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ABSTRACT

Hydraulic jump is a phenomenon in fluid mechanics that has a high research interest due to its energy dissipating behaviour in
hydraulics. This study aims to simulate a hydraulic jump using RNG k-e and SST k-w turbulence models. This study adopts the
Eulerian fixed mesh approach in ANSYS FLUENT, where the free surface was modelled using Volume of Fluid (VOF) method to
simulate multiphase flow of water and ambient air. Transient analysis is performed using an implicit discretization scheme. Results
of open surface water levels and longitudinal velocity profiles are computed and compared with experimental result and those
obtained using the Lagrangian approach. Both models show good agreement with experimental data in terms of the free surface
water level, with the SST k-w showing the most similar trend whilst RNG k-€ providing a better roller length. The SST k-w model
showed the poorest performance in predicting the mean longitudinal velocity profile as compared to the RNG k — € model.
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1. Introduction

Leonardo Da Vinci was the first to notice the phenomenon of hydraulic jumps, whereas Bidone
[1] was the first to analyse hydraulic jumps experimentally and analytically [2]. Nowadays, there is an
interest in research towards hydraulic jump for kinetic energy dissipation in hydraulic structures such
as spillways, chutes and gates [3]. Hydraulic jump is a phenomenon where supercritical flow is
transformed into subcritical flow [4]. When inertia forces are dominant, the Froude number, Fr > 1
and classifies supercritical flow, whilst when Fr < 1, the flow is classified subcritical [5]. Hydraulic
jumps typically occur in open channels resulting in a sudden rise of open surface level [5, 6] and large
amount of energy dissipation due to turbulent mixing [7]. Due to the intense turbulent nature of
hydraulic jumps, even modern research still lacks full understanding of the phenomenon [2].

As compared to physical experimentation, it is more economical of using computational fluid
dynamics to investigate energy dissipation and turbulent flow characteristics in hydraulic jump. In
early stages of research, Eulerian approach of a fixed mesh was adopted. Chippada et al. [7]
numerically modelled a hydraulic jump with k-e turbulence model, finding that the recirculation zone
plays a dominant role in turbulent energy generation and dissipation. Souders and Hirt [8] considered
multiphase flow to model air entrainment in a hydraulic jump, which contributes to hydraulic jump
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design to reduce cavitation damage. In recent studies, Witt et al. [9] uses Volume of Fluid (VOF)
model to model the free surface and air entrainment in a hydraulic jump.

Newer studies investigated the Lagrangian approach, first introduced by Gingold and Monaghan
[10], and Lucy [11]. Javan and Eghbalzadeh [12], which this paper performs comparisons with, used
Lagrangian moving grid approach coupled with the standard k-e turbulent model. Their results have
shown good agreement with the experimental data. Lopez and Garrote [13] used smoothed particle
hydrodynamics (SPH) to simulate a hydraulic jump, finding that using SPH with the sophisticated k-€
turbulence model increased accuracy at the expense of more computational time. Chern and
Syamsuri [14] used SPH method to simulate a hydraulic jump on a corrugated bed, showing that a
corrugated bed can dissipate more energy than a flat bed.

This study adopts the Eulerian mesh-based method in ANSYS FLUENT with RNG k-€ and SST k-w
turbulence models. The Volume of Fluid (VOF) approach is used to track the air-water interface. The
suitability of both RNG k-e and SST k-w turbulence models are then determined by comparing the
numerical results against the published experimental and numerical data.

2. Methodology
2.1 Geometry

Figure 1 presents the schematic of the domain geometry and boundary conditions. The domain
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Fig. 1. Schematic of domain with dimensions and boundary conditions

has an overall height of 0.35 m and even though the region of interest in this study is at 0 < x < 2m,
the domain length is set to 6m to prevent reflection of water from the outlet as reported by Javan
and Eghbalzadeh [12]. The height of the water is initially set to h:= 0.206 m and the height of the
velocity inlet hi, = 0.015 m. Gravitational acceleration, g = 9.81 m/s? which its inclusion is important
for open channel flow.

2.2 Numerical setting

At the inlet, velocity, turbulent intensity and turbulent dissipation rate were set to 3.14 m/s,
0.0014 m?/s* and 2.2x10° m?/s®, respectively. The domain has a pre-set water level of 0.206 m before
the simulation starts, which would reduce computational time of filling up the channel. The pressure
outlet facing the y-direction could be considered as the ‘environment’ to simulate ambient air
conditions. The wall above the inlet acts as a sluice gate between the investigated region and another
body of water on the left side of the grid which is not considered in the current analysis.
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The mesh is split into two sections: 0 < x <2 mand 2 < x <6 m. This is to create a finer grid at the
area of interest (0 < x <2 m) and use a coarser grid at the rest of the region (2 < x < 6 m). Both grids
are mapped, and the finer grid has a consistent element size of 0.0075 m.

Two different turbulence models are used and compared. This study uses RNG k-€ and SST k-w
turbulence models. For time discretization, this study adopts a first-order implicit discretization
scheme. As mentioned by Bayon-Barrachina and Lopez-Jimenez [15], despite its longer
computational time, implicit time discretization scheme provides more stability. A time step size of
0.05s was used and the simulation was executed up to 300 seconds.

3. Results

This section compares the predicted velocity and water surface level profiles (using ANSYS
FLUENT) against those published numerical results of Javan and Eghbalzadeh [12] using the
Lagrangian moving grid technique coupled with the standard k-e turbulence model and the
experimental results of Long et al. [16].

3.1 Water Fraction Profiles

The water volume fraction profiles from 0 < x <2 m and 0 <y < 0.35 m for RNG k-€ and SST k-w are
presented in Figure 2 and Figure 3 respectively. It can be seen that both models give very similar
results, where RNG k-€ predicts more air entrainment in the turbulent region. SST k-w predicts a
relatively smooth ascent of water level whilst the RNG k-€ prediction is slightly more ragged.

inlet

Fig. 2. Water volume fraction profile using RNG k-€
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Fig. 3. Water volume fraction profile using SST k-w
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3.2 Water Open Surface Profile

To capture the location of the water surface profile, an iso-surface is created throughout the
domain with a volume fraction of water restricted to 0.51. Here, any computational cell with a water
volume fraction of 0.51 is displayed, creating a contour of the water surface. Figure 4 compares the
free surface levels predicted using different methods. It can be seen that the SST k-w turbulence
model best fits the experimental data. RNG k-€ result shows a steeper ascent within the jump and
the Lagrangian moving-grid technique with the standard k-e model [12] overestimates the overall
water level but shows a very similar gradient of ascent against the experimental result. Nevertheless,
the standard k-€ Lagrangian method best captures the free surface close to the gate wall at 0 < x/hinet
<10.

RNG k-€ best captures the roller length, which is the length at which the free surface rises, as the
RNG k-epsilon plot reaches the maximum free surface height at the same point the experimental
curve reaches. This is in line with Bayon-Barrachina and Lopez-Jimenez [15], who found the least
error of roller length using RNG k-€.
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Fig. 4. Non-dimensionalized free surface water levels for different turbulence
models and experimental data

3.3 Longitudinal Velocity Profile

Figure 5 presents the non-dimensionalized maximum mean velocity profile along the domain
length. It can be seen that all 3 turbulence models show good agreement with the experimental data
of Long et al. [16]. The hump predicted using the standard k- model is due to a boundary condition
used at the inlet by Javan and Eghbalzadeh [12] where there is a downward vertical velocity, thereby
contributing to a higher mean velocity. The RNG k-e results show good agreement with the
experimental data, and the results collapse with those of the Lagrangian approach with standard k-
€ model from Javan and Eghbalzadeh [12] further downstream. At downstream region, all 3
turbulence models overpredict the mean velocity. The SST k-w model shows the poorest
performance in general as witnessed from Figure 5. This observation is consistent with that of Bayon-
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Barrachina and Lopez-Jimenez [15] who stated that RNG k-€ model has an overall better performance
than SST k-w model when simulating hydraulic jump.
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Fig. 5. Non-dimensionalized maximum mean velocity profile along the domain length for
different turbulence models and experimental data

4. Conclusion

All 3 turbulence models accurately simulate the water surface level, with the standard k-€
producing the best results near the gate wall, SST k-w showing good accuracy in the water level rise
and RNG k-€ giving the most accurate result in roller length estimation.

The SST k-w model exhibits the poorest performance in estimating the mean longitudinal velocity
profile, whilst the RNG k-€ result compares quite well with the experimental data and it is almost
identical to the numerical result generated using the Lagrangian moving-grid approach that uses the
standard k - € model.

Further studies could involve more turbulence models in the search of a more accurate
turbulence model for simulating hydraulic jump.
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