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SYNOPSIS

Mean-flow properties and turbulence characteristics of steady non-uniform, both accelerating
and decelerating, flows were experimentally studied in an open channel with a rough bed. A
recently developed Acoustic Doppler Velocity Profiler (ADVP) was used to obtain instantaneously
the flow profiles. From these measurements, the mean velocities, the turbulence-intensities as well
as the Reynolds-stress profiles were obtained.

The flows investigated in the present study are all in equilibrium. The experimental results
show that: i) The pressure-gradient parameter 3 parameterizes non-uniform flow; i) The velocity
distribution is given by the log-law with B, = 8.28 + 0.47 in the inner region and by the Coles'
law in the entire region, where the wake-strength parameter, I, depends on the B-value; iii) The
distributions of the turbulence intensities and of the Reynolds stress decrease in accelerating and
increase in decelerating flow, when compared with the ones for uniform flow. Using the equations
of St. Venant and the Reynolds equations, theoretical expressions for the friction velocity, vertical
velocity and the Reynolds-stress distribution could be obtained, which compare favorably with the
measured data.

INTRODUCTION

Non-uniform flows are often encountered in river hydraulics. Knowledge of the flow structure
is of importance for sediment and pollution transport as well as for determination of the flow's
resistance.

Over the past decades, the mean-flow properties and its turbulent structure of uniform open-
channel flow have been extensively investigated (5). However only a few researchers studied the
effect of non-uniformity on the velocity distribution and the turbulence characteristics.



Cardoso, Graf and Gust (2), using a hot-wire anemormeter, studied gradually accelerating flow
in a smooth channel. While very close to the bed the log-law remains valid, in the outer region
Coles' law of the wake is existent. A correlation of Coles' wake parameter, I1, with a
dimensionless pressure gradient, B, was proposed. The acceleration of the mean flow was
accompanied by a progressive reduction (compared with uniform flow) of the turbulence
intensities over the entire flow depth. However it must be noted that the flows investigated were
not always in equilibrium.

Kironoto and Graf (8) investigated accelerating and decelerating flows in a rough channel. A
hot-film anemometer was used to measure the velocity and turbulence profiles. The log-law
explains the inner-region data and the Coles' law of the wake the outer data. Coles' wake
parameter, I1, depends on the pressure-gradient parameter, f, which characterize the flow's non
uniformity; an indicative relation was proposed. The turbulence intensities as well as the Reynolds
stress decrease in accelerating and increase in decelerating flow when compared with the ones in
uniform flow. However it must be noted, that while the flow was well in equilibrium, the
experiments were limited to flow with small aspect ratios, B/D<2.9; implying 3-D flows.

Tsujimoto, Saito and Nitta (18) studied non-uniform flow over a short incline positioned in an
open channel; all flows are not in equilibrium. Nevertheless the observed tendencies are
comparable to the ones of Kironoto and Graf (8).

The present research is thus a further contribution to our understanding of the flow structure in
rough non-uniform flow, using notably a recently developed instrument to measure velocities and
velocity fluctuations as well as their distributions.

This research consists of two parts. Firstly, a series of experiments will be carried out to study
the effect of non-uniformity on the flow properties. Then, the method for calculating the friction
velocity, the vertical velocity distribution and the Reynolds stress distribution in non-uniform flow
will be deduced on the basis of the St. Venant equations and the equations of Reynolds. Finally,
the measured data will be compared with the theoretical formulas.

EXPERIMENTAL SET-UP AND MEASURING EQUIPMENT
Flume

A recirculating flume being 16.8 m long, 60 cm wide and 80 cm high was used, which can be
tilted to slopes of -1 < S[%] < 9. The flume has glass walls and a steel bottom which can be
modified by adding sediment or other roughness. Several flow-stabilizing devices exist in the
flume entrance to assure uniform flow conditions. The details of the flume can be found in Graf
and Suszka (6). In Fig. 1 is shown the general view of the measuring section and the equipment
installation. The measuring reach is situated between 5.6 < x [m] < 15.6, measured from the
downstream of the stabilizing devices. Within this measuring reach the flow is considered to be
fully developed. The entire measuring reach was used to test flow equilibrium. Subsequently, the
flow parameters at one single section at x = 14.1 m were investigated.
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In our experiments, the flume's bed consists of gravel which has a nearly uniform diameter.
The height of the gravel layer is about 10 cm. The size distribution of the gravel was analyzed with
the method of Wolman, being dso = 1.23 cm, di = 0.90 cm and dg4 = 1.65 cm. The specific
gravity is sg = 2.75 and the angle of repose is ¢ = 359. By changing the bed slope and by
regulating the tail gate a series of non-uniform flows could be created. Altogether this imposed on
our study small aspect ratios 2.93 < B/D < 4.6. In another investigation (16), it was found that a

reasonable two-dimensional flow in the middle of the section exists, if the aspect ratio is B/D 2
3.5.

x=14.1 %=13.6 x=13.1 x=126 x=12.1 ==11.6m

Fig. 1 General view of measuring reach.

Measuring Instruments

An electromagnetic flow meter was installed in the conduit connected with the flume to
measure continuously the discharge passing through the channel. It was calibrated by another
highly-accurate flow meter.

Two ultrasonic limnimeters (L0, L1) with an accuracy of 1 mm were installed at 2 different
sections, at x[m] = 12.6, 14.1, to measure the flow depths and to control the non uniformity of
the flow. Another one (L2) was fixed on a mobile carriage. For each experiment, this carriage was
displaced between 12.6 < x[m] < 15.6 to determine the local variation of the flow depth.

An Acoustic Doppler Velocity Profiler (ADVP), developed at the LRH of EPFL, was used to
measure instantaneously the distributions of velocity and of turbulence. This is a non-intrusive and
direct measuring device. The details of the ADVP were presented before (9) to (12), but will be
briefly described in the following.

The ADVP operates on the principle of the Doppler shift in the back scattered acoustic energy
due to density inhomogeneities ("targets") moving with the water, such as density fronts resulting
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from turbulent dissipation (11). Acoustic waves with the frequency £, and speed ¢ are emitted by a
transducer and pass through a water column in which these targets move with the velocity, u and
v, whose radial component, V, is oriented along the acoustic beam of the transducer (Fig. 2). Due
to the targets' motion, the waves are reflected towards the transducer with a frequency f;. The
difference fq = (f, - f;) is called the Doppler-shift frequency, for which the following linear
relationship can be given:

c=E Vi 0

where § = 2 since the moving target serves first as receiver and then as emitter. With ¢ and f,
given, f; is measured and the radial velocity, V, can be calculated.

The present monostatic ADVP operates in the pulse-to-pulse coherent mode to provide time
series of the Doppler-shift frequency. A short train of several sinusoidal waves, the "pulse", is
emitted at regular intervals (the pulse-repetition frequency - PRF). Between two emissions the
transducer serves as a receiver. An electronic system detects the difference between the two
frequencies and provides a signal corresponding to the instantaneous Doppler frequency, 4. By
time-gating the received signals to correspond to the pulse's time of flight to the point of interest, a
sequence of a small sampling volumes (the gates) can be interrogated after each pulse, resulting in
an instantaneous profile of velocity. The number of gates, the pulse-repetition frequency (PRF)
and the pulse width (At, determining the axial dimension of the gate) are software-controlled. Most
of our experiments were conducted with a 6 microsecond-pulse width and a 1000 Hz PRF
(resulting in 1000 instantaneous profiles each second) using a 1 MHz acoustic frequency.

In the present experiments the ADVP was connected successively, one at a time to three
transducers at positions T1, T2 and T3 (Fig. 2). Transducer T2 is directed vertically, o, = 0°,
transducers T1 and T3 are tilted, o = 03 = o0 = 30°. The three beams intersect in a region slightly
below the water surface. The "pulse-pair" method (9) was used to extract the Doppler shift
frequency, fy.

Using geometric relations (Fig. 2), the radial velocities can be expressed as components of the
instantaneous point velocities of the target, u(y), v(y):

for T1: Vi = u; sin o - vy cos o @
for T2: Vi =-vy 3
for T3: V3 =-uj3 sin o - v3 COS O @

The instantaneous velocities are expressed by mean values plus fluctuation components:

Vj= Vj+Vj etc. for ujand v; (=123 5)
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Fig. 2 Installation of the ADVP transducers and velocity decomposition

In gradually varied non-uniform flow the variation of the water depth, dD/dx, is very small. Since
the distance over which the transducer measures the flow parameters was also small (being 2AL =
0.2 m at the most), it will be considered that the hydraulic quantities in horizontal planes at the
same vertical position, y, are the same:

=1, v =V (6)

uvy=uv y? =u?, vi2 =v?, @)

Consequently the mean velocities, the covariance and the variances can be deduced:

T TR CON SR 2 B
52 <42
el Vi7-V3
VS Tsin 20 (10)
T p— e U 2,92 Ay o
v'2=V2'2; u? = Vi +V32 -.22V2 cos? Q. 11); (12)
sin® o

It should be remarked that the relation Eq. 9" is extremely sensitive to a precise orientation of the
tilt, op = 0°; it will not be used herein (16).

The three radial velocity profiles, Vi(y), Va(y), V3(y), - this is the velocity the transducer
"sees" at different depth positions (20 to 50 points, depending on the flow depth) in the flow -,
were evaluated using the geometric relationships given with Eq 8 to Eq. 12, to obtain the velocity
profiles, T(y), ¥(y), and the turbulence profiles, Vuz ¥, \/—v"Ti (y) and -pu™v' (y).

The ADVP measures directly the instantaneous velocities, when a back-scattered signal is
received. In turbulent flow, when inhomogeneities due to temperature gradients are encountered,
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back scattering is assured. (However these signals might be disturbed by parasitic signals from the
boundaries of the flow, which will give recognizable wrong velocities). The instrument was found
to have an accuracy comparable or better than the hot-film anemometer.

EXPERIMENTAL RESULTS
Flow Parameters

For accelerating flow, 12 profiles and for decelerating flow, 9 profiles, of mean flow velocity,

U(y) and ¥(y), and of turbulence, Vu'2 ), ‘Vﬁ (y) and -pu'v' (y), have been measured. All
measurements were done at the section at x = 14.1m. The flow parameters are summarized in
Table 1.

To parameterize non-uniform flow, a dimensionless longitudinal pressure-gradient parameter,
B (8), will be used, defined as:

D4 _ D, g,dD 13
B T, dx TDgP( ) 13)
in which, D is the flow depth; 1, is the bed-shear stress; S is the bed slope and dD/dx is the
longitudinal variation of the water depth. For uniform flow, f§ = -1; for decelerating flow p > -1
and for accelerating one [ < -1. The B-values for all runs are given in Table 1. This parameter, P,
is similar to the one introduced by Clauser (4) for boundary-layer flow.

Verification of Fow Equilibrium

Before we start further investigations, it is necessary to verify if the flow within the measuring
section is in equilibrium. For verification of flow equilibrium, run AS-93-Q100, being the most
accelerating flow, and run DS90-Q60, being the most decelerating one, were chosen.
Subsequently, it will be considered that if these two extreme runs are in equilibrium, all other runs
of the present study should be also in equilibrium. For each of these runs, velocity and Reynolds-
stress profiles at four sections were measured. The measured results are plotted as WU, and
-u'v/7u*? versus y/D in Fig. 3, where U, is the maximum point velocity. From Fig. 3, it can be
seen that the profiles obtained at different sections are nearly self-similar over the measuring reach.

The flow equilibrium can be further verified by using Rotta's criteria (14) written for open-
channel flow as:

ut_ D" _D ., g,dDy.
U, const. B T dx T, egp(-S+ x ) = const. (14)
where u* is the friction velocity. The measured data for the two runs are plotted in Fig. 4. It is
noted that the two parameters remain nearly constant over the measuring reach.

Thus it may be safely concluded that the investigated flows are in equilibrium,
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Fig.3 Velocity and Reynolds-stress distribution at different sections
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Fig. 4 Equilibrium parameters at different sections.

Horizontal Mean-Velocity Distribution
Measured Velocity Profiles

Since the flows investigated here are in equilibrium, we will only measure and exploit the data
obtained at the section at x = 14.1 m. The velocity distributions, W(y), are calculated from the
measured radial velocities, using Eq. 8.

In Fig. 5 is shown a comparison of velocity profiles of the most accelerating flow, AS-93-
Q100, and of the most decelerating one, DS90-Q70. We can see that the profile of the accelerating
flow is fuller than the one of the decelerating flow. Since these two extreme runs have different
flow depth, it is difficult to say if the difference in the velocity profiles is caused by a different
pressure gradient. Therefore we selected another two runs for which the flow depth is the same, D
=20 cm. The measured velocity profiles are presented also in Fig. 5. The same conclusion is
obtained.
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Fig. 5 Comparison of velocity profiles in accelerating flow and decelerating flows

1t is also to be noted that for accelerating flows, B < -1, the maximum point velocity, U,, is
under the water surface at y = & < D. For decelerating flows, B > -1, the maximum point velocity ,
Up, occurred at the water surface aty =8=D.
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o -2<B<-1
o f=-1
o B>-1

Data of Kironoto
and Graf

* B<-2
Presentdata |2 B=-1
® f>-1

Tk

Fig. 6 Dip value versus aspect ratio

An attempt to parameterize the dip value:

D-ﬁ.___f(

5 . B) as)

wii-)

was done in Fig. 6; D is the entire flow depth and 3 is the water depth at @ = Uc. (The present data
has been supplemented by data of Kironoto and Graf, (8) ). For rough uniform flow, § = -1, the
aspect ratio is used to delimit, with B/D = 3.5, the 2-D and 3-D flows. If the dip value can be used
as a criteria, it implies that decelerating flow, B > -1, is readily 2-D flow, while accelerating flow,
B < -1, is usually 3-D flow.

Velocity Distribution in the Inner Region

For uniform and modest non-uniform open-channel flow, the velocity profile in the inner
region, limited by y/D < 0.20, can be expressed by the log-law (5):

T _1, 5%
e (16)
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where x = 0.4 is Karman's constant; u* is the friction velocity; U is the point velocity; y is the
distance from the bed; k; is the equivalent sand roughness being equal to k = dsg = 1.23 cm since
the gravel used in the present study is nearly uniform (3); y, is the reference bed level; y, = (-)
0.25k; (5) and B, is a constant of integration.

The measured velocity profiles were plotted as T versus (¥ + yo)/ks. It is found that this relation
was linear in the inner region for all runs, having a correlation coefficient of R = 0.99.
Subsequently the values of B, and u” can be calculated; they are listed in Table 1.

Comparison of selected measured velocity profiles and the log-law is given in Fig. 7 where the
log-law is plotted as a dashed line. It is seen that the measured velocity profiles agree well with the
log-law in the inner region. For all runs, the B,-values was nearly constant, B, = 8.28 + 0.47, and
are comparable with the values for uniform and modest non-uniform flows reported in the
literature (5). Fig. 8 shows that the B,-values are essentially independent from the pressure-
gradient parameter, f3.

[
i AS-93-Q100: B = ~4.45“ﬁ DS90-Q70: B = 0.377
u¥ 15
12 )
y=38 12
' / i
y/D =0.20

0.1 1 10 100 0.1

(y+Yo)/ke

r——
o ©

AS00-Q145: B =-3.86

B — . - o
. ', % es® s Is‘zs;w‘u g bpn R
i
) Uniform flow
’ A flow | Dx ng flow

Fig. 8 Constant of integration, B,, versus pressure-gradient parameter, B
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Velocity Distribution in the Quter Region

In the outer region (but also in the inner region) the defect or wake law describes the velocity
distribution. A particular form of the wake law was given by Nezu and Rodi (13) as:

-—T-i—— =_1_Inz~f—¥9.+Br+.2.ﬂsin2(u(y+yo)) (17)
ok € 26 4y0)

in which, 8 is the distance between the bed (top of gravel) and the point where @ = Ug; IT is the
wake-strength parameter.

The use of the wake law consists of two steps. At first, we use the log-law for calculating
values of u* and B;. Then, using these values as well as the measured velocity profiles, the wake-
strength parameter, I'l, was determined by iteration using Eq. 17 .

Typical measured velocity profiles are shown in Fig. 7, where the Coles' wake law is drawn as
a solid line. It is noted that the measured velocity distributions coincide reasonably well with the
wake law both in inner and outer region fory < 8.

The wake-strength parameter, I1, depends notably on the longitudinal pressure-gradient
parameter, B (5); this relationship is plotted in Fig. 9. The relation obtained by Kironoto and Graf
(8) for the non-uniform flows with small aspect ratic B/D = 2 is also drawn as a dashed line. It is
evident that all of our data fall above this line. As Kironoto and Graf (8) have noted, the I1-
parameter depends not only on the pressure-gradient parameter, 3, but also on the aspect ratio,
B/D. In the present study, the aspect ratios are 2.93 < B/D < 4.58, being thus larger than B/D = 2.
The present data have been plotted in Fig. 9; it is seen that a reasonable fit is given by the empirical

expression:
I1=0.088 § +0.33 (18)

valid for modest aspect ratios.

0.7
a
0.5 | )
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0.3 . 11=0.0888+0.33 : -
E ]
o "o : . A
: | | | . |
T aedenineon T
......... A e
- I
TI=0.088%
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-5 -4 -3 -2 -1 o 1

B

Fig. 9 Wake-strength parameter, I1, versus pressure-gradient parameter, B



12

Vertical Mean-Velocity Distribution

The vertical velocity distribution, ¥(y), are calculated from the measured radial velocity, using
Eq. 9. The selected measured vertical velocity profiles are shown in Fig 10. It can be seen that the
mean vertical point velocity is very small (V= 1 cm/s) compared to the mean horizontal velocity
(U = 80 cm/s). In accelerating flows, the velocities are negative, while in deceleraung flows, they
are positive. This is in agreement with equation of continuity:

ou ov

R (19

We observe that for accelerating flow, di/dx >0, and 9(-¥)/dy >0 ; for decelerating flow,
du/ox <0 and 9(V)/dy >0 . These tendencies are in qualitative agreement with the measurement
shown in Fig. 10.

20
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Fig. 10 Typical measured vertical velocity profiles

Turbulence-Intensity Profiles

The RMS distributions, \/~ and \/—— are calculated from the measured radial velocities,
using Egs. 11 and 12. Fig. 11 shows the measured ‘\/'_2 -profiles of the selected runs. It is noted
that for both accelerating and decelerating flows, r decreases with the depth increasing, falling
to a minimum at y = 8. Its maximum appears either at or close to the bed. For accelerating flow,
'\/:‘3—— remains nearly constant, when y > 8.

Fig. 12 shows the measured ’\/: 2 profiles of the same selected runs. The overall tendency is
the same as for the ’\/_ -profile. However slightly above the bed, the maximum values are
noticed, while towards the bed the values decrease noticeably. This phenomena has been observed
already for uniform flows (15).

The longitudinal and vertical components of the turbulence intensity for 6 selected runs (scaled
with u*), are plotted against a distance measured from the bed (scaled with 8) in Fig. 13.
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Turbulence-intensity distributions for rough uniform flow (8), (16), are plotted in the same figure
for sake of comparison. The following conclusions may be drawn:

For accelerating flow (B < -1), the turbulence intensities are smaller than the one in uniform
flow (B = -1).They have maximum values close to the bed and diminish gradually towards the
point of y = 8. The smaller the value of B (the more accelerating the flow), the larger is the
difference to the uniform value; the turbulence profiles have a concave form.

For decelerating flow (B > -1), the turbulence intensities are larger than the one in uniform
flow. They have a maximum at a certain distance above the bed and decrease gradually towards to
the water surface. The larger the value of B (the more decelerating the flow), the larger is the
difference to the uniform value; the turbulence profiles have a convex form.

Above observations are also in agreement with observations of Kironoto and Graf (8) for open-
channel flow and are in qualitative agreement with Bradshaw (1) and Coleman et al. (4) for

boundary-layer flow.
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Fig. 11 Typical measured V uTZ-proﬁles in non-uniform flow
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Fig. 13 Turbulence-intensity distributions for non-uniform flow

Turbulence-intensity distributions are usually (13) expressed by:
iu;_;{ = Dy(B) exp(- Au(B) ¥/0) ; @ = Dy(B) exp(- Av(B) y/3) (20)

The experimental constants for rough uniform open-channel flow (8), (15) are given as:

Dy =2.04, Ay =0.97; D, = 1.14, Ay = 0.76 @1)
4 1 4
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Fig. 14 Relationship between the constants Dy, Dy, Ay,
Ay in Eq. 20 and the pressure-gradient parameter,
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For non-uniform flow, these constants depend on the pressure-gradient parameter, . For all
measured turbulence profiles, these constants have been evaluated using Eq. 20; they are plotted in
Fig. 14. The present data set shows a tendency, which is similar to the one proposed by Kironoto
and Graf (8). The difference between the present data and the ones of Kironoto and Graf (8) may
be due to the difference in the bed roughness and of aspect ratio.

Reynolds-Stress Profiles

The measured Reynolds-stress profiles of the 6 selected runs are plotted in Fig. 15. For
accelerating flow, the distributions have a concave form. The maximum values are close to the
bed. At the point y = 8, the Reynolds stress is zero; in the region y > 8, they become negative, but
absolute values are very small. For decelerating flow, the Reynolds-stress distributions become
convex, having their minimum values at the water surface. Different from uniform and
accelerating flows, the maximum values occur clearly above the bed.

The dimensionless Reynolds-stress distributions are also shown in Fig. 15.
Adimensionalisation was obtained by using the friction velocity, u*, calculated with the Clauser
method. The theoretical (linear) distribution for uniform flow is also plotted for sake of
comparison. The following conclusions may be drawn:

For accelerating flows (B < -1), the dimensionless Reynolds-stress distributions have a
concave form, falling below the curve for uniform flow. The smaller the B-value, the larger is the
difference between the measured dimensionless Reynolds stress and the uniform flow value.

For decelerating flows (p > -1), the dimensionless Reynolds-stress distributions are convex. At
a given vertical position, y/8, the dimensionless Reynolds stress is larger than the one of uniform
flow. The more decelerating the flow, the larger is the difference.

Above observations are also in agreement with observations of Kironoto and Graf (8) for open-
channel flow and in qualitative agreement with Herring and Norbury (7), Bradshaw (1) and
Coleman et al. (4) for boundary-layer flow.
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Fig. 15 Reynolds-stress profiles in non-uniform flow (for legend see Fig. 13)
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Mixing Length and Eddy Viscosity

Turbulent mixing is parameterized by the turbulent eddy (mixing) viscosity, v, or the mixing
length, £, given by:

) =p v ) =p 2§D @)
where, T(y) is the Reynolds stress and dw/dy is the vertical velocity gradient. The measured
velocity and Reynolds-stress profiles are used to calculate the eddy viscosity, vy, and the mixing
length, £. From plotting all the present runs (16), it is concluded that the mixing-length distribution
for non-uniform flow is similar to one for uniform flow; that is to say that within the experiment
range, we cannot distinguish a difference.

The two selected extreme runs have been selected to show a possible effect of flow non-
uniformity. From Fig. 16 an overall tendency is evident: the dimensionless eddy viscosity is
smaller for accelerating flow (mixing is damped), and larger for decelerating flow (mixing is
amplified) when compared with uniform flow. This tendency is reversed in the zone close to the
water surface. It is also noted that in both accelerating and decelerating flows, the dimensionless
mixing length is essentially the same one as in uniform flow. The Prandil hypothesis, £ = Ky, is
valid for small distances, independent of the type of flow.
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Fig. 16 Mixing-length and eddy-viscosity distributions in non-uniform flow

THEORETICAL CONSIDERATION

Above, the turbulence characteristics of non-uniform flow were discussed using the measured
data. However, measurements of velocity and of turbulence profiles are a very difficult task. In the
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following, we will try to develop relations with which the friction velocity, u*;, the vertical
velocity distribution, ¥(y), and the Reynolds-stress profile, T(y), in non-uniform flow can be

calculated by using hydraulic parameters such as water depth, D, and its variation along the flow,
dD/dx, and the flow discharge, Q. All these parameters are rather easy to measure.

Friction Velocity

In steady open-channel flow, the St. Venant equation of motion can be written as follows:

Udu,db 1% _ 2
gdx+dx S+ng 0 23)

where D is the water depth; U is the average velocity; x is the axes along the bed slope, S, and 7o
is the shear stress on the bed. Rearranging Eq. 23, an expression for the friction velocity, u*, is
obtained:

*2-To _ - db ,U du
we p ebs gD(dx+g dx) 24

Using the equation of continuity for steady non-uniform flow:

dUD) _ ~du db _ du_.UdD
dx =D dx +u dx =0 o dx Ddx 3)
Eqg. 24 becomes:
* _dD (1 _py2
uk, v gDIS- 92 1 - Fe?)] (26)

where Fr = U/VgD is the Froude number.

Thus the friction velocity in non-uniform flow can be calculated with Eq. 26 if S, D, dD/dx and U
are given. For the present experiments, the friction velocities evaluated with Eq. 26 are
summarized in Table 1. The friction velocity, u*, was earlier obtained using the Clauser method
from the measured velocity profile in the inner region. A comparison between these two methods
is possible; this is shown in Fig. 17. It is found that in the range of the present investigation, the
two friction velocities agree reasonably well with each other.

Furthermore, a polynomial-regression fit to the measured Reynolds-stress profiles allows
also calculation of the friction velocity, designated as u*;. These results are listed in Table 1. It is
noted that the three differently calculated friction velocities, u*, u*; and u*;, agree with each other
reasonably well. The difference amongst them is about 5% for all runs of accelerating flows and
for most of decelerating flows. This agreement can also be used to justify the assumptions of the
equivalent sand roughness, k; = ds, and the reference-bed level, y, = 0.25k;, in Clauser’s

method for the evaluation of the friction velocity, u*.
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Fig. 17 Comparison of the friction velocity, using the Clause
method, u*, and using St. Venant's equation, u*,

Vertical Velocity Distribution
For the equilibrium flows, the horizontal point velocity can be written as:
u(y=y) = UFCD) @7

and after differentiation one obtains:

_a_____ (Y)dU UdF(D Y D (28)
ox dx d(y) D2 dx

Substitution of Eq. 28 into the equation of continuity, Eq. 19 gives:

y
N phydu D YD @9)
ay ax d(g)) D2 dx

Integrating Eq. 29, replacing the integration variable y by another symbol ¥ to distinguish from the
limitation variable, and using the boundary condition of ¥ (y=0) = 0, one obtains (16):

B (—-)
F%) %%dy + U«—-————diy (30)

V(y=y) = -
d (5) D2dX

° M

0

=.1 dD 3. y
= D(D%% +ud )[ F) dy +Dd UF)
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Fig. 18 Comparison of the measured and calculated, Eq. (31), vertical velocity profiles

Since the first term - containing the flow continuity equation, Eq. 25 -, vanishes, only the second
term, - utilizing Eq. 27 - remains and one obtains:

T(y=y) =L L ay=y) | 31)

The measured vertical velocity profiles for the selected runs are compared with Eq. 31 in Fig. 18.
Agreement is reasonably good, when one realize the difficulty in measuring the small value of the
velocity V.

Reynolds-stress distribution

The Reynolds equation of motion and the continuity equation for two-dimensional, steady non-
uniform open-channel flow can be written as follows:

90, % 1dp® 10T (32)
ax oy Pdx pgy
ou  dv

where T is the longitudinal point velocity; ¥ is the vertical point velocity; 7 is the Reynolds stress;
p* is the piezometric pressure whose gradient is given as:

dp* _ dD

=-gp(s-L) (33)

By using Eqgs. 27 and 29, the vertical distribution of the shear stress in non-uniform open-
channel flow can be deduced:



20

Zp(ulE +v3T)- gps- L) (34)
ay ox

Using the limiting conditions at the surface:
7 (y=D) =0 and V(y=D) =ﬁ(y=D)££ (35)

Replacing the integration variable y by another symbol § to distinguish from the limitation
variable, the integration of Eq. 34 renders (16):

,’D a{(yv— T v— -
T =8 O-y)S - Po-p) (@0~ B0D +34-9 LD ) g5
" awy-) L DTG | 4o
(—3x 5 Y
’ (36)

=gpD-y)S - %%) -p 3@;[ T(y-9) d¥ - uy=y) V(y=y)

- _dDy.
= @-y)S - P)-p

where y—¥ means that y is replaced by ¥. Thus it is shown that the shear-stress distribution, ©(y =
y), in non-uniform flow can be calculated with Eq. 36, if the horizontal and vertical velocity
profiles along the distance are measured. As this is very difficult to do, another procedure is
followed. '

It is supposed that the horizontal velocity distribution can be expressed by a power law such as
(it should be noted here that the log-law, Eq. 16, would make a integration too difficult):

T - 1m Yy
T o 37)

m is given by the following expression (17) when the bed is plane:

0.06
m=-® (38)

In the present study, ds = 1.23 cm and 13.1 < D[cm] < 20.5; therefore, 5.42 < m < 5.56 with an
average value of m = 5.5. The integral in Eq. 36 can now be evaluated (16), using Eq. 37:

9 ’ v 2@(m+1)2 2(m+1)
)J; W(y-y)dy=U m(m+2)[ 1+ ()

Furthermore, we express, using Eqs. 31 and 35:
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) {(m-&—l) } (y)m+2

Y (T Oy SR — 172
Wy=y)V(y=y) =U x| o2

After institution of above expressions into Eq. 36 , one obtains:

_(ﬂtl_)z_} [1- %)%'L } (39)

m (m + 2)

)= ) -d 2dD
T(y=y)=gpD-y)S ~ =) +p UG

The distribution of the Reynolds stress, 1(y), can now be calculated with Eq. 39. Known must

be for a given section at x: (i) the slope, S, and the roughness, m(ks), of the bed, (i) the flow

.depth, D, and the depth variation, dD/dx (both measured with the ultrasonic limnimeters) and (iii)

the cross-sectional (average) velocity, U = Q/(DB) (measured with the electromagnetic flow
meter).
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Fig. 19 Comparison of the measured and calculated, Eq. 39, Reynolds-stress profiles

In Fig. 19 the calculated Reynolds-stress profiles, t(y)/p =-u'v’, are compared with the
measured ones for the six selected runs (including the most accelerating and the most decelerating
flows). The measured Reynolds-stress profiles in decelerating flow coincide reasonably well with
the calculated ones; for accelerating flow, there exist small differences, which are possibly due the
use of the power-law, Eq. 37 , being not so suitable for accelerating flows (see Fig. 5).

Furthermore, Eq. 39 can be also used to determine the shear stress on the bed, T, by using the
boundary condition, ¥V (y = 0) =0, such as:
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2
To =1y =0) = gpD(S - %)+pU2‘é'—; [ﬁi_)—zﬂ =ng[S‘(1’BB Frz)%‘xl] (40

(1+m)?
m(m+2)
value agrees with a measured one (16). If we compare Eq. 40 with Eq. 26, the only difference is
that in Eq. 26 this coefficient is taken as Bg = 1, an hypothesis in the St. Venant equation.

Using the definition of the pressure-gradient parameter, 3, given with Eq. 13, in Eq. 39, the
distribution of Reynolds stress can be written in dimensionless form as (16):

where Bg =

is the Boussinesq coefficient. Taking m = 5.5, we have Bg = 1.024; this
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Fig. 20 Dimensionless Reynolds-stress distribution

Dimensionless Reynolds-stress profiles calculated with Eq. 41 are shown in Fig. 20, where there
are also plotted the measured ones for the six selected runs. It should be noted that the Tg-values
used in Eq. 41 are the ones obtained with Eq. 40 (or Eq. 26), 7, = pu*.. The measured data have
been made dimensionless using the friction velocity, u*, obtained from the measured velocity
profiles in the inner region (Clauser's method). Agreement between the measured and the
calculated Rcynolds-stress profiles in Fig. 20 is considered to be reasonably good.

Differentiating Eq. 41, one obtains:
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Tol_g . P (pd| @D’ y&
" =B TOU dx[ e @ 42)
D

This equation, evaluated for y — 0, very close to the bed, gives:

a[t(y—-)())-

T
L T Jop 43)
CIen)

The B-values for the respective runs are also shown in Fig. 20, as a dashed line.
SUMMARY AND CONCLUSION

The turbulence characteristics of steady non-uniform flow in a channel with rough bed have
been experimentally studied using an Acoustic Doppler Velocity Profiler ( ADVP ). The following
conclusions may be drawn:

1. The pressure-gradient parameter, B, proposed by Kironoto and Graf (8) can be well used
to characterize the non-uniform open-channel flows; however the flow must be in equilibrium
(Figs. 3 and 4).

2. The horizontal mean-velocity profiles, T(y), are fuller in accelerating flow and more
slender in decelerating flow than the one in uniform flow (Fig. 5).

3. The log-law remains valid in the inner region (Fig. 7). The integration constant, B, =
8.28 + 0.47, is almost independent of the B-value (Fig. 8). The Coles' wake law is valid over the
entire region; the wake-strength parameter, I1, depends on the B-value and the aspect ratio, B/D
(Fig. 9).

4. The vertical point velocities, ¥, are much smaller than the horizontal ones in both
accelerating and decelerating flow (Fig. 10). The tendency of their distributions is explained with
the continuity equation.

5. Turbulence-intensity distributions (Fig. 13) and Reynolds-stress distributions (Fig. 15)
depend also on the B-value; they decrease in accelerating and increase in decelerating flow, if
compared to the ones in uniform flow.

6. The distribution of the mixing length (Fig. 16) is essentially the same as the one for
uniform flow.

7. Based upon the equations of St. Venant and the Reynolds equation, formulas for
estimating the friction velocity, Eq. 26, the vertical velocity, Eq. 31, and the Reynolds-stress
profiles, Eq. 39 or Eq. 41, are deduced. The theoretical formulas are verified with the experimental
data (Figs. 17, 18, 19 and 20).

8. The present study and its conclusion are a further evidence of the extreme utility and
precision of the non-intrusive direct ADVP-measuring device.
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NOTATION

The following symbols are used in this paper:

B = flume width (60 cm);

B/D = aspect ratio;

B, = constant of integration of the log-law;

dsg = medium diameter of gravel;

D = water depth;

dD/dx = variation of the water depth;

Fr=UNgD = Froude number;

g = gravitational acceleration;

ks = roughness;

Y = mixing length;

m = constant in the power law;

p* = piezometric pressure;

Q = flow dischai'ge;

Re =4DUM = Reynolds number;

S = bed slope;

U =Q/DB = cross-sectional average velocity;

Ue = maximum point velocity;

u* = friction velocity obtained with Clauser method;

u¥y = friction velocity from the measured Reynolds-stress profile;
u*, = friction velocity calculated with the St. Venant equation;
u,v = instantaneous velocities in horizontal and vertical direction;
0,v,V; =mean values of u, v, Vj;

u, v, Vy = fluctuation components of u, v, Vj;

Vi = instantaneous radial velocity which the transducer "sees";
Vj'z, u?, v2andu'v’  =varances and covariance of the corresponding velocity fluctuations;
X = horizontal distance (measured along the bed slope);

y = vertical distance (measured from the gravel top);

Yo = () 0.25k; = reference bed level;

A = angles between transducer beam and vertical direction;

B = dimensionless pressure-gradient parameter for open channel flow;
) = distance between the gravel bed and the point where T = Ug;
1 = Coles' wake parameter;

p = density of water;

To = bed-shear stress;

(y) = Reynolds-shear stress;

v = kinematic viscosity of water;

Vg = eddy viscosity.
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