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SUMMARY

This report describes physical and numerical experiments on the steady flow of
water in a curved flume, consisting of a 38 m long straight section followed by

a 90° bend with a radius of curvature of 50 m (see Figure 1). The cross-section
was formed by two vertical side walls and a concrete bed with a schematized large-
scale bed configqration as can be expected in a natural river bend. The width of
the flume was 6 m and the depth of flow varied between 0.05 m and 0.4 m, with a
mean value of about 0.2 m. Measurements were taken at two discharges: 0.463 m®/s
and 0.232 m®/s (yielding mean velocities of about 0.4 m/s and 0.2 m/s respec-

tively).

During the experiments the following phenomena were investigated:
a. the vertical distribution of the horizontal velocity components Voain (in the

main flow direction) and v (perpendicular to the main flow direction);

hel
b. the horizontal distribution of the depth—averaged velocity and the intensity
of the secondary flow; and |

c. the water surface configuration and the distribution of the energy head,

The experimental results have been compared with the results of a mathematical
model of steady flow in curved open channels, developed in the Laboratory of

Fluid Mechanics of the Delft University of Technology (de Vriend, 1976 and 1977).

The vertical distributions of the main velocity turned out to be highly similar
throughout the flow field, but they all were somewhat flatter than predicted

by the logarithmic profile used in the mathematical model.

The vertical distributions of the helical velocity (i.e. the shape of the curve)
agreed well with the theoretical curve in the deeper parts of the bend, but in

the shallower parts the measured data were too inaccurate to draw conclusions.

The observed depth-averaged velocity field showed an important deviation from

the predicted one: the observed shifting of the velocity maximum towards the
outer wall in the bend ‘was considerably stronger. This phenomena, which was also
encountered during earlier experiments witha plane bed (de Vriend and Koch, 1977),
must be attributed to the advective influence of the secondary flow, which is

not incorporated in the mathematical model, ‘

The observed intensity of the secondary flow was considerably stronger than the
predicted one, which is in accordance with the results of the plane bed experiments.

The computed configurations of the water surface and the energy surface deviated



from the measured data in that respect that the longitudinal head losses were
larger, and a different transverse slope of the water surface in the bend was
found. An important part of these differences can be explained from the differ-

ences between the computed and the measured depth—averaged velocity fields.



FLOW OF WATER IN A CURVED OPEN CHANNEL WITH A FIXED UNEVEN BED

1 Introduction

This report is a continuation of the report R657-V/M 1415, Part I, "Flow of water
in a curved channel with a fixed plane bed" (de Vriend and Koch, 1977). The in-
vestigations described in both reports were executed within the applied research
group for sediment transport in rivers, in which Rijkswaterstaat Directorate for
Water Management and Research, the Delft Hydraulics Laboratory, and the Delft
University of Technology collaborate. This project is incorporated in the basic
research program TOW (Toegepast Onderzoek Waterstaat: Applied Research Water-
staat). Further information on the background of the experiments is given in

Part T.

Part I describes experiments in a wide shallow curved channel with a fixed plane
bed and a rectangular cross—section. The present report gives the results of a
series of experiments executed in the gsame flume with a fixed uneven bed having
a large-scale configuration as in a natural river bend. For this type of experi-
ment little data have been reported in literature (de Vriend, 1976; Yen, 1967
and 1970).

The results of the experiments have been compared with the results of a mathemat~-
ical model of steady flow in curved open channels, developed at the Laboratory
of Fluid Mechanics of the Delft University of Technology (de Vriend, 1976). Such
a comparison is thought to be even more important for testing the mathematical
model than a comparison with the results of the earlier flat bed experiments, as

the channel configuration was close to the natural one.

The experiments have been executed by Mr. H.J. de Vriend of the Delft University

of Technology and by Mr. F.G. Koch of the Delft Hydraulics Laboratory.



2 Experimental set-up

2.1 Channel geometry

During the experiments, described in this report, the flow (velocity and direc-
tion) and the elevation of the free water surface were measured in a curved flume
with a fixed uneven bed having a large-scale configuration as in a natural river

bend.

The geometry of the channel is shown in Figures 1 and 2., The plan-view consisted
of a 38 m long straight section, followed by a 90° bend with a radius of
curvature of 50 m (see Figure 1). The channel width was 6 m and the bed elevation’

varied as shown in Figure 2a. In the straight section (cross—-sections A, A,, A

0° "1°
B()) the channel was prismatic, with a parabolic shape of the bed and a zero

2’

longitudinal slope (see Figure 2b). Between cross—sections B, and CO the bed

elevation gradually changed from a parabolic cross=—section to a cross—-section with
a point bar near the inner wall and a deeper channel near the outer wall (see

cross—section CO in Figure 2a). All subsequent cross—sections (Cl’ DO’ D] and EO)

had the same configuration as CO’ but were sloping downward with a slope of

3 % 10~" along the channel axis (see Figure 2b).

2.2 TFlow conditions

Two series of measurements were .carried out, one with a discharge of 0.463 m*/s,
and the other with a discharge of 0.232 m3/s. During both series the water
surface elevation at the upstream boundary of the channel was kept constant,

so that the depth of flow in the channel axis was about 0.26 m, (yielding
average velocities of about 0.4 m/s and 0.2 m/s respectively). The discharge

and the water surface elevation were regulated with a movable Romijn-weir and

a tail-gate as described in Part I.

The water inflow at the upstream end of the channel was adjusted in such-a-way-

that the distribution of the depth-averaged velocity in section A, agreed with

a theoretical distribution. The latter was derived by applying Chézy's law to

all streamlines, supposing the channel to be straight and prismatic, with a
longitudinal slope of the energy line that is constant in a cross-section. Figure
3 shows that for Q = 0.463 m®/s the mean velocity, estimated by the velocity
measured at 0.4 h above the bed, was in good agreement with this theoretical

distribution.



At the downstream end of the flume the water level was regulated by a tail gate.
When the edge of this tail gate was kept horizontal, the flow was drawn towards
the inner wall due to the uneven drawdown caused by the bed configuration.

Therefore the edge wasmade oblique, with the highest point near the inner side

wall, so that the flow pattern in section E,, and particularly the mean flow

0,
angle o, was about the same as in section Dl'

2.3 Measured data

The experimental testing of the mathematical model was concentrated on the

following phenomena:

-~ The vertical distributions of the horizontal velocity components (main flow
and helical flow) (T7 and 8, for ‘a summary of the tests see Table I);

~ the horizontal distributions of the total depth-averaged velocity and the
secondary flow intensity (TB); and

- the horizontal distribution of the water surface elevation and the energy

head (T9).

In order to gather experimental information about these phenomena, the time-
averaged magnitude and direction of the velocity vector were measured in a
three-dimensional grid, using a combined current-velocity/direction meter, and
the water surface elevation was measured in selected verticals of this grid,
using static tubes (see Appendix A).

The measuring procedure used is described and motivated in Appendix B.

The grid points were defined by 9 cross—sections (numbered Al to EO; see Figure
la), 13 equidistant verticals in each cross—section (numbered 1 to 13, see
Figure 1b), and a number of grid points per vertical varying from 2 to 10
according to the depth of flow in the relevant vertical. The minimum distance
between two grid points in a vertical was 0.0! m.

Cross—section AO, situated close to the ups&ream boundary, turned out to be

unsuitable for inclusion in the grid as the flow was not yet fully developed

there.



3 Results

3.1 Elaboration of the measured data

The elaboration procedure described in Appendix C was used to split up the
measured velocities into a main and a helical component, parallel and perpen-
dicular to the streamlines of the depth-averaged flow field respectively.

The main outlines of this procedure agree with those of the procedure used for
the rectangular channel data (de Vriend and Koch, 1977), but an attempt was made
to prevent one of the main sources of errors, viz., the trapezoidal integration
rule (de Vriend, 1978), by replacing the averaging in the vertical by a fitting
of the measured data to given theoretical curves. The normalized main and
helical velocity components and the depth-averaged flow field resulting from
this elaboration are dealt with later in this Chapter.

As the elaboration proceﬁure, however, can only be used if Chézy's constant C
is given, some attention must be paid to this constant first, Because it must
be expected to depend on the local depth of flow h, a relation between C and h
must be given. The roughness of the channel shows no large variations, so the
equivalent roughness length of the bed can be assumed to be constant everywhere
in the channel. In addition, the bed may be expected to be hydraulically rough
(Nikuradse roughness length k ¥ 1 % 107% m; viscous sublayer thickness

¥ 5% 107" m), so that the following logarithmic relation between C and the
local depth of flow h can be derived from the White~Colebrook formula for shallow

channels:
C=cC,+18 Nlog(h/ho) R (1)

in which CO denotes the value of C at the reference depth of flow ho' There are
various possibilities to estimate Co’ such as:

- The White-Colebrook formula for a hydraulically rough bed:

12h
c, = 18 *%10g —T?Q s (2)
where k denotes the equivalent sand roughness according to Nikuradse. For
1
k=1%10"% m and h = 0.25 m, this yields c, = 62 m*/s.
- Chézy's law applied to the straight section upstream. In combination with

(1) this yields:
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1,h % 10
T loe) d@
- Q 1 0 o o
C, = - A 1% T % ; -18 . 7 ; R (3)
/ (h—‘) d(g) ‘ / (B—) d(g)
0 o 0 o

in which Q is the total discharge, B is the channel width, I is the slope of
the energy line and y is a horizontal coordinate perpendicular to the channel
axis (y = 0 at the left bank, y = B at the right bank). For the present
experlments the values of C, found in this waywere 58 ml/s for Q = 0.463 m®/s
and 61 m?/s for Q = 0.232 m /s.

Graphical representation of the measured main velocity distributions in semi-
logarithmic plots, estimating the main velocity by the total velocity (if the
secondary flow is relatively weak) or by the main velocity obtained from

an elaboration based on the trapezoidal integration. A logarithmic velocity

distribution plotted this way yields a straight line under a slope of

d(vmain) _ Y Vmain (4)
d(1og Zy KC 0.435°
h

where ;main is the mean velocity in the relevant vertical. So C (and hence,
through (1), CO) can be estimated from the slope of a straight line fitted
through the plotted data. This method was applied to the rectangular channel

L
data to yield C = 70 m*/s at the higher and C = 50 m?/s at the lower dis-
charge (de Vriend and Koch, 1977).

Fitting the logarithmic curve
v . =V (1 +284+rE
main KC KC

1n -E) G

through the main velocities measured in the lower points of a vertical,
starting from the assumption that the velocity distribution is logarithmic

X . .
near the bed. ) Adopting a least—squares method to determine the constants

and 7&% in each vertical, C can be derived form C through (1). In the

present experlments thlsylelded values of C in the straight channel section

of about 70 m2/s.

~

This method differs from the foregoing one in that the logarithmic distribution
is assumed close to the bed rather than in the whole vertical. Consequently,

the unknown constant Vv figures in (5) instead of the vertical mean velocity

v e e
main



Wlthout discussing the accuracy of the various methods, C has been chosen

60 m2/s for both dlscharges and h_ = 0.25 m.

3.2 Vertical distribution of the main velocity component

In order to make the vertical distributions of the main velocity comparable from

vertical to vertical, Voain has been normalized by its vertical mean value

=y (see Appendix C):

v,
main tot
v,
. _ _main 6)
main ¥ :
tot

In accordance with the rectangular channel case, this normalized main velocity
distribution has been more closely examined with relation to two questions that
are important in the development of a mathematical model of curved channel flow
(de Vriend, 1976 and 1977):

- to what extent is v&ain similar from vertical to vertical? and

- can the distribution be described by the logarithmic profile? So

g g Z '

' = Y e, ,Y8& 1n (%

Vmain = ' T R¢ T KC " (h) : ' N
Compared with the rectangular channel case, however, complications arise here

from the variation of the depth of flow, leading to variations in C (for the
present variation of h, C varies between 40 and 65 m%/s, if C0 = 60 m%/s and

hO = 0.25 m). As V&ain is most likely to depend on C, this implies that, as long
as the relationship between V%ain and C has not been established (cf. (7)),

only verticals with approximately the same values of C, i.e., the same depth of
flow, can be considered when investigating similarity. Therefore the verticals
have been grouped according to their depth of flow in Table II, and a selection

of verticals from each group was used to investigate similarity.

In Figure 4, representing the main velocity distributions in three classes of C
(and h) for the two discharges, no significant differences between the various
verticals in a class can be observed, except may be for C = 60 - 65 m%/s, where
the main velocity near the bed tends to be higher in the bend than in the
straight section (Figures 4c and 4f). ‘ ‘

Figure 5 shows the distributions of the quantity y”*“<vmaln = 1) in various

r C0 and DO° According to this figure,

there is no or hardly any significant difference between the verticals of one

verticals of each of the cross—-sections A

cross—-section,



When comparing the main velocity profiles with the logarithmic distribution (7),
significant differences seem to occur (see Figures 4 and 5): in the lower part
of a vertical the measured velocities are higher than predicted by (7), and in
the upper part, especially close to the water surface, they are lower, Although
these differences occur throughout the flow and at both discharges, they tend

to be the largest in the bend and at the higher discharge (see Figure 5).
According to Figure 4, the dependency of the above-mentioned differences on the
place in the flume (bend or straight section) hardly violates similarity. Hence
it is concluded that a similarity approximation can be made for the main velocity.
Regarding the applicability of the logarithmic curve, the differences between
the measured data and (7) give rise to reservations not only for the present
case of an uneven bed, but also for a plane bed, where these differences are
qualitatively and quantitatively the same (Figure 6; see also de Vriend and

Koch, 1977).

3.3 Vertical distribution of the helical velocity component

The helical velocities in the various verticals of a class of C and h are made

comparable by normalizing Viel by

v
hel
1 o ——
Yhel ~ = ’ (8)

vhel

in which ghel is determined for each vertical by fitting the theoretical curve

z 2 (%

L z/h 1n (h) , /g z/h 1n (h) .
vl =2 5 —2ad +LE ;o —24a4® -
hel K« Z*/h z _ 1 h KC Z*/h z _ | h

o) h o h

v g '
2(1 TRT) Vmain} (9)
z) KC
with 7? = exp(~ 1 = —) and v' ., as given in (7), to the measured helical
e main

velocities (see Appendix C).

Figure 7 shows the helical velocities normalized in this way for three classes
of C and for the two discharges. Except for C = 50 - 55 m%/s, where the
measured data are widely scattered due to the small number of measuring points
in a vertical and the small values of the helical velocity component, the
measured data lie within a narrow band and no significant differences occur

between the various verticals in a class.



In addition, the data lie close to the theoretical curves representing (9),

except for C = 60 - 65 m%/s, where IVQelItends to be larger near the bed and

smaller near the surface. These deviations are in qualitative agreement with

the deviations of the normalized main velocity from the logarithmic curve (see

Figure 5), the "source" of the secondary circulation being g%—(zéﬁfg) if Ry

denotes the radius of curvature of the streamlines of the depth—averaged flow

field (Rozovskii, 1961; de Vriend, 1973 and 1978).

The conclusions drawn from these results are:

- The helical velocity component permits a similarity approximation, and

- the theoretical curve (9) gives a good description of the vertical distribu-
tion of v if the vertical distribution of the main velocity deviates only

hel
slightly from the logarithmic profile.

3.4 Depth-averaged veloéity field

Appendix C describes the elaboration of the measured data, yielding i.e. the
depth-averaged velocity v

ITIT and Figure 8.

ot The resulting distributions are given in Table
The depth-averaged velocity field has also been simulated numerically using a
computer programme developed at the Laboratory of Fluid Mechanics of the Delft
Hydraulics University of Technology (de Vriend, 1976 and 1977). The computational
grid consisted of a cartesian part, covering the straight part of the flume from
section AO on, and a polar part, covering the curved part of the flume up to
section EO. The longitudinal step size was 1.00 m in the channel axis, while the
transverse step size was 6.00/16 = 0.375 m. At the upstream boundary the measured
mean velocity distribution and ‘the corresponding vorticity distribution were
imposed. At the downstream boundary a linear profile was adopted for the surface
elevation, so that the mean transverse slope was the same as the measured one. In
addition, the following values of the constants were introduced: K = 0.4; and

C = 60 m%/s for d = 0.2 m and Fr = 0.275 and 0.138 for the higher and the lower
discharge respectively. The main velocity distributions resulting form the numeri-
cal simulation of the flow are given in Figure 8. Comparison with the measured
data shows the mathematical model to fail at essentially the same point as in
case of aplane bed (cf. de Vriend and Koch, 1977): the shifting of the velocity
maximum towards the outer wall is inadequately predicted. As in the plane bed
case, this shortcoming must be attributed to the advective influence of the secon-

dary flow on the main flow, which is not included in the mathematical model.



This is readily illustrated by the good agreement between the measured and the

predicted distributions of v in the shallow part of the cross-sections D

tot 0

through E., where the intensity of the secondary flow, and hence its advective

influence? is small,

From these results it must be concluded that, in spite of the great influence
of the bed configuration on the mean velocity distribution, the discrepancy
between the measured and the predicted velocity fields is considerable. This is
in contrast with what had earlier been expected (de Vriend and Koch, 1977) on
the basis of conclusions drawn from simulations of uneven bed flow (Engelund,

1974; de Vriend, 1976 and 1977).

3.5 Intensity of the secondary flow

One of the quantities resulting from the elaboration of the measured data in

a vertical is Ghel’ which can be considered as a measure of the secondary flow
intensity in the relevant vertical. According to Figure 9, showing the distri-
bution of vhel in the various cross—sections, the secondary flow intensity is
considerable only in the deeper parts of the bend, with the highest values in
section CO' There the curvature of the contour lines of the bed is the largest
and consequently the curvature l/RS of the streamlines of the depth-averaged
flow field (and hence the source of the secondary flow) is likely to reach

its maximum near this cross—section.

According to the theory underlying the numerical model (de Vriend, 1976 and

1977; also Rozovskii, 1961), v is equal to v. _h/R . Therefore ¥ is

hel tot ] hel

compared with %mainh/R (Figure 9). Then the measured secondary flow intensity
appears to be considerably larger than the predicted one, which is in accordance
with the results of the plane bed experiments (de Vriend and Koch, 1977), as
shown by Figure 10*).

An explanation of this discrepancy between the measured and the predicted
secondary flow intensity could possibly be found in the assumed vertical distri-

bution of the eddy viscosity, as was stated already in the report on the plane

This figure also shows the normalized helical velocities resulting from the
plane bed experiments to be spread over a much wider range than those resul-
ting from the uneven bed data, due to the use of an improved version of
the current velocity/direction meter during the uneven bed experiments

(see Appendices A, B).
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bed experiments. In addition, part of the differences can be explained from
systematic errors in the elaborated measured data (de Vriend, 1978), but these
errors are considerably smaller than the differences observed, in particular
now that the most serious source of systematic errors, the trapezoidal integra-
tion rule used for the calculation of depth~averaged quantities, has been eli-

minated from the elaboration procedure (see Appendix C).

3.6 Water surface configuration and energy head

Measured water surface elevations are presented in Table IV and energy heads in
Table V. |

In Figure 11 the measured water surface configuration is compared with the com-
puted one, from which the conclusion can be drawn that the measured fall of the
water level has been fairly well predicted, especially at the higher dis-
charge (see Figure 11). The agreement between the longitudinal slopes of the
energy head seems to be even better (Figure 12), but it should be noted that

the scales in this figure are different from those in Figure 11.

The transverse configurations of the water surface (Figure 13) show a considerable
discrepancy, in particular in the bend. The computed water surface elevation is
too high in the outer part of the bend and too low in the inner part, and in the
channel axis the transverse slope is much larger than the slope following from
the measured data. In the direction perpendicular to the streamlines of the

depth-averaged flow field the slope of the water surface must be proportional to

2
tot

considered (de Vriend, 1976 and 1977). Hence the water surface elevation must

v /Rs’ when RS denotes the radius of curvature of the streamline in the point
increase in radial direction, at least in regions where the streamlines are al-
most parallel to the channel axis. The computed elevations, however, show an
outward decrease near the outer wall, from which it must be concluded that the
computed transverse configuration of the water surface is in error.

The explanation of this error can be found in the computation method adopted:

not the differential equations for the water surface elevation but those for the
energy head have been integrated, and subsequently the water level was derived from
the energy head. The deviation zS—ES of the water level frqm its mean value in
the relevant cross—-section, however, amounts to only a few percents of the energy
head. So a small error in the energy head, due to numerical inaccuracies in the
integration procedure, for instance, may have an important effect on the quantity
Z _;s' This explanation is confirmed by Figure 14, showing the transverse config-

s
uration of the energy head. The deviations of the computed distributions of



-11-

¢-¢ from the measured ones can be explained by the deviations of the mean
velocities, at least for the greater part.

The water level calculation can be improved either by increasing the accuracy

of the energy head calculations (by reducing the mesh size, which is rather
expensive, or by adopting a higher order integration rule), or by ihtegrating
the equations for zg instead of those for e.

In the plane bed case, the cbmputed transverse configuration of the water surface
agreed much better with the measured ones than in the present case. This must be
attributed to the much smaller variation of the mean velocity, and so of e,

giving rise to much smaller variations of the integration error in e and hence

to much smaller errors in z2,"2 -
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Conclusions

The use of the improved type current velocity/direction meter (see Appendix
A) leads to an important reduction of the scatter in the measured helical

velocities.

In verticals belonging to the same class of Cheézy factors, the distributions
of the normalized main velocities are quite similar. In addition, the vertical
. . . . C
distributions of the quantity li—(v' ,
/ & main

from one another, so that the main velocity can be concluded to allow a

- 1) in a cross-section hardly differ
similarity approximation.

The normalized main velocity profiles resulting from the measurements show
mostly small, but still significant, deviations from the logarithmic profile:
in the lower part of a vertical the measured velocities are higher, in the
upper part, and especially close to the water surface, they are lower than
predicted by the logarithmic distribution. These differences occur throughout
the flow and at both discharges, but they tend to be the largest in the bend
and at the higher discharge.

In verticals belonging to the same class of Chézy factors, the distributions
of the helical velocity component show great similarity. As, in addition, the
measured data lie close to the theoretical curves to be derived from the
logarithmic main velocity profile, it is concluded that the helical velocity
component allows a similarity approximation in which the above-mentioned

theoretical curves can serve to describe the vertical distribution.

The small counter-rotating secondary circulation found near the outer wall
during the plane bed experiments (de Vriend and Koch, 1977) was not observed

in the uneven bed case.

The predicted depth—averaged velocity field shows qualitatively the same de-
viations from the measured data as the plane bed case: the predicted shift
of the velocity maximum towards the outer wall is too sﬁall° In spite of the
great influence of the bed configuration on the mean velocity distribution,

the deviations are not important.
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The discrepancy between the measured and the computed mean velocity field
must be attributed to the advective influence of the secondary flow on the

main flow, which was not included in the mathematical model.

The intensity of the secondary flow was considerable only in the deeper
parts of the bend, especially in cross—section Co' As in the plane bed case,
the predicted intensity in these deeper parts was about a factor 1.5 smaller

than the measured one.

Regarding the discrepancy between the measured and the computed mean velo-
city distributions, the longitudinal configurations of the water surface

and the energy head were :rather well predicted.

The transverse configuration of the water surface and the energy head
predicted by the mathematical model show much stronger deviations from the
measured data than in the case of a plane bed, as a consequence of the much

larger variations of the mean velocity.
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vert.fv .| o a - ?’hel
(m/s) | (deg) (m/s)
1 0.230] 0.0} 0,0031| 0,0007
2 0.303}1 0.3] 0.0034] 0.0010
3 0.380fF 0.4] 0.0012} 0.0005
4 0.410] 0.7 ] 0.0005] 0.0002
5 0.428} 0.6 | 0.0000| 0.0000
6 0.445}) 0.2} 0.0009| 0.0004
7 0.446|-0.3 | 0.0014] 0.0007
8 0.436] 0.1 ] 0.0014] 0.0007
9 0.427 .34 0.0007} 0.0003
10 10.391 .1 0.0000]| 0.0000
11 §0.365f 0.1 }|-0.0015}-0.0005
12 [0.292]~-0.1 |=-0.0029]-0.0008
13 §0.240) 0.3 {-0.0013{-0.0003
Section A]
vert.fv. | «a a, Ghel
(m/s) | (deg) (m/s)
1 0.227}-0.1 0.0034] 0.0008
2 0.312]-0.6 |} 0.0030} 0.0010
3 0.366|-0.5] 0.0024) 0.0009
4 0.403]1-0.4 | 00,0017} 0.0008
5 0.431] 0.3] 0.0026] 0.0011
6 0.444|-0.3 ] 0.0004} 0.0002
7 0.4501-0.7 | 0.0009] 0.0004
8 0.443(-0.9} 0,0007] 0.0003
o Jo.425|-0.6 | 0.0006| 0.0002
10 §0.403{-1.1 ] 0.0002| 0.0001
11 0.3711-0.8 }|-0,0003|-=0.0001
12 §0.323}-0.2 |-0.00181-0.0006
13 §0.252|-0.2 |~-0.0022|-0,0006
Section B0

Table III Depth-averaged quantities (for reference see Appendix C)

a.

Q = 0.463 m®/s

vert.|v .| « a Ghel
(m/s) | (deg) (m/s)

1 0.247| 0.6 ] 0.0030] 0.0007

2 0.315] 0.6 ] 0.0025| 0.0008

3 0.377] 0.9 ] 0.0007} 0.0003

4 10.407| 0.3 ] 0.0012] 0.0005

5 0.429] 0.6 ] 0.0002} 0.0001

6 0.449| 0.3 ] 0.0006] 0.0003

7 0.449] 0.0 | 0.0006] 0.0003

8 0.439| 0.0] 0.0000} 0.0000

9 0.420{ 0.3 |-0.0001]-0.0002

10 {0.396) 0.0 {-0.0005]-0,0002

1t §0.364| 0.0 |-0.0015|-0.0006

12 30.305]-0.1 |-0.0023[-0.0007

13 §0.246}~0.2 {-0.0014]-0.0003

Section A2

vert. ;tot o a, Ghel
(m/s) | (deg) (m/s)

1 0.269] 0.8 0.0078] 0.0021

2 0.342] 1.4 0.0007{ 0.0026

3 0.394] 2.2 0.0074}) 0.0029

4 0.425] 2.8 0.0071} 0.0030

5 0.441) 3.3 0.0062| 0.0027

6 0.445] 3.6 0.00551 0.0025

7 0.435| 3.8 | 0.0044} 0.0019

8 0.426] 4.3 0.0035] 0.0015

9 0.406] 4.2 0.0033} 0.0014

10 10.384} 3.5 0.0025] 0.0009

- 11 10.344] 2.7 0.0028] 0.0010

12 [0.304] 2.0 0.0022} 0.0007

13 ]0.244| 0.8 0.0014] 0.0003

Section B

1




vert.jv, . o a, Ghel
(m/s) | (deg) (m/s)
1 0.365}] 0.5] 0.0088] 0.0033
2 0.410] 0.6 | 0.0087| 0.0036
3 0.4421 0.7 ] 0.0103] 0.0046
4 0.449( 0.8 ] 0.0117] 0.0053
5 0.446| 1.2 ] 0.0111| 0.0050
6 0.427}1 0.7 | 0.0103] 0.0044
7 0.406| 0.9 ] 0.0081] 0.0033
8 0.375] 1.2 | 0.0064] 0.0024
9. J0.3451 1.5 | 0.0048| 0.0017
10 10.308) 1.4} 0.0035] 0.0011
11 J0.273} 1.7 { 0.0015] 0.0004
12 §0.228] 1.1 0.0014) 0.0003
13 j§0.191] 0.7 | 0.0001] 0.0000
Section CO
vert. \—’tot a a, :\V’hel
(m/s) | (deg) (m/s)
1 0.4201 0.6} 0.0054] 0.0022
2 0.4451-0.1] 0.0067] 0.0030
3 0.468] 0.1 | 0.0070] 0.0033
4 0.454{ 0.0 ] 0.0089| 0.0040
5 0.442] 0.3 | 0.0106] 0.0048
6 0.401} 0.0 0.0093| 0.0038
7 0.366]-0.2 ] 0.,0089| 0.0030
8 0.334]-0.3 | 0.0068| 0.0023
9 0.295| 0.1 ] 0.0043| 0.0013
10 §0.253| 0.1 | 0.0024]| 0.0006
11 0.217] 0.3 1] 0.0009}| 0.0002
12 §0.185]-0.2 | 0.0006| 0.0001
13 §0.163{-0.4 | 0.0000| 0.0000

Section D

0

Table I1Ia (continued)

vert. ;tot o a, vhel
(m/s) | (deg) (m/s)
1 0.416] 0.5] 0.0058| 0.0024
2 0.4401 0.0 ] 0.0066| 0.0029
3 0.460f1 0.0 | 0.0081| 0.0037
4 0.4611 0.2 | 0.0096| 0.0045
5 0.443] 0.6 | 0.0103]| 0.0047
6 0.408| 0.3 ] 0.0091| 0.0038
7 0.379}-0.1 ] 0.0076] 0.0029
8 0.350f1 0.0 ] 0.0057| 0.0020
9 0.310 .11 0.0040| 0.0012
10 §0.266]-0.1 | 0.0026} 0.0007
11 10.232] 0.3 ] 0.0011] 0.0004
12 §0.194]-=0.1] 0.0004] 0.0001
13 10.168]-0.6 | 0.0017] 0.0003
Section C1
vert.fv, o a, Ghel
(m/s) 1 (deg) (m/s)
I 0.424f 0.7 1 0.0054] 0.0019
2 0.450] 0.3 ] 0.0064) 0.0029
3 0.452} 0.2 | 0.0073}] 0.0033
4 0.449] 0.4 ] 0.0094] 0.0042
5 0.427] 0.5} 0.0100} 0.0043
6 0.395]-0.1 | 0.0098] 0.0040
7 0.355]=0.3 ] 0.0072] 0.0026
8 0.321|-0.2 | 0.0064}] 0.0021
9 0.278] 0.3 4] 0.0041} 0.0012
10 §0.238|-0.4 | 0.0031] 0,0008
11 §0.203}-0.4 | 0,0020| 0.0004
12 10.175] 0.2 |-0.0002| 0.0000
13 0.156]|-0.6 | 0.0025] 0.0004

Section D1




vert.\ v, o ol a, Ghel

(m/s) | (deg) (m/s)
1 0.422F 0.3 | 0.0046] 0.0019
2 0.449] 0.2 ] 0.0057| 0.0026
3 0.4541 0.1 0.0076| 0.0035
4 0.444]1 0.3 ] 0.0094] 0.0042
5 0.4211 0.2 ] 0.0103| 0.0044
6 0.386{ 0.1 0.0099}) 0.0039
7 0.355]-0.4} 0.0081| 0.0029
8 0.304| -0.1 | 0.0057} 0.0018
9 0.266| 0.4 | 0.0048| 0.0013
10 10.233] 0.1 0.0031] 0.0007
11 0.193} 0.2} 0.0025} 0.0005
12 fo.166] 0.2 | 0.0001]| 0.0000
13 j0.151}-0.8 | 0.0015] 0.0002

Section E



vert. gtot o a, Ghel
(m/s) | (deg) l(m/S)
1 0.106| 0.7 | 0.0041] 0.0004
2 0.141} 0.9 ] 0.0019] 0.0003
3 0.176] 0.8 ] 0.0016] 0.0003
4 0.194] 0.7 |-0.0007|-0,000!
5 0.205| 0.5 [-0.0001}] 0.0000
6 0.214] 0.1 ] 0.0001} 0.0000
7 0.2201-0.2 |} 0.0012] 0.0003
8 0.2271-0.3 | 0.0004] 0.0001
9 0.208| 0.2 |-0.0001{ 0,0000
10 {0.135]1-0.3 |-0.0001} 0.0000
11 0.163]-0.1 {-0.0022]-0.0004
12 []0.136 .1 }|~-0.0025{~-0.0003
13 fo.111} 0.9 {-0.0017]-0.0002
Section A1
vert. ;tot o a, Ghel
(m/s) | (deg) (m/s)
{ 0.107] -0. 0.0038] 0.0004
2 0.143]-0.61 0.0032| 0.0005
3 0.170| -0.7 |} 0.0017] 0.0003
4 0.189]~0.6 | 0.0012] 0.0002
5 0.202]-0.3} 0.0005] 0.0001
6 0.2121-0.51] 0.0004] 0.0001
7 0.213]1-0.6 | 0.0007] 0.0002
8 0.211f-0.9 | 0.0004| 0.0001
9 0.204|-0.8 } 0.0005} 0.0001
10 10.188}-1.0 |-0.0002|-0.0001
11 0.1711-0.7 |-0.0010-0.0002
12 10.148]|-0.2 |-0.0021|-0,0003
13 [0.114]-0.1 {-0.0031|-0.0004

Section B

0

vert. _tot o a, ghel
(m/s) | (deg) (m/s)

1 0.112}1 0.7 | 0.0013} 0.0001
2 0.145] 0.7 ] 0.0023| 0.0003
3 0.1771 0.7 ] 0.0007| 0.0001
4 0.194| 0.4 | 0.0004] 0.0001
5 0.2081 0.7 }-0.0001} 0.0000
6 0.218] 0.2 | 0.0006| 0.0001
7 0.216}-0.1 0.0001] 0.0000
8 [0.212] 0.1 |-0.0009|-0.0002
9 0.203] 0.3 |-0.0007|-0.0001
10 0.189} 0.0 |-0.0023}-0.0004
11 0.165] 0.1 |-0.0021}-0.0003
12 10.140] 0.1 [-0.0020|-0.0003
13 70.1091 0.2 |-0.0017}~0.0002

Section A2

vert, ;tct o a, Ghel

(m/s) | (deg) (m/s)

1 0,121} 0.7 1§ 0.0068]| 0.0008
2 0.1571 1.1 0.0073] 06.0012
3 0.182] 1.81 0.0075] 0.0014
4 0.199] 2.3 | 0.0065] 0.0013
5 0.212} 3.2 ] 0.0060] 0.0013
6 0.2144 3.5 0.0054] 0.0011
7 0.208} 3.7 | 0.0043] 0.0009
8 0.204] 3.9 ] 0.0028] 0.0006
9 0.191 2.1 0.0149] 0.0028
10 (0.180} 2.9 | 0.0024} 0.0004
11 0.161 2.3 10,0022} 0.0003
12 $0.138] 1.6 | 0.0004) 0.0001
13 j0.111} 0.6 |-0.0014|~-0.0002

Section B

1

Table III Depth-averaged quantities (for reference see Appendix C)
Q = 0.232 m¥/s

b.




vert. ;tot o a, vhel
(m/s) | (deg) (m/s)
1 0.165] 0.6 ] 0.0081} 0.0013
2 0.187} 0.2} 0.0093| 0.0018
3 0.204f 0.8 0.0099] 0.0021
4 0.210] 0.8 ] 0.0112] 0.0024
5 0.207} 0.9} 0.0108] 0.0023
6 0.198] 0.9 | 0.0093]| 0.0019
7 0.187] 0.9 ] 0.0074| 0.0014
8 0.173} 1.3 ] 0.0063} 0.0011
9 0.155] 1.5] 0.0042| 0.0007
10 {0.137] 1.4] 0.0028] 0.0004
11 j§0.132} 1.7 ] 0.0018} 0.0002
12 10.102{ 1.2 ] 0.0012] 0.0001
13 10.078] 0.6 ] 0.0016] 0.0001
Section C0
vert. Vtot 0 a1 vhel
(m/s) [(deg) (m/s)
i 0.195 | 0.5 0.0045| 0.0009
2 0.208 [-0.2 | 0.0059| 0.0013
3 0.216 .0 ] 0.0072] 0.0016
4 0.210 |1 0.0 0.0093| 0.0020
5 0.199 .2 ] 0.0101] 0.0021
6 0.184 |-0.1 ] 0.0090] 0.0017
7 0.167 | 0.0 | 0.0064| 0.0011
8 40.150 |-0.4 | 0.0056| 0.0009
9 0.131 |-0.4 | 0.0043] 0.0006
10 0,114 | 0,1 ] 0.0017] 0.0002
11 0.098 | 0.4 | 0.0011] 0.0001
12 §0.0085] 0.1 ] 0.0017] 0.0001
13 }10.076 |-0.1 | 0.0001} 0.0000

Section D

0

Table IITb (continued)

vert.v. | o a, Ghel
(m/s) | (deg) (m/s)
1 0.189| 0.3} 0.0051| 0.0009
2 0.205] -0.2 | 0.0063}] 0.0013
3 0.214] 0.0} 0.0079} 0.0017
4 0.211}-0.1] 0.0097} 0.0021
5 0.203f 0.0 0.0101}] 0.0021
6 0.189} -0.1 0.0087| 0.0017
7 0.175] 0.0} 0.0068| 0.0012
8 0.159| 0.0 ] 0.0054] 0.0009
9 0.139] 0.2] 0.0032{ 0.0005
10 §0.122] 0.4 ] 0.0023} 0.0003
11 §0.104] 0.1 ] 0.0008| 0.0001
12 §0.089| 0.0] 0.0020| 0.0002
13 §0.079] -0. 0.0027| 0.0002
Section C1
vert.|v .| o a, vhel
(m/s) | (deg) (m/s)
1 0.198] 0.4 ] 0.0045] 0.0009
2 0.210] 0.1 ] 0.0061} 0.0013
3 0.2141-0.1 | 0.0076] 0.0016
4 0.207 .21 0.0096| 0.0020
5 0.196 .21 0.0107| 0.0021
6 0.179] 0.0 0.0097] 0.0018
7 0.161]1-0.11] 0.0076]| 0.0012
8 0.1421 0.3 ] 0.0053| 0.0008
9 0.124] 0.2 ] 0.0035} 0.0004
10 §0.108] 0.0 ] 0.0017] 0.0002
11 30.095}1-0.11] 0.0015] 0.0001
12 $0.084] 0.0 | 0.0006] 0.0001
13 0,076} 0.5 |-0.0007] 0.0000

Section D]




vert. ‘—Itot a a, :}hel
(m/s) | (deg) (m/s)

1 0.199| 0.6 ] 0.0033] 0.0006
2 0.2111 0.0| 0.0061| 0.0013
3 0.211} 0.1 ] 0.0079} 0.0017
4 0.203| 0.2 0.0094] 0.0020
5 0.190} 0.2 ] 0.0105] 0.0020
6 0.1741-0.3 | 0.0102} 0.0018
7 0.155]1-0.6 | 0.0077} 0.0012
8 0.138] 0.2} 0.0055} 0.0008
9 0.119]1 0.3 | 0.0036] 0.0004
10 §0.106| 0.4 } 0.0023| 0.0003
11 §0.091) 0.7 | 0.0011| 0.0001
12 §0.080] 0.5 ] 0.0010| 0.0001
13 10.074] 0.9 | 0.0009} 0.0001

Section EO

Table IIIb (continued)




cross—section
vert. '
A Ay By B, ¢, c, Dy D, E,
1 0.2540]0.2520|0.250110.2482|0.2469|0.2447]0.2428]0.2409]0.2393
| 3 0.253910.2519]0.249810.2476 0;2465 0.2441 0.242510.2406]0.2391
5 0.253910.2518]0.24970.247410.2459]0.2437]0.2422}0,2402]10.2388
7 10.253910.2518(0.2496)0.2469 {0.2455(0.2435(0.2419]0.2401]0.2384
9 10.2536|0.252010.2494]0.246810.2452]0.2433(0.241710.2399]0.2384
11 §0.2536]0.251910.2495)0.2464 10.2448(0.242410.2414]0.2398]0.2381
13 §0.25360.2418]0.2491 |0.246210.2447]0.2429]0.241310.2396{0.2381
Table IV Water surface elevations (m)
a. Q= 0.463 m/s
cross—section
vert.
A] A2 B0 Bi C0 Cl DO D] EO
1 0.2508]0.2505]0.250110.2493|0.2491]0.2488|0.2474}0.2471]0.2468
3 10.2507]0.2503]0.2499]0.2492]|0.248910.2485|0.2474]0.2470|0.2467
5 0.250610.250210.249710,2489]0.248210.248110.2474]0.2469]0.2467
7 10.2506]0.250210.2497]0.2486)0.2481|0.2483|0.2473]0,2469|0.2466
‘ 9 0.250510.2501 10,2497 10.249810.248610.2483]0.247510.247210.2470
| 11 10.250610.250110.24960.2488]0.2485{0.2481]0.247310.2463]0.2467
13 10.2504]0.250010.2495]0.24830.24830.2481(0.2472}0.2469|0.2466

Table IV Water
b. Q

surface elevation (m)

= 0,232 m/s




cross—section
vert. .
Al 2] B | B % | “ % 1 "1 | Fo
1 0.2567]0.255110.2527]0.251910.2537]0.2535]0.2518|0.2501 0.248i
3 0.2613]0.2591]0.2566}10.2535{0.2565}0.2551]0.2537]0.2510]/0.2496
5 0.2532]0.2612}10.2592{0,2574}0.256010.2537]0.2522{0,2495]0.2478
7 0.2640]0.2621}0.2572]0.257210.253910.2508]0.2487|0.2465]0.2448
9 0.2629]0.261010.258610.255210.25130.248210.2461}0.2438 0.2420
11 10.260410.258710.2565|0.2524|0.2486]0.2451]0.2438(0.2419]0.2400
13 }0.2565(0.254910.25230.2492(0.2466{0.2443(0.2427]0.2408]0.2393
Table V Energy head (m)
a. Q= 0.463 m*/s
cross—section
LA s | B | B % | % | P | P £
i 0.2514]0.2511}0.2507(0.2500|0.2505{0.2506|0.2493(0.2491]0.2488
3 0.252310.2519}0.2509}0.250910.2510{0.250810.249810.2493(0.2490
5 0.2527}0.252410,25180.2512]0.2504]0.2502(0.2494)0.249810.2485
7 0.2531]0.2526]0.2520)0,2508)0.,2499{0.2499|0.2487}0,2482]|0.2478
9 0.252710.252210.2518}0.2508]0.249710.249310.2484(0.2480]0.2477
It 30.2520]0,2515{0.2511]0.2501|0.249410.24870.2478|0,2468]0.2471
13 0.2510]0.2506|0.250210,2489]0.2486|0.2484|0.2475]0.2472]0.2469

Table V Energy head
Q = 0.232 m®/s

b.
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Appendix A

INSTRUMENTATION

1 Water surface elevation

The water surface elevation was measured with static tubes connected to a
measuring pit by plastic hoses of about 15 m length (see Figure 1). Three
cross—sections could be reached from one pit, which implies that three pits
were needed to cover all nine cross—sections. In each pit 7 measuring glasses
were mounted, sothat for each cross—section the water surface elevations in
all 7 measuring points could be recorded simultaneously. The water levels in
the glasses were measured by point gauges. Using a vernier fine setting an
accuracy in the readings of about 10™* m could be obtained. The point gauge
readings were related to the same horizontal datum as was used for the

measurements of the bed elevation (see Figures 2a and b).

As a consequence of the rather long connections between the static tubes and
the measuring glasses, a considerable time (several hours) elapsed between
the installation of the tubes and the setting of the point gauges in order to

have oscillations of the water in the measuring system damped out.

2 Flow velocity

The magnitude and the direction of the flow velocity were measured simultaneously
by a combined current-velocity/direction meter, consisting of a miniature
propeller and a vane (see Figure Al). The propeller measuring the magnitude of
the velocity vector had a diameter of 0,011 m, while the vane indicating the
direction of the velocity vector was 0.020 m high and 0.050 m long. By means of

a servo-system the frame in which the propeller and the vane are mounted was
turned in the flow direction, so that the propeller measures the total velocity
Veot® For more technical information see D.H.L. 1975,

The angular speed of the propeller varied linearly with the current velocity.

A calibration curve (Figure A2) of the propeller gave the coefficients ¢ and

¢y, mecessary to convert the observed frequency (number of recorded pulses N
divided by the time T) to the velocity:

v = clN/T + ¢ (A1)

tot 2
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The calibration was executed in watercwith a certain temperature, which implied
that the coefficients ¢ and ¢, should be corrected for the actual temperature
of the water in the channel. In this respect it can be remarked that only cy
varied with the water temperature to a considerable extent, depending on the
individual propeller (Brolsma, 1973). A rough indication of this dependency,

used for the present measurements, is given by:

Coactual ~ 2calibration +0.0234 (nm - nO) (m/s), (A.2)

in which:
n, = the dynamic viscosity (in cp) of the water at the measuring temperature
Ny = the dynamic viscosity (in cp) of the water during the calibration

3 Flow direction

The vane turns in the flow direction and commands the frame also to turn in
the flow direction by means of two position sensors and a servo-system. The
position of the frame is measured by means of a potentiometer. Since the flow
is turbulent, the direction of the vane varies .in time. The average reading s
of the potentiometer over a set period is determined by using an electronic

integrator. It is converted to the angle ¢ by:

¢ = c3(s - so) (radius) , (A.3)

in which c3==0.00031 is 'a coefficient of proportionality, and S, is the
reading of the potentiometer for a certain reference angle of the direction
meter.This reference :reading is obtained by calibrating the direction meter

dynamically in a towing tank.

The instrument used during the present series of measurements (see Figure Al)
was different from that used during the first series: a different system
for the vertical positioning of the current-velocity/direction meter improved

the accuracy of the flow direction measurements considerably. This accuracy

is discussed in Appendix B.



Al

Combined current-velocity/direction meter
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Appendix B

MEASURING PROCEDURE

1 Accuracy

1.1 Velocity measurements

As was shown for the plane bed experiments, observations of 30 s duration are
sufficient for the flow velocity measurements. For the flow direction measure-
meﬁts, however, observations with a duration of 60 s are needed. As the flow
velocity and the flow direction were being measured simultaneously, an obser-

vation period of 60 s was also used for the velocity measurements.

To obtain information about the accuracy of a‘measuring procedure with

an observation period of 60 s, some additional velocity measurements were
taken. In vertical D04- 30 subsequent observations were recorded at different
heights above the bed. The coefficient of variation (see Table Bl) gives an
indication of the accuracy in relation to the vertical position above the bed.

Observations close to the bed appear to be the least accurate.

1.2 TFlow direction measurements

Like the current-velocity/direction meter used for the plane bed measurements,
the present instrument was developed for measurements in larger-scale tidal
models, where an accuracy of some degrees is sufficient. The accuracy of the
flow direction measurements with this instrument has been tested extensively
(Koch, 1977). These tests showed that the accuracy and calibration of the in-
strument depended on the flow conditions in which the observations are made.
Therefore the direction meter was tested in the curved channel itself, in order
to draw up a measuring procedure for the direction measurements. In different
grid points a series of 30 flow direction observations was recorded, with the
position of the instrument remaining unaltered during the series. The results,
given in Table B2, show that the accuracy for an observation period of 60 s cor-
responds with a standard deviation of about 10 mV, or 0.2°, A substantial in~

crease of this accuracy would require much longer observation periods.

Other sources of errors in the direction measurements are:

a. The procedure of calibration of the instrument;
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b. the positioning of the cross—section; and

c. the vertical positioning of the instrument,

a__Errors_due to the calibration procédurg

The direction meter was calibrated dynamically in a towing tank (Koch, 1977).
Unfortunately the calibration did not yield a single value corresponding with

a certain reference, but the calibration value was dependent on the flow condi-
tions, such as flow velocity, depth of flow, distance from the bed. Consequently,
an error of about 0.2° has to be taken into account, and this error was even

. o
increased by another 0.5 for measurements close to the water surface.

The error in the reference angle introduced when placing the instrument in the
cross—section depends on the accuracy of positioning the cross—section itself
and on the accuracy of placing the instrument perpendicular to it. The standard

deviations of the errors due to these two sources are estimated at 0.05°.

The directionmeter used during the plane bed experiments gave rise to a most
serious error of 1° to 5° due to a backlash in the sliding transmission between
the recording system and the vertical shaft in which the vane was mounted.

When the vertical position of the present direction meter was changed, both

the recording system and the vane moved vertically, so that no sliding trans-
mission between these parts .was needed, Still a systematic error could be
introduced if the vertical beam along which the whole instrument was moved shows
some torsion. Such an error can be measured and taken into account (Koch, 1977).
The errors of this type turned out to be so small that they could be neglected

here.

So the two most important errors in the direction measurements are: an error of
o . .
0.2 due to the short duration of the measurement in turbulent flow, and another

error of 0.2o due to the calibration of the instrument.

Finally, the correlation between the errors in the velocity and the direction
of the flow was investigated. The results are shown in Table B3, from which

it was concluded that there is hardly any correlation between these two errors.



|

-3- Appendix B

2 Measuring procedure

2.1 Positioning of the flow meter and the static tubes

The position of the cross-sections and verticals was fixed using the same
movable support bridge (Figure Al) as during the flat bed experiments (de
Vriend and Koch, 1977).

The fixed bed was taken as a reference for the position of the grid points in

a vertical. The distance below the lowest point of the measuring device and

the axis of the propeller was about 0.025 m, and by placing the lowest point

of the instrument just above the bed, the velocity and deviation angles at
0.025 m above the bed could be measured. The highest measuring point was
situated as close as possible to the free water surface, which meant that the
axis of the propeller was about 0.02 m below the surface. The distance between
the lowest and highest pointswas divided into atmost 9 equal intervals, yieldiﬁg
at most 10 grid points in a vertical. If the depth of flow was too small to
have 9 intervals of more than 0.01 m, the number of measuring points was reduced
so, that the distance between the highest and the lowest points was divided into
a number of ‘intervals of about 0.0l m length. The accuracy of the vertical posi-

tioning was about 0.0005 m, which was thought to be sufficient.

The static tubes were mounted on a transportable bar across the channel, as

was described for the plane bed experiments.

2.2 Velocity measurements

During the velocity measurements the magnitude and the direction of the velocity
vector were measured twice during 60 s. The measurements started in the lower
grid point and successively moved up to the surface point, where two subsequent
observations were taken. Then successively lower points were revisited until

the point near the bed was reached again., The apparatus was then removed from

the water, the propeller was cleaned and the measurements restarted in the next
vertical. All measurements, both for the similarity of the velocity distribu-
tions and for the depth-averaged velocity field,were executed in the 13 verticals

of the cross=sections A]’ coesy EO'
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2.3 Surface elevation measurements

During both series of the velocity measurements (T7 and T8), the water surface
elevation was measured every few hours in the verticals 1, 3, 5, 7, 9, 11 and
13 of the cross—section in which velocity measurements were taken at that moment.
If more than one value per vertical was measured, the observed elevations were

averaged in order to find "the'" elevation in the relevant vertical.



level pulses stand. coeff. of
above dev, variation
bed a b o 100 g_/n
m - - A
0.025 23361 308.9 1.32
0.102 28043 278.9 0.99
0.179 29294 178.6 - 0,61
0.256 29159 102.9 0.35
0.333 27567 130.4 0.47

1 Average number of pulses of 30 velocity observations of 60 s duration

Table Bl Accuracy of velocity measurements
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coeff. of

level | pulses stand. deviation stand. covariance
above dev. angle dev. cov(n,d) correlation
bed n b T PSRY. T,

m degrees degrees
0.025 23702 370 -1.96 0.21 17.1 0.22
0.181 29672 198 0.50 0.05 3.29 0.33
0.338 28120 118 1.71 0.06 =-2.41 ~-0.34

1) Average of 30 observations of 60 s

duration (Té6-1)

Table B3 Correlation of the errors in the velocity and the direction

measurements
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Appendix C

ELABORATION OF MEASURED DATA

The main outlines of the procedure used to translate the measured data into
-main and helical velocity components are the same as in the procedure used

to elaborate the rectangular channel data (de Vriend and Koch, 1977). Referring
to the relevant report, in which this procedure is described extensively, the

unaltered steps will just be indicated here.

1 Magnitude and direction of the velocity vector

The magnitude of the measured velocity is computed from:

Veor = © N/T + ¢y with c, = c20 + Cé(nm - no) (c.1)
where:
N = number of pulses counted by the velocity meter during the

observation period

T = duration of the observation period

cys czo ¢, = constants determined by calibration

o = dynamic viscosity of water at the measuring temperature
Ny = dynamic viscosity of water at the calibration temperature

The direction of the velocity vector with respect to the channel axis follows

from:
= Yo
(b C3 (d) (bo) b (C.Z)
where:
cy = constant (here cy = 1)
¢' = reading of the flow direction meter
¢é = reference reading of the flow direction meter when the vane is parallel

to the channel axis (see Koch, 1977).
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2 Tangential and radial velocity components

The velocity components v _ and Vs parallel and perpendicular 'to the channel

t
axis respectively, are calculated from:

Ve T Vior cosd and Ve = Veo. sing (Cc.3)

3 Magnitude and direction of the depth—averaged velocity vector

At this point the present procedure substantially deviated from the former one,
To avoid'thé trapezoidal integration rule, which is a severe source of errors
due to the relatively large distance from the lowest measuring point to the bed
(de Vriend, 1978), the following assumptions were made as to the vertical dis-

tributions of the main and the helical velocity components:

-3 z ‘ :
Vmain = 'main fmain (h) (C.4)
where:
A S N 1
fmain 1+ T + % 1n(h) (C.5)
= 3 2z
Vhel ~ Vhel fsec (h) (C.6)
where:
1 zZ vV g Zy /“E z
foec "%z V2F) ) + g Ty () - 200 - ) £ @) (€7
Z %
F.(3) = fZ/h _lf_.gfl)_ a@)  with %o = exp(~ 1 - KC_
1R T gy z_, °h h /e
o) h
2 (2
s z/h 1n (h) ,
r, & = — a4
z¥/h 2 -
o h
Theoretically, ¥ = v and Vv, . = v ba3 b (de Vriend, 1976 and
> "main main hel main RS “main R ?
1977).

The definition of the total mean velocity reads:
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T =GRy (C.8)
tot t r )
= | {_ 2 : 2
= {h S Viot cosp dz}* + {h S Viop Sind dz} ]
- 0 0
© h 1 h )
- _{E-Of Veot cos(¢—q) coso, dz - E-Of Vot sin(¢-a) sino dz}? +
P B ;B 212
+ {E‘Of Viot sin(¢-a) coso dz + E-Of Veot cos(¢p-0) sino dz} ]

If 0 is the direction of the streamlines of the depth-averaged flow field with

respect to the channel axis (positive outwards), Vo and v are defined by:

ain “hel
Voain = Veot cos(¢-a) and Vel = Veot sin(¢-a) (C.9)
Hence v can be written as
tot
- ;P 2 P B 21/2
Vior = [{Ejof Voain dz} {E-Of Viel dz} ] (C.10)

As the streamline direction o is defined by

1 h h

tang = ﬁ- J Viot sing dz /(% S v cosd dz) (c.11)

0 0 tot

the mean helical velocity vanishes:

h h

i 1 o
T S Vel dz = T S Vot sin(¢-a) dz ,
0 0
cosQ, sino, h

= =5 Of Veop Sind dz - = Of Veot cosp dz = 0 . (C.12)
Consequently:
_]h -
Vtot=Tf0f Vmain dz = main (€.13)
so theoretically (C.4) is equivalent to

= v Z

Vmain = Vtot ‘main (h) (C.14)

Adopting a least squares method to fit £ . (&) to the measured data, V__.
main "h ' main
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is determined in such a way, that the mean square of the differences between Vmain

(calculated from the measured data) and Voain 28 calculated by (C4), is

minimized in a vertical. This leads to:

np
A (——)
;= main, ma1n
vy o, =2 (C.15)
main
np Zi
2 —
.Z fmaln (11)
i=1

To -calculate Vmain from the measured data, however, the streamline angle o
needs to be known. This quantity is determined in a similar way.
Equations (C.4), (C.6) and (C.9) lead to:

Ghel 4 Z fs (E)
tan(p-a) = =—— £, (=) with £ (=) = (C.16)
. ¢ °h ¢ "h
main (—)
maln
For small values of o, this can be elaborated to
v .
tand % _hel f (E) + tano . (C.17)
¥_. "¢ 'n |
main
So if the tangent of the measured flow angle is expressed by
= Z ;
tand a f¢ (h) + a, s (C.18)

the theoretical values of a and a, are %-and tano, respectively., When applying

the least squares method to determine ay and a, from the measured data in a

vertical, two linear equations in these quantities are found:

A a, + B a, = C and B a, +mnp a, = D, (C.19)
in which:
zp 2 (-
A = £ —
¢
np z,
B = % £, (=)
=1 ¢ B
np z,
cC = Y 'f, (=) tand
2ty G



~-5— ' Appendix C

np

D = Y tand.
. i
i=1]

The solution of (C19) for B? + np A reads:

np C - BD AD - BC |
ay = apa-wr ™ 8 T opogr - (c.20)

imati v . = x . 3 1
Thus least squares approx1ﬁaééz?i(ﬁfvmaln Viot ( Voains See (C15)),
(v —222

o (= atan az) and Vv = ) are obtained.

hel

4 Main and helical velocity components

The local main and helical velocity components are calculated from:

Voain © Veot cos($-a) and Viel = Veot sin(¢-0,) (c.21)

It should be noted that the former component has already been determined in the
foregoing step when computing v . .

5 Normalization

The main and helical velocity components are normalized by:

<

Vmain hel
v! ., = ~——" and v! = (C.22)
main vtot hel vhel

The latter definition differs from the onme in the rectangular channel procedure

in that v is used instead of its theoretical value v E.
hel tot R



