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Abstract: Open-channel flows are characterized for having a free surface open to the atmosphere, having a great number
of practical applications in engineering. The characterization of the flow in an open-channel depends on a variety of
factors, such as: the fluid, flow area, flow rate, flow depth, bed slope and the surface roughness of the channel material.
This paper is based on the experimental study of a tests section in a hydraulic open-channel with a rectangular cross-
section operated with water as the work fluid. The aforementioned parameters are extensively analyzed via experimental
tests. In general, it was observed that the flow was practically turbulent and supercritical during the testing period. The
water level was reduced by half as the channel slope was increasing. The average for the Manning and the Chézy
coefficients were, respectively, 0.00784 e 59.1.
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1. INTRODUCTION

Water channels are equipment designed to provide a flow with well-known controlled characteristics inside of the
tests section. Once built, this kind of apparatus must be judiciously evaluated, through the realization of tests in order to
investigate the flow’s characteristics (Mega, 2009).

Open-channel flows are characterized for having a free surface open to the atmosphere, having a great number of
practical applications in engineering (Fox, Mcdonald and Pritchard, 2010). Its complexity resides on the vast combination
of factors that define the channel, since the free surface can vary on time and space, and, as a result, the flow depth, the
flow rate and the bed slope are interdependent physical quantities (Porto, 2006).

This paper is based on the experimental study of a tests section in a hydraulic open-channel with a rectangular cross
section operated with water as the work fluid. The flow was analyzed as for its type (subcritical or supercritical), by
determining the Froude number (Fr) for several points. Furthermore, the type of flow regime (turbulent or laminar) was
analyzed, determining the Reynolds number (Re) for the same points. These results are preliminary data intended to
validate the experimental setup.

2. METHODOLOGY

A description of the test bench, the experimental procedures and the mathematical modelling for the evaluation of the
main parameters involved in the water flow through the open-channel is presented below.

2.1. Test bench description

The test bench consists of an open-channel model built in acrylic that possesses a mechanism to elevate the channel
slope. Figure 1 shows the test bench.
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Figure 1. Test bench of open-channel flows.

The flow rate given by the pump set can be fixed and specified by a flowmeter. A graduated support in one of the
sustentation extremities of the channel allows the execution of a controlled variation of the channel slope, as shown in
Figure 2. For each variation of the slope, it is possible to determine the height of the water level with a graduated ruler.

Figure 2. Mechanism for elevation of the channel slope.
2.2. Experimental procedures and mathematical modelling

The tests consisted in measuring the height of the water level for 10 different slopes, keeping the water flow rate
constant. With the data collected it is possible to determine the average velocity V of the water flow, the Reynold number
Re and the Froude number Fr. Re and Fr are generally used as dimensionless parameters of physical problems related to
closed and open conduits, respectively (Baptista et al., 2013).

The average velocity of the flow can be determined by Eq. (1), the Reynolds number by Eq. (2) and the Froude number
by Eq. (3) (Cengel, 2007). The equations take into account that the cross section of the channel is rectangular and constant.

_e

V=g €

Re = PVLcZaract (2)
v

Fr = ﬁ (3)

Where p is the density of the fluid (997.0 kg/m?3 at 25 °C), V is given in m/s, L pqrqc: 1S the characteristic length of the
channel (m), u is the dynamic viscosity of water (0.00103 Pa.s at 25 °C), g is the gravitational acceleration (9.81 m/s?),
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B is the channel width (0.135 m), @ is the water flow rate (0.00085 m3/s) and y is the height of the water level. L yaract
is given by Eq. (4).

B
Lenarace = 4Rp = 4‘(231_3:3) (4)

Lcharace €9uals 4 times the hydraulic radius R;, of the channel, which on the other hand is the relation between the
cross-section area of the flow over the wetted perimeter. It is possible to write a relation of the height of the critical layer
for a channel with defined geometry. That is, the height of the water layer on which the flow regime is critical y,,;; and
is in imminent change (Fr = 1). Eq. (5) shows this relation.

Yerit = (é)y3 ®)

By analyzing the acting forces over a control volume of water flowing through the channel, it is noticed that there is
an equilibrium between the surface force (drag), opposing the movement of the fluid flow and the gravitational force,
acting in the same direction of the flow. Thus, it is possible to reach Eq. (6) and Eq. (7) that represents, respectively, the
Chézy coefficient C and the Manning coefficient n, which are dimensionless numbers related to the friction effect that
exists between the fluid and the channel walls.

14

1
_ R
n=- (7)

Where | is the channel slope (m/m) for small angles, given by Eq. (8). The flow velocity can be written according to
Eq. (9).

I=-— (8)

1
V = ;RZ/311/2 (9)
Where Az (m) is the manually imposed slope via the mechanism for elevation of the channel slope and L is the total
length of the channel (2.22 m).

The specific energy of the flow E is determined as a function of the piezometric energy y (m), named E; and of the
kinetic energy (V2/2g), named E, according to Eq. (10).

2
E=E+E=y+— (10)
29

3. RESULTS

Table 1 gathers the experimental data collected and the parameters calculated for the analysis of the type of flow
regime. Figure 3 shows the relation between both dimensionless numbers related to the characterization of the flow.

Table 1. Data collected and parameters calculated for the flow analysis.

Az (m) y (m) Velocity (m/s) Re Regime Fr Regime

0 0.017 0.370 19998 Turbulent 0.907 Subcritical
0.005 0.015 0.420 20483 Turbulent 1.094 Supercritical
0.01 0.012 0.525 21256 Turbulent 1.529 Supercritical
0.02 0.0115 0.548 21390 Turbulent 1.630 Supercritical
0.03 0.01 0.630 21804 Turbulent 2.010 Supercritical
0.04 0.0095 0.663 21946 Turbulent 2.171 Supercritical
0.05 0.009 0.700 22089 Turbulent 2.354 Supercritical
0.065 0.0085 0.741 22235 Turbulent 2.565 Supercritical
0.08 0.008 0.787 22382 Turbulent 2.809 Supercritical

0.1 0.007 0.899 22682 Turbulent 3.432 Supercritical
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It is possible to observe that as the slope is increasing, there is a reduction of the height of the fluid layer, as a result
of the increase of velocity, since the flow rate remains constant. For analysis in open-channel flows, the dimensionless
number Fr is more significant, therefore, it is noted that for the selected flow rate and for the difference in heights over
0.017m the regime tends to be supercritical, characterized by Fr being greater than 1. For values of Fr lower than 1, the
flow is subcritical. In general, the flow is supercritical for almost all observed points.

Regarding the Reynolds number, literature (Potter, 2004) describes that, for values greater than 4000, the flow can be
considered turbulent. Below 2300 the flow is laminar and between these values, there is the transition regime. All recorded
values are over 20000, so the flow is turbulent for all analyzed points.

Table 2 gathers the other calculated parameters. Figure 4 displays the behavior of the energies involved in the flow
(piezometric and kinetic).

Table 2. Parameters measured and calculated.

m v Ve Re Fr o) @m) (om) " <
0 0.017 0.370 19998 0.907 17.0 7.0 24.0 - -
0.005 0.015 0.420 20483 1.094 15.0 9.0 24.0 0.00602 79.8
0.01 0.012 0.525 21256 1.529 12.0 14.0 26.0 0.00601 77.5
0.02 0.0115 0.548 21390 1.630 11.5 15.3 26.8 0.00795 58.2
0.03 0.01 0.630 21804 2.010 10.0 20.2 30.2 0.00782 58.0
0.04 0.0095 0.663 21946 2.171 95 22.4 31.9 0.00832 54.1
0.05 0.009 0.700 22089 2.354 9.0 249 33.9 0.00854 52.3
0.065 0.0085 0.741 22235 2.565 8.5 28.0 36.5 0.00889 49.8
0.08 0.008 0.787 22382 2.809 8.0 31.6 39.6 0.00895 49.0
0.1 0.007 0.899 22682 3.432 7.0 41.2 48.2 0.00808 53.2
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Figure 4. Energies involved in the flow.

The curves on Figure 4 represent the height of the liquid layer as a function of the total, piezometric, and velocity
heads. It is noted that the point on which occurs a change on the curvature of the total energy function (E) is denominated
critical point and represents the operational situation on which the coefficient Fr equals 1, delimiting the transition from
the subcritical regime to the supercritical regime. Using Eq. (5), the same value corresponding to Figure 4 is reached, that
is, 1.6 cm. Also, it is observed that as the fluid layer reduces, the piezometric energy decreases and the kinetic energy
increases, due to the gain of flow velocity. In general, the situation with less specific energy happens on the point of
curvature change.

Figure 5 displays the curve for the channel slope I as a function of the water layer y, as well as Fr as a function of y.
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Figure 5. I and Fr as a function of y.

By the tendency curves showed on Figure 5, it is noticed the tendency of very high values for Fr and | as the water
layer decreases. Due to this behavior, it is inferred that there is a critical slope on which, for higher values than it, the
water layer practically doesn’t change. Concomitantly, Fr assumes high values, characterizing the flow as torrential

Figure 6 displays the Chézy and Manning coefficients for the analyzed channel. Since the test consisted in analyzing
variables for a single flow rate, these coefficients oscillations are on the vertical of the graph. The values obtained show
a significant variation in relation to the others, which can be justified by parallax errors (water movement in relation with
the ruler at the time of measure) and by the imprecision of the position of the ruler that measured the depth of the fluid
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layer. The average for the Manning coefficient experimentally obtained for the acrylic channel equals to 0.00784 and for
the Chézy coefficient equals to 59.1.
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Figure 6. Coefficients related to the roughness of the channel wall.

Figure 7 shows the velocity as a function of the hydraulic Reynolds and the channel slope. It can be observed that the
velocity increases as the Reynolds and the slope also increases.
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Figure 7. Velocity as a function of the hydraulic Reynolds and the channel slope.
4. CONCLUSIONS

The observation of the flow regime of an open-channel is essential to predict and understand the behavior of the
analyzed system, ensuring, for instance, safety for population and facilities located near these systems, by projecting
energy dissipation elements when supercritical flow is noticed.

The analysis of the dimensionless Froude number is a parameter that helps the determination of the flow regime, and
can be easily achieved in an execution of models to scale. During the elaboration of the models, the effect due to the
surface roughness of the model and prototype must me correlated, therefore, the analysis of the Manning coefficient is
indispensable.
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In general, is was observed that the flow was practically turbulent and supercritical throughout the entire period of
tests for the fixed flow rate. The water layer decreased as the channel slope increased. The average Manning and Chézy
coefficients were, respectively, 0.00784 and 59.1.
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