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Introduction

Measuring flow discharge in rivers and open channels has always been one of the most important
concerns of water sciences experts. The most common flow measurement method in open channels is
velocity- area approach. An approach recently considered as a non-contact option for measuring flow
is the use of surface flow image velocimetry methods. Recently, the standard PIV method has been
used to measure the velocity at larger scales and on the flow surface, which is referred to as the LSPIV
(Bieri et al., 2009).

The most common way of converting the surface velocity to the depth-averaged velocity is to use
a coefficient called the Velocity Index (V1) which is in fact the ratio of the depth-averaged velocity to
the surface velocity. In the literature, the value of the Velocity Index for river flows and laboratory
flumes, which were mainly studied for subcritical conditions, is believed to be equal to 0.85, which
seems to be an accepted value for this index among the hydraulics communities.

In this research, an image velocimetry technique was used to study the flow characteristics,
determine the Velocity Index and investigate the surface flow pattern. The instantaneous surface
velocity field was measured using the LSPIV method and then a two-dimensional time-averaged
velocity map was obtained for different experiments providing the possibility of comparing the flow
pattern in different scenarios. Furthermore, by means of spatial averaging of the time-averaged velocity
map, the double averaged surface velocity (U ) was obtained using which and the cross-sectional mean
velocity the Velocity Index was calculated. Therefore, the effect of channel slope and relative
submergence on the Velocity Index was investigated and relationships were proposed to estimate the
VI in steep slopes.

Methodology
Laboratory measurements of this research were carried out at the Hydraulic Laboratory of the
Hydraulic Engineering and Water Resources Management Institute of the Graz University of
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Technology in Austria. For this purpose, a 5-m long, 0.55-m wide tilting flume was. Spherical glass
particles of equal size of 16 mm in diameter and specific gravity of 2.5 g/cm3 were used to ideally
simulate gravel bed of steep streams. First, the particles were roughened by sand to increase their ability
to absorb paint, and then a layer of them was glued on the Plexiglas plates using silicon.

Velocity Measurement
The LSPIV was used to measure the two-dimensional velocity field on the flow surface, which is,
in fact, a version of the PIV technique in which the use of laser light for visualizing the measurement
plane is omitted.
In this research, a MATLAB toolbox called PIVIab was used to process the images (Thielicke and
Stamius, 2014). PIVIab and most PIV software packages are based on cross corrolation algorithm

where the images are first divided into a number of Interrogation Areas (I1A). Since this algorithm is
in fact based on the recognition of the patterns formed by the tracer particles in each IA, for each of
the two consecutive images, the correlation coefficient of each 1A in the first image with the adjacent
IAs in a certain range in the second image is calculated for pattern recognition using equation (1):

2 2 {(aij—aij) (bij—byj)}

Rab MX vwMY ~ \2 ¢MX vMY 32
{(EMXSMY (ajj-ay;)” SMXSMY (bij-bij)

}1/2 (1)

Experiments Procedure

Details of the experiments are summarized in Table (1). In each experiment, the imaging was
performed for a duration of 60 seconds at 125 fps and in total 7,500 images were recorded. Fast Fourier
Transform was used where initially the image evaluation starts with a large IA and the results are used
for smaller 1As and velocity vectors are obtained for each IA.

Table 1- The experiments parameters and characteristics

Cross Double-

Experiment  Discharge  Slope Efdfectlve sectional averaged V_elocr[y
. epth . Fr Re index
Code dit/s) (%) (mm) mean velocity surface V1)
(m/s) velocity (m/s)
S2H23 6.4 27 0.43 0.85 11636 0.71 0.61
S2H30 104 34 0.56 0.96 18909 0.83 0.67
S2H38 15.3 42 0.66 1.03 27818 0.96 0.69
S2H40 17 44 0.7 1.07 30909 0.99 0.71
S2H45 20.7 2 49 0.77 111 37636 1.06 0.73
S2H50 245 54 0.82 1.13 44545 1.08 0.76
S2H60 327 64 0.93 1.17 59454 1.21 0.77
S2H75 46 79 1.06 1.2 83636 1.35 0.78
S6H23 10.2 27 0.69 1.35 18545 1.07 0.65
S6H30 16 34 0.86 1.48 29090 1.29 0.67
S6H38 23.1 42 1 1.56 42000 1.48 0.68
S6H40 25.4 44 1.05 1.6 46181 1.54 0.68
S6H45 30.2 6 49 1.12 1.62 54909 1.61 0.7
S6H50 36.3 54 1.22 1.68 66000 1.77 0.69
S6H60 47 64 1.34 1.69 85454 1.89 0.71
S6H75 67.3 79 1.55 1.76 122363 2.07 0.75
S10H23 12.7 27 0.86 1.68 23090 1.34 0.64
S10H30 19 34 1.02 1.76 34545 1.49 0.68
S10H38 28.8 42 1.25 1.94 52363 1.79 0.7
S10H40 315 44 1.3 1.98 57272 1.82 0.71
S10H45 374 10 49 1.45 2.09 71090 2.07 0.7
S10H50 458 54 1.54 2.12 83272 2.18 0.71
S10H60 60.6 64 1.72 2.17 110181 2.39 0.72

S10H75 83.8 79 1.93 2.19 152363 2.55 0.76
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Results and Discusspn
Velocity Index

As mentioned earlier, Velocity Index is the ratio of the average cross sectional velocity to the
average velocity of the flow surface. The velocity indices obtained in this study range from 0.612 to
0.784 with an average value of 0.701, which is of a difference of nearly 17 % from the well-established
value of 0.85.

Polatel (2006) attributed the wvelocity index to parameters such as bed roughness, relative
submergence or aspect ratio and flow regime. In Figure (1a), the changes in the velocity index against
the relative submergence for different slopes are shown. Obviously, the velocity index on different
slopes increases with an increase in the relative submergence which indicates that by decreasing the
depth of the flow, the difference between the mean velocity and the surface velocity increases due to
the high stress and linearization of the velocity profile in shallow flows. In order to extract a generalized
relationship to estimate the value of velocity index by having the relative submergence under
supercritical conditions on a steep slope (more than 2%) on gravel bed streams, the regression
technique was performed regardless of the gradient and led to the following relationship (Figure 1b):

VI = 0585 (59160 ()

Thus, using equation (2) which has a correlation coefficient of 0.8 by measuring the surface velocity
and having the relative submergence, the average velocity and subsequently the flow rate can be
achieved in the described conditions.
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Fig. 1- Variation of velocity index against a) aspect ratio for the slopes 2, 6 and 10 percent, b) overall
aspect ratio

Conclusions

In this study, LSPIV was used to measure the value and changes of the velocity index in a steep rough
bed under low relative submergence and supercritical conditions. The results of this research are
discussed in two parts of velocity index and discharge measurement as follow:

1- Trusting a value equal to 0.85 as the velocity index for converting the surface velocity to the average
velocity under different flow conditions is not free of errors. In this study, the velocity indices
obtained for different relative submergences range from 0.612 to 0.784 with an average value of
0.701, which is about 17 percent different from the common value of 0.85. It is noteworthy that the
velocity index is dependent on the relative submergence, which in fact suggests that by decreasing
the depth of flow, the difference between the average velocity and the surface velocity increases.

2- The proposed method for estimating flow rate for experiments performed in the laboratory flume
of the present study has a very high precision with a maximum error of 6 %.Therefore, by measuring
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the flow surface velocity by different methods and using the above method, flow discharge might
be calculated in flume and also in the filed with acceptable reliability.
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Fig. 1-a) Schematic od the experimental flume, b) glass particles used to ideally model the gravel bed,
c) the seeding machine
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Table 1- Characteristics of the utilized LSPIV system
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Fig. 2- Schematic illustration of algorithm utilized for detection of tracers' displacement (small
squarea Interogation area and large squres Search Area)
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Table 2- The experiments parameters and characteristics

) Cross Double- .
Experiment  Discharge  Slope Etjfectlve sectional averaged Velocity
epth - Fr Re surface Index
Code (I/s) (%) mean velocity -
(mm) (mis) velocity V1)
(m/s)

S2H23" 6.4 27 0.43 0.85 11636 0.71 0.61
S2H30" 104 34 0.56 0.96 18909 0.83 0.67
S2H38 15.3 42 0.66 1.03 27818 0.96 0.69

S2H40 17 44 0.7 1.07 30909 0.99 0.71
S2H45 20.7 2 49 0.77 111 37636 1.06 0.73
S2H50 245 54 0.82 1.13 44545 1.08 0.76

S2H60 327 64 0.93 1.17 59454 1.21 0.77
S2H75 46 79 1.06 1.2 83636 1.35 0.78
S6H23 10.2 27 0.69 1.35 18545 1.07 0.65

S6H30 16 34 0.86 1.48 29090 1.29 0.67
S6H38 23.1 42 1 1.56 42000 1.48 0.68
S6H40 25.4 44 1.05 1.6 46181 1.54 0.68

S6H45 30.2 6 49 1.12 1.62 54909 1.61 0.7
S6H50 36.3 54 1.22 1.68 66000 1.77 0.69

S6H60 47 64 1.34 1.69 85454 1.89 0.71

S6H75 67.3 79 1.55 1.76 122363 2.07 0.75

S10H23 12.7 27 0.86 1.68 23090 1.34 0.64
S10H30 19 34 1.02 1.76 34545 1.49 0.68
S10H38 28.8 42 1.25 1.94 52363 1.79 0.7
S10H40 315 44 1.3 1.98 57272 1.82 0.71
S10H45 37.4 10 49 1.45 2.09 71090 2.07 0.7
S10H50 458 54 1.54 212 83272 2.18 0.71
S10H60 60.6 64 1.72 217 110181 2.39 0.72
S10H75 83.8 79 1.93 2.19 152363 2.55 0.76

—— E 3
Ha He

Fig. 3 Description of apparent and effective depth.
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Fig 4- Time-averaged su rface veIOC|ty vector field for the experiment S10H50.
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Fig. 5-Time-averaged velocify maps for the experiments a) S1I0H23, b) S10H50 and c) S10H75 with

relative submergence of 1.68, 3.38 and 4.94 respectively (flow direction downward)
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Fig. 6- a) Time-averaged b) Instantanous surface velocity profiles for the experiment S10H50
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Table 3- Comparison of the observed against calculated discharges
S5 03Il S 98 b (Sdlgriw 59 3 03! b old dwiloxe S 28 duslio - J9u>

Experiment code | S2H23 | S2H30 | S2H38 | S2H40 | S2H45 | S2H50 | S2H60 | S2H75
_ Measured 6.4 104 | 153 17.0 207 | 245 | 327 46.0
Discharge (l/s)
_ Calculated 6.7 10.3 143 16.8 203 23.3 31.7 45.0
Discharge (l/s)
Re'?(f/'o‘;e Eror 1 905 | 0.01 6.5 12 19 4.9 3.0 22
Experiment code | S6H23 | S6H30 | S6H38 | S6HA0 | S6H45 | S6H50 | S6HE0 | S6HT75
_ Measured 102 160 | 231 | 254 | 302 | 363 | 470 67.3
Discharge (l/s)

 Caleulated 10.0 158 | 232 255 | 302 | 371 | 483 67.5
Discharge (l/s)

Rel?g/lo\;e Error 19 1.2 0.4 0.4 0.0 2.2 2.7 0.3
Experiment code | SI0H23 | S10H30 | S10H38 | S10H40 | S10H45 | S10H50 | S10H60 | S10HT75

_ Measured 127 190 | 288 | 315 | 391 | 458 | 606 83.8
Discharge (1/s)

Caloulated )54 1 480 | 276 | 208 | 383 | 452 | 602 | 820
Discharge (I/s)

Relative Error 23 5.2 4.1 5.4 2.0 1.3 0.6 2.1

(%)
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Table 4- Validation of the proposed method with field data
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Ein 2.3 0.003 12 0.28 93.33 1.25 0.7 0.29 0.1 1.95
Colle 0.62 0.25 7 0.46 1.84 0.65 1.41 2.94 3.1 0.05
Pellizzano 0.4 0.1 19 0.38 3.8 0.73 1.33 7.03 7.5 0.06
Versciaco 0.5 0.15 0.56 3.733 0.73 1.19 3.89 3.2 0.22
Monguelfo  0.44 0.175 9 0.69 3.943 0.74 1.66 7.59 8.1 0.06
Beyre'de 0.7 0.1 17 0.75 7.5 0.82 1.36 14.23 104 0.37
Taninges 05 0.08 33 0.6 7.5 0.82 1.96 31.85 22 0.45
La
Pernie’re 0.4 0.05 11 0.4 8 0.83 1.08 3.94 25 0.58
Pont de
Vence 0.17 0.05 55 0.5 10 0.86 1.18 2.79 2.2 0.27
Pont Du
Giffre 0.5 0.08 16 1 12.5 0.89 2.85 40.78 28 0.46
Roquefort 0.4 0.08 66 0.2 15 0.92 1.26 92.01 56 0.64
Saint Arve 0.5 0.08 35 15 18.75 0.96 4.7 236.2 23 9.27
Braulins4  0.75 0.055 16 0.22 4 0.74 1.06 2.76 2.7 0.02
Manciuox 0.3 0.01 45 3 300 1.53 1.23 253.25 100 1.53
Braulins3  0.38 0.037 10 0.51 13.78 0.91 1.83 8.48 7.5 0.13
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