mean velocity profiles at selected cross-sections in each run.
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Fig. 9. The relationship between the patterns of velocity profile and related influen-

tial factors.

flow configurations is very important in engineering practice. Based on the
present experiment, the inflexion position of the S-shape velocity profiles

may be obtained. The linear regression equation

Z«/H=-0.4481d/R +

0.3225 with high correlation coefficient /> =0.8206 can be easily obtained,
as shown in Fig. 10. This equation indicates that the inflexion position de-
creases as the roughness scale increases.
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3. CONCLUSIONS

The main aim of this study, based on previous studies, is to discuss the influ-
ence of the flow and boundary conditions (i.e., 1.0<B/h<4.0 and
4.9 < h/ky < +oo) on the pattern of the velocity profile, namely logarithmic
and S-shaped curves. Firstly, the field observations of sediment characteris-
tics and vertical velocity profile in a mountain river with bed of different
roughness have been carried out, and then the bed materials of uniform sands
in flume experiment were used to observe the effects of roughness height £
on the roughness scale, and to examine conditions of bed materials and bed
slope in the development of such S-shaped velocity profiles as proposed by
Bathurst (1988). The experimental results present the S-shaped velocity dis-
tribution that may occur when the uniform sands and flat slope are given.
Secondly, the conditions of flow and boundary for different velocity profile
types were also obtained. Based on the results of the present study it is
shown that the patterns of the velocity profile are dependent on both the bot-
tom roughness scale and the flow conditions, as compared with previous
studies in which the former parameter was regarded as the only influential
factor. The velocity profile may resemble an S-shape curve when the rough-
ness height/hydraulic radius ratio d/R > 0.15, Froude number Fr > 0.47,
and Re>60000. Considering that the S-shape velocity profile occurs in-
stead of the classical logarithmic profile for cases with large bottom rough-
ness scale and fast velocity flows (relatively high Fr and Re), it is very
important to localize the inflexion position on the S-shape profile for practi-
cal applications, such as the boundary specification in the numerical model-
ing. It is identified that the inflexion position Z+«/H for a given S-shape curve



1700 XK. WANG et al.

could be empirically deduced as Z«/H=-0.4481d/R + 0.3225 with high
correlation coefficient #*=0.8206. The velocity profile, otherwise, agrees
with the logarithmic law. Finally, the regression formula of velocity profiles
is not further explored because it has been satisfactorily examined in most
previous studies on logarithmic velocity distributions (Keulegan 1938, Coles
1956, Marchand et al. 1984, Bathurst 1988, Kirkgoz 1989, Dong and Ding
1990, Dong et al. 1992, Ferro and Baiamonte 1994, Kirkg6z and Ardiglioglu
1997, Ferro 2003a, Liu ef al. 2005, Yang and Yang 2005).
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Nomenclature
ADV - acoustic Doppler velocimeter
B — the main flume width
C — the empirical coefficient
d — the sediment diameter
dso — the particles for which 50% are finer
dgs — the particles for which 65% are finer
dys — the particles for which 75% are finer
dga — the particles for which 84% are finer
doo — the particles for which 90% are finer
Fr — Froude number

g — the gravity acceleration
h — the water depth

H — the average water depth

i# — the measurement vertical number

ks — the bed roughness

LDA - laser Doppler anemometers

M; — the i-th measurement cross-section in the flume experiment
(0] — the discharge [m’/s]

R — the hydraulic radius

Re — Reynolds number

u* — the bottom shear velocity

u', v, w'— the fluctuating velocity in x-, y-, and z-directions

v — the mean velocity

VA — the measuring position of vertical velocity above smooth bed
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zZ* — the inflexion position of velocity profile above smooth bed
p — the water density
7 — the bottom shear friction
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