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VELOCITY PROFILES OF DEVELOPING AND

ABSTRACT:

Using a Laser-Doppler anemometer, mean velocities are measured in developing and fully devel-

oped turbulent subcritical smooth open channel flows. Experiments are conducted in a rectangular laboratory
channel for 12 different test conditions with Reynolds number ranging from 28,026 to 136,842. From the
experiments it is found that the boundary layer along the centerline of the channel develops up to the free
surface for a flow aspect ratio b/h = 3. Shear velocities are calculated using the measured velocity profiles in
the viscous sublayer of the boundary flow. The experiments show that shear velocity varies in an oscillatory
manner across the flow section around b/h = 3. In the turbulent inner regions of developing and fully developed
boundary flows, the measured velocity profiles agree well with the logarithmic “law of the wall’’ distribution
when the coefficients in the expression are 2.44 and 5.5, respectively. The “wake’’ effect becomes important in
the velocity profiles of the fully developed boundary layers. A reasonable agreement between the modified
velocity-defect law and the experimental profile in the inner and outer regions is obtained with a profile parameter

of 0.1 in the Coles’s “law of the wake.”’

INTRODUCTION

The two-dimensional mean velocity distribution of open
channel flow is important in the analysis of wall friction and
sediment transport phenomenon. With the employment of so-
phisticated measuring devices such as hot-film anemometry
(Bayazit 1976; Gaddini and Morganti 1982; Zippe and Graf
1983) and Laser-Doppler anemometry (Nezu and Rodi 1986;
Kirkgdz 1989; Maclean 1991; Tominaga and Nezu 1992) the
experimental investigations of the velocity profiles, particu-
larly near the solid boundaries, increasingly have produced
practically useful information for open channel problems. Es-
pecially, the employment of the Laser-Doppler anemometer
allows the velocities to be measured very close to the wall
without disturbing the flow.

At the entrance to a channel a high-velocity gradient is de-
veloped in the vicinity of channel bed, which is associated
with the frictional stresses generated between the fluid parti-
cles and the solid walls. The layer of fluid adjacent to a solid
boundary where viscous effects are evident is called the
“boundary layer’’ (Fig. 1). The boundary layer, which may be
laminar at the upstream end, steadily thickens up to a certain
point in the channel length L in which the flow is called *“‘de-
veloping flow’’; beyond this location the flow is called “fully
developed flow.”” For smooth boundaries the viscous effects
persist in a very thin film called “‘viscous sublayer’’ in which
the greater part of the velocity change occurs. In fully devel-
oped turbulent flow, with regard to the velocity controlling
parameters, the boundary layer is composed of two distinct
regions: the inner region and the outer region. The inner region
consists of two parts: the viscous sublayer and the fully tur-
bulent inner region. More details on the topic may be found
in Cebeci and Smith (1974). In Fig. 1 8 represents the bound-
ary layer thickness and 4 represents the flow depth.

Experimental investigations on velocity measurements for
fully developed open channel flow are available. However, the
experimental data for the developing zone are not satisfactory.
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In this study, mean velocities are measured using a Laser-
Doppler anemometer in the developing and the fully devel-
oped turbulent subcritical smooth open channel flows. The
“law of the wall’’ and the *‘velocity-defect’’ distributions of
the mean velocity profiles are presented. The shear velocity of
each profile is determined using the measured velocities in the
viscous sublayer.

VELOCITY DISTRIBUTION FORMULAS

In the past, various semiempirical models have been used
to represent the velocity profiles of fully developed turbulent
open channel flow. Some of the widely used expressions for
this purpose are given in the following.

In the inner region of the turbulent boundary layer on a
smooth wall, the flow velocities are controlled by the wall
shear stress Ty, the distance from the wall z and the kinematic
viscosity v of the fluid. The velocity distribution in the viscous
sublayer generally is admitted linear. In the fully turbulent
layer of the inner region, the logarithmic velocity distribution
of von Karman (1930), Prandtl (1932), known as the law of
the wall, is the universally accepted formula

LoamE B 1
Uy v

where A = 1/x, x = von Kdrméan constant; B = a constant,
u,(=V 7o/p) = shear velocity; and p = density. Although the
value of B depends on the nature of the wall surface, the value
of A does not (Schlichting 1968). Nikuradse (1932), in his
experiments, found that A = 2.5 and B = 5.5 for hydraulically
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FIG. 1. Velocity Profiles in Developing and Fully Developed
Open Channel Flow
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“smooth’’ pipe flow and Keulegan (1938) assumed that the
same values can be used for smooth open channel flow as well.
In a recent study, Kirkgdz (1989) confirmed these results.
However, different values for A and B have been obtained by
various investigators. The value of A has a range of variation
between 2.43 (Nezu and Rodi 1986) and 2.5 (Steffler et al.
1985) and B between 4.9 (Klebanoff 1954) and 7 (Townsend
1956).

Coles (1956) introduced the wake hypothesis in (1) to ex-
tend the law of the wall to the outer region of boundary layer.
He gave the expression in the form

1n——+B+—w<—) )
v X

where II = a “‘profile’’ parameter; and w(z/8) = an empirical
“‘wake’’ function or, as he called, the ““law of the wake’’ given
by 2 sin’(7z/28). Coles (1956) showed that for x = 0.4, B =
5.1, and Il = 0.55 there was reasonable agreement between
the experiments and (2).

In the outer region of boundary layer where the flow veloc-
ities mainly are controlled by turbulent shear, the velocity-
defect law is suitable for both smooth and “rough’ walls
(Prandtl 1925). That is

Uy — U

1 4
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where u,, = maximum velocity in the distribution. Some cor-
rection terms were added to (3) for a better fit with experi-
mental data; for instance, a correction value of 2.5 was added
by Clauser (1956).
The velocity-defect form of the wake hypothesis due to
Coles can be obtained from (2) as
U, — U 1

z II (P4
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Different values for the profile parameter IT have been sug-
gested such as 0.2 by Nezu and Rodi (1986) for R = 10° and
0.1 by Kirkgoz (1989). These are considerably smaller than
0.55 given by Coles.

EXPERIMENTS

Experiments were carried out at the Hydraulics Laboratory
of the Cukurova University, Adana, Turkey. The glass-walled
laboratory channel was 9.5 m long, 0.3 m wide, and 0.4 m
deep. The channel bed was covered with a glass layer, which
was thought suitable for a smooth-wall experiment. Flow rates
were measured using a KROHNE UFM600 type ultrasonic
flowmeter and flow velocities were measured by a DISA
55167 type Laser-Doppler anemometer.

Flow velocities were measured at 11 midverticals (x = 1.1,
1.7, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 6.0, and 6.5 m) along the
flow developing zone and at seven verticals (y = 0.02, 0.04,
0.06, 0.08, 0.1, 0.12, and 0.14 m) across the half-width of the

N
9
2,

%

\ N,\ﬁm
% 11 1.7%25 3 354 45 555 6 65m -
Z 0.15
ﬁ”’o " Channel bed
O@

FIG. 2. Positions of Verticals for Velocity Measurements
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TABLE 1. Details of Experimental Conditions

Test
num- Q h L
ber (L/s) (mm) blh (m) F R
(1) (2) (3) (4) (5) 6) (7)
1 32 50 6.00 35 0.30 28,026
2 32 25 12.00 1.7 0.85 32,062
3 6.0 75 4.00 45 0.31 46,842
4 6.0 60 5.00 4.0 043 50,125
5 6.0 45 6.67 3.0 0.67 53,903
6 10.0 100 3.00 5.0 0.34 70,105
7 10.0 60 5.00 4.0 0.72 83,693
8 145 200 1.50 6.5 0.23 97,728
9 14.5 80 3.75 5.0 0.68 110,627
10 19.5 150 2.00 6.5 0.36 113,947
11 19.5 120 2.50 6.0 0.50 126,847
12 195 100 3.00 55 0.66 136,842

flow section at x = 6.5 m. Fig. 2 shows the positions of the
verticals for the velocity measurements. The x = O refers to
the entrance of the channel and therefore represents the initial
position of the flow developing zone. The end of the flow
development was determined by comparing the velocity pro-
files measured along the channel. It was found that the length
of the flow developing zone varies between 1.7 and 6.5 m
depending on the flow conditions. Consequently, the section
at x = 6.5 m was assumed to represent the fully developed
flow section for all tests.

Experiments were conducted for 12 different subcritical uni-
form flow conditions. The details of the test conditions are
given in Table 1 in which Q is the discharge, b/h is the flow
aspect ratio, L is the length of the flow developing zone, F
(=V/\/g_h) is the Froude number, V is the average velocity of
flow, R (=4VR/v) is the Reynolds number, and R is the hy-
draulic radius. The tests in Table 1 are numbered in increasing
order of Reynolds number.

RESULTS AND ANALYSIS
Length of Flow Developing Zone

In Fig. 3, the dimensionless length of the flow developing
zone L/h is plotted against the ratio R/F, based on the flow
parameters given in Table 1. From the experimental data in
Fig. 3, the correlation between the dimensionless length of the
developing zone with Reynolds number and Froude number
may be approximated by the following simple expression:

L R
Pl 76 — 0.0001 = (5)

Eq. (5) is suggested for predicting the length of the flow de-
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FIG. 3. Variation of Dimensionless Length of Flow Developing
Zone with R/F
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FIG. 4. Measured Velocity Profiles for Test 3: (a) along Developing Flow at y = 0; (b) across Flow Section at x=6.5m

[=)
&

] B

0.8 ] S
c ] \s\
~ B
=06 ]
0_—’———“9—“"
04 b/R (Test Noy
] GO 15 (8
0.2 LAAAA D Q) 10
“ S 0 1
[ 6666 12,0 2
0.0 S T T A T e o o et
0.0 0.2 0.8 1.0

’ 0.6
y/0.5b
FIG. 5. Variation of 8/hacross Fully Developed Flow Section

veloping zone of open channel flow within the present ex-
perimental conditions.

Features of Velocity Profiles

Fig. 4 shows the measured velocity profiles for test 3. All
measured velocity profiles for 12 tests are given in Ardiglioglu
(1994). Fig. 4(a) gives the velocity profiles along the centerline
of the developing flow. By examining the velocity profiles in
Fig. 4(a) it may be seen that the vertical distribution of the
velocities remains almost unchanged and consequently the
flow can be assumed fully developed when x = 4.5 m, for test
3. That is, the length of the boundary layer development is L
= 4.5 m for this particular case. The measured velocity profiles
of 12 tests show that the length of the boundary layer devel-
opment varies between 50k and 70h. Fig. 4(a) shows that the
thickness of the boundary layer 8 gradually increases and at
the end of the developing zone 8 becomes equal to the flow
depth h. Fig. 4(b) shows the velocity profiles across the flow
section at x = 6.5 m. It is observed that 8 decreases steadily
toward the sidewall. The creation of the dip in the velocity
profiles across the channel is attributed to the secondary cur-
rents generated by the combined action of the bed and sidewall
boundary layers in the corner area.
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FIG. 6. Variation of {/u, across Fully Developed Flow Section

Fig. § gives the variation of boundary layer thickness across
the channel width for five tests of different aspect ratios. From
these and other tests it may be concluded that the boundary
layer thickness at the midvertical of a fully developed open
channel flow becomes equal to the water depth when b/h =
3. For b/h = 1.5 the ratio d/h takes a value of 0.51 at y = 0
and then slightly increases toward the sidewall. For b/h = 2,
d/h equals 0.63 at the centerline and following a slight de-
crease, subsequently, it increases near the sidewall. For b/h =
3, 8/h rapidly decreases first and then follows a similar trend
to the preceding two cases. The variation of 8/h for b/h = 12
in Fig. 5 indicates that as the aspect ratio increases, the middle
portion of the channel where 8 = h tends to widen.

Fig. 6 gives the variation of the ratio of vertical mean ve-
locity for unit width and the surface velocity #/u, across the
fully developed flow section. For y/0.5b =< 0,6, #/u, varies
between 0.88 and 1.00 for aspect ratios between 1.5 and 12.
For larger values of y/0.5b, i/u, gradually increases.

Determination of Shear Velocity

Because of the difficulties involved in the direct measure-
ment of the wall shear stress, the shear velocity u, is calcu-
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lated usually by indirect methods. Keulegan (1938), Kamphuis
(1974), and Blumberg et al. (1992) used the expression u, =
\/ghS or u, = \/gRS where S is the water surface slope. Some
investigators have obtained the shear velocity from an as-
sumed velocity distribution, for instance using the law of the
wall (Zippe and Graf 1983; Steffler et al. 1985; Cardoso et al.
1989) or using a power law (Sarma et al. 1983). Nezu and
Rodi (1986) determined the shear velocity using the total shear
stress T = wdu/dz — pu'w’ where p is the dynamic viscosity,
and u’, w' are the turbulent velocity fluctuations.

Kirkgoz (1989) obtained the shear velocities using the mea-
sured velocity distributions in the viscous sublayer. By assum-
ing a linear velocity distribution in the viscous sublayer the
shear velocity can be derived from the Newton’s law of vis-
cosity as

Uy = [V = ©6)

where u represents the velocity in the viscous sublayer at a
distance z from the smooth bed. In the present study the shear
velocities are determined using (6). The measured bed veloc-
ities have the linear portion of the velocity distributions within
the viscous sublayer from 0.3 to 1.0 mm in height, depending
on the experimental conditions. In the experiments it was pos-
sible to measure the flow velocity as near to the smooth bed
as 0.3 mm. Therefore, the linear velocity distribution in the
viscous sublayer became apparent in almost all measured ve-
locity profiles, such as in Fig. 7.

Table 2 gives the calculated shear velocities at some of the
measured verticals along the channel and across the fully de-
veloped flow section. The shear velocities along the centerline
of the developing zone show only small and random fluctua-
tions. Therefore, it may be concluded that in the turbulent
boundary layer of open channel flow the shear velocity re-
mains approximately constant in the direction of flow as long
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FIG. 7. Velocity Profile near Channel Bed

TABLE 2. Calculated Shear Velocities

Test Shear Velocity u, (mm/s) at Verticals: x (m) and y (m)
num-
ber |1.1,0(25 014.0,0(55,0(6.5 0(6.5, 006(6.5, 0.12
(1) (2) (3) (4) (5) (6) {7) (8)
1 9.6 9.8 9.7 9.7 9.7 9.5 9.0
2 20.2 214 21.8 21.8 21.2 20.7 19.5
3 16.2 16.5 17.0 16.9 16.7 17.0 15.6
4 19.5 19.5 20.6 20.8 213 220 204
5 224 233 23.0 235 23.5 235 20.2
6 17.6 17.3 17.0 16.5 16.5 18.3 17.3
7 29.6 29.6 298 29.0 28.5 28.0 27.0
8 17.8 19.0 18.3 17.5 16.5 16.2 15.0
9 30.8 31.5 31.0 31.0 30.8 31.7 29.6
10 22.3 23.0 22.1 22.5 20.8 21.8 21.2
11 26.0 26.4 25.7 253 25.7 27.0 26.5
12 31.2 29.9 28.8 28.5 29.8 315 29.5

1102 / JOURNAL OF HYDRAULIC ENGINEERING / DECEMBER 1997

2= . Al
At N\ \S
204
18 e gg\\i Y
Qqcéfffﬂa/, k\\,
g ~
¥ 104 - — — —
> ] N b s TRy
2

ooon

PO OYLIR

i)

0 02 0.4

"0
y/0.5b

FIG. 8. Variation of Shear Velocity across Section of Fully De-
veloped Flow of Different Aspect Ratios

as the flow conditions are not changed. On the other hand,
however, Table 2 indicates variations of shear velocity across
the flow section. Fig. 8 shows these variations across the fully
developed flow of various aspect ratios. For aspect ratios 1.5,
6, and 12 these variations are almost similar with a steady
decrease toward the sidewall. For aspect ratios 2 and 3 u,, first
increases and then decreases. This oscillatory behavior of u,
has a maximum for b/h = 3. Similar variations of bed-shear
stress across the flow section were reported by Knight and
Patel (1985). It was explained by the positioning of the sec-
ondary current cells created by the cormer boundaries in
straight channels. Nezu et al. (1993) also stated that the bed-
shear stress is influenced by the secondary flow in open chan-
nels.

Law of the Wall Distribution

Figs. 9-12 show the law of the wall distributions of the
measured velocities at x = 1.1, 2.5, 4.0, and 5.5 m for y = 0.
They represent the velocity profiles in the flow developing
zone. However, as mentioned earlier, the length of the flow
developing zone varies approximately between 1.7 and 6.5 m
depending on the test conditions. Therefore Figs. 10—12 also
include data of fully developed flow for some tests (see Table
1). Figs. 13, 15, and 17 give the law of the wall distributions
of fully developed flow at y = 0, 0.06, and 0.12 m for x = 6.5
m based on the shear velocities in Table 2.

In all of the law of the wall distributions, the experimental
data fit a linear relationship in the viscous sublayer of devel-
oping and fully developed flow. When u,z/v < 10 the velocity
distribution can be given by

1=M )

Ux v

the law of the wall equation [see (1)] with x = 0.41 and B =
5.5 takes the following form:

L ooosamEsss 8
Use v

plotted in Figs. 9—13, 15, and 17. The agreement between (8)
and the experimental data is quite satisfactory in the turbulent
inner region. The average lower limit of the range of agree-
ment changes from about uxz/v = 20 to 40 along the measured
flow length, i.e., the transition between the viscous sublayer
and the turbulent inner region increases as the flow develops.
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The velocity profiles in Fig. 9 are all measured in the flow
developing zone and no wake effect can be detected. In the
following figures, that is toward the fully developed flow sec-
tion of all tests at x = 6.5 m, the wake effect becomes more
and more apparent. The upper applicability limit of (8) de-
pends on the flow conditions. The wake effect starts at about
uxz/v = 200 for all measured verticals. Figs. 13, 15, and 17
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show that the law of the wall distributions have almost the
same pattern across the fully developed flow section.

Velocity-Defect Distribution

The velocity-defect distributions of the mean velocities for
three verticals of the fully developed flow at x = 6.5 m are
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given in Figs. 14, 16, and 18. The velocity-defect formulas
[see (3) and (4)] are drawn with x = 0.41 and I = 0.1, i.e.

U, — u

=—2441In= ©)
Use &

and
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Uy = U

z 174
=-244In- + 04 2=
u* n 5 0.488 cos <28) (10)

Eq. (4), with Coles’s parameters x = 0.4 and Il = 0.55 also
are included in Figs. 14, 16, and 18. It may be concluded that
the overall experimental data for the vertical mean velocity
distribution of fully developed flow agree reasonably well with
the velocity-defect formula, [see (10)] modified by Coles.
However, (4), with Coles’s original parameters x = 0.4 and I1
= 0.55, seems to depart from the experimental data.

CONCLUSIONS

From the experimental study of velocity profiles of devel-
oping and fully developed smooth open channel flow the fol-
lowing conclusions may be drawn:

1. There is a linear relationship between the dimensionless
length L/h of the turbulent flow developing zone of open
channel flow and the ratio R/F.

2. At the axis of a fully developed turbulent flow section
the boundary layer extends to the water surface if the
channel aspect ratio b/h = 3.

3. For the present experimental conditions, the ratio of the
average velocity and the surface velocity varies between
0.88 and 1.00 at the verticals within the 60% middle
portion of the channel width.

4. For narrow and wide channel sections the shear velocity
gradually decreases toward the sidewall. However, close
to b/h = 3, the shear velocity varies in an oscillatory
manner between the centerline and sidewall of the chan-
nel. Shear velocities along the flow developing zone
seem to remain almost unchanged.

5. In the turbulent part of the inner region of developing
and fully developed boundary layers on a smooth bed,
the experimental velocity profiles agree reasonably well
with the logarithmic law of the wall distribution, for co-
efficients A = 2.44 and B = 5.5.

6. According to the results of the present study the wake
effect on the boundary layer velocity profiles is weak in
the developing boundary flow. In the fully developed
boundary flow the velocity-defect equation modified by
Coles follows the measured velocity profiles better in the
inner and outer regions if the profile parameter is taken
as 0.1.
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APPENDIX 1l. NOTATION

The following symbols are used in this paper:

width of channel;

Froude number;

gravitational acceleration;

depth of flow;

length of flow developing zone;
rate of flow;

hydraulic radius;

Reynolds number;

mean flow velocity;

averge velocity for unit width;
maximum mean velocity in the distribution;
surface velocity;

shear velocity;

average flow velocity;

distance from the channel entrance;
transverse horizontal distance from the centerline of chan-
nel bed;

vertical distance from channel bed;
thickness of boundary layer;

von Kdrmén constant;

kinematic viscosity;

profile parameter;

density; and

bed-shear stress.
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