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Abstract: Hydraulic control structures form vital components in modern infrastructure and engineer-
ing, from hydroelectric power generation to water storage and canal locks, and they need to be designed
appropriately. Mechanical engineering students will benefit from practical exposure to hydraulic control
structures supplementing their studies of fluid mechanics. This paper covers the analysis, simulation, and
experimental results of a test bench to perform open channel flow demonstrations for engineering educa-
tion. The flow phenomena incorporated into the designed apparatus were focused on the development of
hydraulic jumps in the open channel and the transition from free to submerged flow at a sluice gate open-
ing. CFD simulations using the Volume-Of-Fluids methodology in Ansys Fluent were validated with an
analytical model, as both indicated the formation of a hydraulic jump at specific gate openings and flow
rates. The effects of three variables were then further characterised during subsequent simulations and
experiments, namely the height of the gate opening, the flow rate, and the stop log depth. The testing and
construction of the test bench was completed at North West University and demonstrated that the test
bench was successful and could be used to investigate other hydraulic structures such as culverts, radial
gates, and weirs.
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1 Introduction

What is the best way to teach fluid mechanics to undergrad students? Arguably, it is an approach that in-
troduces students to the fundamental fluid flow equations, but in a strong context of practical application
[1]. As such, the School of Mechanical Engineering identified the need for a test bench that would allow
the practical demonstration of fluid mechanics concepts and open channel flow phenomena, which will
add to the theory taught in class.

Therefore, the focus of this study was the development of a test bench that demonstrates the effect of
a sluice gate on downstream channel flow. A's proof of concept, the formation of a hydraulic jump at
specified gate openings, flow rates, and downstream depths was investigated using CFD simulations and
experimentally validated.

2 Theory

This section discusses the main equations related to the hydraulic jump and its transition, as used in the
current study for analytical validation.
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2.1 Hydraulic Jump

A hydraulic jump is the rapid transition in the flow regime from supercritical to subcritical. For example,
a spillway gate creates a constriction in the flow path, which causes supercritical flow at the gate opening,
which then transitions to subcritical downstream due to flow disturbances. Hydraulic jumps are useful
for dissipating the energy of supercritical flow. [2]

Hydraulic jumps can be predicted by investigating the Froude number of a flow region. The Froude
number, Fr, is a dimensionless variable that describes how fast a typical wave moves relative to the flow
field. When the Froude number is smaller than 1, the flow will be subcritical and supercritical for a
Froude number larger than 1. When the Froude number is equal to 1, the flow is critical [2].

The Froude number can be calculated according to [2] as shown in Eqn. (1) where V is the flow velocity,
g the gravitational acceleration and y the flow depth.

Fr=—_ (1)

V&Y

If the Froude number indicates supercritical flow, a hydraulic jump could occur when there is an obstacle
that causes a disturbance in flow and a change in the flow regime. With subcritical flows, the depth of
the fluid will only change gradually when disturbances or obstacles are encountered. Table 1 shows the
hydraulic jump classification for a range of Froude numbers. [2]

Table 1: Hydraulic Jump Classification [2]

Froude Number | Jump Classification

<1 Impossible

1to1.7 Standing wave or undulant
1.7t02.5 Weak jump

2.5t04.5 Oscillating

45t09 Stable and steady

>9 Rough, strong

When water in the supercritical flow regime encounters, for example, a stop log at the end of a flume,
the water will lose velocity and the depth will increase. This region of low-velocity water will cause a
hydraulic jump where the two flow regimes meet.

The specific energy equation is used to evaluate open channel flow energy considerations and is shown
in Eqn. (2) [2]. Specific energy is especially helpful in investigating the possibility of a hydraulic jump
and in predicting the flow depths.

V2
E=y+z+— (2)

2g
Assuming the elevation, z to be zero, Fig. 1 illustrates the relationship between specific energy and flow
depth at a constant flow rate of 30 //min. It shows a sudden turning point at a depth of 0.0173 m and
a specific energy of 0.026 m. This turning point corresponds to the critical depth at which the Froude

number is one. The arrow shows the determination of a potential hydraulic jump from a depth of 0.006 m
to 0.08 m.

According to [3], the critical depth, which is the point at which the specific energy is at its minimum, can
be derived from Eqn. (2). This is shown in Eqn. (3) where ¢ is the flow rate per channel width.
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Specific Energy Diagram
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Figure 1: Specific energy as function of flow depth at a constant flow rate
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Using Eqn. (3) and a flow rate of 30 [ /min, a critical depth of 0.0173 m can be calculated, similar to what
was determined from the specific energy diagram.

To calculate the depth of a hydraulic jump, Eqn. (4) can be used, which is derived from the momentum
equation when assuming uniform and steady flow, see [2].
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Figure 2: Conservation of momentum over a hydraulic jump. Adapted from [2].
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2.2 Free or submerged flow transition

The discharge from a spillway gate can be classified as free-flow or submerged-flow. According to [4],
free flow will occur when the upstream depth is significantly larger than the gate opening. Submerged
flow occurs when the ratio of upstream depth to gate opening is relatively low and will develop when the
following conditions are met:

V3 < y1 < 0.81y3(23)072 )
Ve
2.3 Discharge Coefficient

The discharge of a sluice gate can be determined using Eqn. (6), where Cy is the discharge coefficient.
This equation can also be used to determine the upstream depth (y;) for a given flow rate and gate
opening.
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0 = Caygbr/280 (6)

The discharge coefficient for the free flow from the sluice gate can be calculated from the various flow
depths with Eqn. (7) [4]:

Y1 =Yg 10.072
C;=0611(——2 7
a (y1+15yg) 2

3 Development of test bench

The goal was to develop experimental equipment to demonstrate how theoretical knowledge and princi-
ples are applied in real life. This was done by developing an open channel flow test bench with a sluice
gate to allow the formation of a hydraulic jump. Water is circulated with a centrifugal pump connected
to a sump at the inlet and the channel at the outlet. After flowing through the channel, the water drops
back into the sump. Fig. 3 shows the construction of the test bench and some of its components. Fig. 4
shows the actual test bench with a hydraulic jump.
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Pump
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Figure 4: Test bench showing a hydraulic jump in process

4 Experimental methodology

Stop logs are beams that are usually added incrementally to a spillway or channel to seal it and allow
maintenance of the spillway or gate. In this experiment, stop logs were used to regulate the depth of the
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downstream flow. Eight 5 mm plexiglass rods were used as stop logs and dropped into a slot at the end
of the channel. The water then flowed over the stop logs, and the barrier raised the flow depth.

The following experimental procedure should be followed:
* Switch on the pump and open the valve.
* Allow the flow to stabilise.

* Adjust the opening of the gate (y,) and the height of the stop logs.

Allow the flow to stabilise.
* Measure the depth of the hydraulic jump (y3) and the depth upstream of the gate (y;).
* Repeat the measurements three times to obtain a dataset.

The hydraulic jump depth was determined analytically using Eqn. (4), and adding the height of the stop
logs. The depth upstream of the gate was analytically determined using Eqn. (6).

The values of the analytical equations were then compared to the actual measurements as part of the
validation process.

5 Simulation methodology

CFD simulations were conducted to serve as an additional tool along with analytical calculations to
verify the design and operation of the test bench. Simulations were performed using Ansys Fluent,
release 2023R 1, with multiphase modelling.

The simulations were conducted in two dimensions since no elements changed along the width of the
channel and to save computational time. The simulation operating conditions were atmospheric and
steady state. The standard multiphase volume-of-fluid (VOF) model was used to represent the interaction
between water and air and to provide a solution for the interface between these, in other words, to
calculate the movement of the surface of the water.

The VOF method uses a continuum indicator function (o) to represent the various fluids contained in
the model domain. It typically has a value of zero in regions completely occupied by the first fluid and
a value of one for regions occupied by the second fluid. In the interface region between the two fluids,
the indicator function varies between one and zero, that is, 0 < o0 < 1. Using the indicator function as
a weighting factor, the fluid properties of the mixture can then be determined, e.g. the density function
shown in Eqn. (8).

p=o-p;+(1—0a)-p2 8

The momentum and energy conservation equations are then solved according to the standard SIMPLE-C
algorithm, but using the weighted properties of the fluid mixture instead of only one fluid [5]. Second-
Order Upwind discretization was used to achieve second-order accuracy, and a least squares cell-based
interpolation method (gradient) was used as it is less computational intensive, but the same accuracy as
the more computational intensive Green-Gauss Node-Based interpolation method. .

The standard k-€ turbulence model was chosen and is suitable for turbulent flows that occurred in the
channel. The mesh dependency was not fully investigated, as the mesh resolution was already at the finest
that the available computer could handle. The maximum iterations were set at 1000, but convergence
often occurred earlier.

Fig. 5 shows the Spaceclaim model used in the CFD simulations, and the important elements of the
model are also indicated. The flow straightener was added to impart uniform flow, and a buffer plate was
used to reduce the incoming velocity.
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Flow Straightener

Buffer Plate Sluice Gate Stop Logs
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Figure 5: Simulation model and mesh. Top: Spaceclaim CAD model. Bottom: Simulation mesh showing local
refinement and boundary conditions.

The CFD mesh is shown at the bottom of Fig. 5 and indicates the different boundary conditions of the
channel. The top section from the inlet to the end of the flow straightener was closed to keep water from
splashing out, but it was open to the atmosphere at the ”Ambient” edge. Local mesh refinement was
employed around the buffer plate, flow straightener, and sluice gate components to capture fine details
of the highly complex flow in those regions.

6 Results
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Figure 6: Hydraulic jump formation under different conditions. Top: Gate opening of 12 mm with 15 mm stop
logs. Bottom: Gate opening of 15 mm with 10 mm stop logs.

Fig. 6 show the results of the simulation carried out at a flow rate of 50 //min, with 12 and 15 mm gate
openings, and stop log heights of 15 and 10 mm, respectively. The blue region represents air, and the red
region represents water. The sudden increase in flow depth indicates a hydraulic jump. It can be seen
that with fewer stop logs (therefore, lower flow resistance), the hydraulic jump occurs later in the stream.

Fig. 7 shows the influence of the height of the stop logs on the depth of the hydraulic jump (y3) at a
flow rate of 73 I/min and a gate opening (y,) of 20 mm. The height of the stop logs was incrementally
increased from O to 40 mm. The inconsistency at the lower gate openings was due to the hydraulic jump
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Figure 7: Hydraulic jump depth as function of stop log height. (Gate opening of 20 mm and flow rate of 73 [ /min.)

not developing within the channel length. With the increase in the height of the stop logs, the hydraulic
jump was pushed upstream. Fig. 7 also shows that the simulation results were initially lower. This is
possibly due to the 2D nature of the simulations, where wall friction cannot be accounted for. With
lower frictional resistance in the channel, the disturbance required to trigger a hydraulic jump increased.
Hydraulic jumps therefore often occurred at slightly higher stop log heights in the simulations than during

the experiments.
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Figure 8: Results for depth upstream of the gate. (Gate opening of xx mm and flow rate of xx [ /min.)
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Fig. 8 shows a comparison of computational, simulation, and analytical results for flow depth (y;) up-
stream of the gate. Analytical results were obtained using Eqn. (6). It shows that the test bench delivered
repeatable results, but 18% lower than the analytical results. This deviation is suspected to be due to
small leaks present between the gate and the channel walls.

The results of the simulation were comparably higher than the analytical and experimental values. The
higher depth predicted by the simulations was possibly due to (1) the absence of leakage flow effects
in the CFD model and (2) how the flow straightener, used to impart uniform flow, was modelled in 2D,
which was not an exact representation of the actual 3D device on the test bench.

Whether the discharge from the sluice gate was submerged or free also influenced the formation of the
hydraulic jump. The submerged flow lowers the velocity, which subsequently lowers the Froude number
of the flow. If the velocity is lowered enough, the discharged flow will be sub-critical, making a hydraulic
jump impossible.
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Submerged flow was experienced when the stop logs were too high and pushed the hydraulic jump
upstream up to the gate, and at low flow rates, which required an extremely small gate opening to achieve
supercritical flow.

An experiment was conducted to investigate the transition from free flow to submerged flow as a result
of the increase in the stop log height. It was carried out with a gate opening of 20 mm, a flow rate
of 116 [/min, and an incremental increase in the height of the stop log. Fig. 9 shows the upstream
depth and the right-hand side (RHS) of Eqn. (5). The intersection between the upstream depth and the
RHS is the point where the transition occurred. When the RHS is greater than the upstream depth, the
flow is submerged. As expected, the depth upstream (y;) of the gate also increased as the flow became
submerged.

Transition From Free Flow To Submerged Flow

Stop Log Height [mm

Figure 9: Experimental results showing transition from free to submerged flow, related to variations in the stop
log height. (Gate opening of 20 mm and flow rate of 116 [ /min.)

7 Conclusion

During the experiments, it was observed that lower gate openings lead to a stronger hydraulic jump as a
result of the higher discharge velocity and also moved the jumps downstream. More stop logs moved the
jump upstream, and higher flow rates moved the jump downstream, and they also had stronger jumps.

The test bench was successful in demonstrating open-channel flow geometries and regimes, the devel-
opment of a hydraulic jump, similarity to analytical calculations, the transition from free to submerged
flow, and the upstream and downstream shifting of a hydraulic jump.

The test bench does have a few practical limitations, which include not having a real time flow mea-
surement device, unmeasured friction due to the silicon used to seal the channel, manual gate operation,
slight leaking between the gate and the channel walls, and lastly the small operating range due to the
short length of the channel.

The simulations showed encouraging agreement with experimental results, but may be improved by
developing a full 3D model to fully incorporate wall friction effects and the 3D effects of the flow
straightener. A more extensive numerical investigation may also be performed to explore the effects of
the interface capture scheme used in the VOF method to determine whether it has a significant effect on
the prediction of the height and location of the hydraulic jump.

Nomenclature
o Density indicator function —
Y Specific weight of water %
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p Density %
C Discharge coefficient —
E Energy head m
Fr Froude number —
H Water head m
0 Volume flow rate L
q Specific flow rate

Ry, Hydraulic radius m
Re Reynolds number —
1% Velocity m/s
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