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Abstract: The submerged hydraulic jump is a sudden change from the supercritical to subcritical flow,
specified by strong turbulence, air entrainment and energy loss. Despite recent studies, hydraulic
jump characteristics in smooth and rough beds, the turbulence, the mean velocity and the flow
patterns in the cavity region of a submerged hydraulic jump in the rough beds, especially in the
case of triangular macroroughnesses, are not completely understood. The objective of this paper
was to numerically investigate via the FLOW-3D model the effects of triangular macroroughnesses
on the characteristics of submerged jump, including the longitudinal profile of streamlines, flow
patterns in the cavity region, horizontal velocity profiles, streamwise velocity distribution, thickness
of the inner layer, bed shear stress coefficient, Turbulent Kinetic Energy (TKE) and energy loss, in
different macroroughness arrangements and various inlet Froude numbers (1.7 < Fr1 < 9.3). To
verify the accuracy and reliability of the present numerical simulations, literature experimental data
were considered.

Keywords: submerged hydraulic jump; triangular macroroughnesses; TKE; bed shear stress coeffi-
cient; velocity; FLOW-3D model

1. Introduction

Hydraulic jumps with intense turbulent mixing and air bubble entrainment are re-
garded as a change process from supercritical to subcritical flow [1]. Free and submerged
hydraulic jumps are usually suitable for energy loss under hydraulic structures such as
gates, spillways and weirs. The characteristics of hydraulic jumps on the smooth bed
have been widely studied [2–9]. Several experimental and numerical studies have been
performed on the free and submerged hydraulic jumps over macroroughnesses to fore-
see how the roughness elements of the bed affect the characteristics of hydraulic jumps
compared to the smooth bed. Ead and Rajaratnam [10] investigated the properties of
hydraulic jump on sinusoidal macroroughnesses and normalized the water surface profile
and discharge with non-dimensional analysis. Tokyay et al. [11] observed that the jump
length ratio and energy loss over two sinusoidal macroroughnesses were 35% smaller and
6% higher than a smooth bed, respectively. Abbaspour et al. [12] studied the properties
of a hydraulic jump over six sinusoidal macroroughnesses. The results stated that the
tailwater depth and jump length were lower than the smooth bed and the Froude number
had a great impact on the jump length. Shafai-Bejestan and Neisi [13] investigated the
effects of lozenge macroroughnesses on the hydraulic jump. The results showed that the
use of lozenge macroroughnesses reduced the tailwater depth and jump length compared
with the smooth bed. Izadjoo and Shafai-Bejestan [14] studied hydraulic jumps on various
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trapezoidal macroroughnesses. They observed that the shear stress coefficient was over ten
times larger than that on the smooth bed, and the jump length decreased by 50%. Nikmehr
and Aminpour [15] investigated the properties of a hydraulic jump over macroroughnesses
with trapezoidal blocks using the Flow-3D model Version 11.2 [16]. The results stated that
increasing the height and the distance of the macroroughnesses, the velocity decreases
near the bed as well as the shear stress coefficient. Ghaderi et al. [17] studied the free
and submerged hydraulic jump characteristics over different shapes of macroroughness
(triangular, square and semi-oval). The results stated that the shear stress coefficient, energy
loss, the submerged depth, the tailwater depth and the relative length of jump in free and
submerged jumps increase with the increasing Froude number. The highest shear stress
and energy loss in the free and submerged jumps occurred in the presence of a triangular
macroroughness. Elsebaie and Shabayek [18] studied the properties of hydraulic jumps
on five shapes of macroroughnesses (triangular, trapezoidal, sinusoidal with two side
slopes and rectangular). The result showed that energy loss for all macroroughnesses
was more than 15 times that on a smooth bed. Samadi-Boroujeni et al. [19] investigated
the hydraulic jump on six triangular macroroughnesses of various angles and showed
that the triangular macroroughnesses reduce the jump length and increase the energy
loss and the bed shear stress coefficient compared to the smooth bed. Ahmed et al. [20]
investigated the submerged hydraulic jump properties on a smooth bed and triangular
macroroughnesses. The results stated that submerged depth and jump length decreased if
compared to the smooth bed. Table 1 lists the details of past experimental and numerical
studies on hydraulic jumps presented by other researchers.

Table 1. Main characteristics of some past experimental and numerical studies on hydraulic jumps.

Reference Shape Bed-Channel Type-
Jump Type

Channel
Dimension (m) Roughness (mm) Fr1

Investigated Flow
Properties

Ead and
Rajaratnam [10]

- Smooth and rough beds
- Rectangular channel
- Free jump

CL1 = 7.60
CW2 = 0.44
CH3 = 0.60

- Corrugated sheets
(RH4 = 13 and 22) 4–10

- Upstream and tailwater
depths

- Jump length
- Roller length
- Velocity
- Water surface profile

Tokyay et al. [11]
- Smooth and rough beds
- Rectangular channel
- Free jump

CL = 10.50
CW = 0.253
CH = 0.432

- Two sinusoidal
corrugated
(RH = 10 and 13)

5–12
- Depth ratio
- Jump length
- Energy loss

Izadjoo and
Shafai-Bejestan [14]

- Smooth and rough beds
- Two rectangular
- channel
- Free jump

CL = 1.2, 9
CW = 0.25, 0.50
CH = 0.40

Baffle with
trapezoidal cross
section
(RH: 13 and 26)

6–12

- Upstream and tailwater
depths

- Jump length
- Velocity
- Bed shear stress

coefficient

Abbaspour et al. [12]

- Horizontal bed with slope
0.002

- Rectangular
channel—smooth and
rough beds

- Free jump

CL = 10
CW = 0.25
CH = 0.50

- Sinusoidal bed
(RH = 15,20, 25
and 35)

3.80–8.60

- Water surface profile
- Depth ratio
- Jump length
- Energy loss
- Velocity profiles
- Bed shear stress

coefficient

Shafai-Bejestan and
Neisi [13]

- Smooth and rough beds
- Rectangular channel
- Free jump

CL = 7.50
CW = 0.35
CH = 0.50

Lozenge bed 4.50–12
- Sequent depth
- Jump length
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Table 1. Cont.

Reference Shape Bed-Channel Type-
Jump Type

Channel
Dimension (m) Roughness (mm) Fr1

Investigated Flow
Properties

Elsebaie and
Shabayek [18]

- Smooth and rough beds
- Rectangular channel
- With side slopes of

45 degrees for two
trapezoidal and triangular
macroroughnesses and of
60 degrees for other
trapezoidal
macroroughnesses

- Free jump

CL = 9
CW = 0.295
CH = 0.32

- Sinusoidal
- Triangular
- Trapezoidal with

two side
- Rectangular
- (RH = 18 and

corrugation
wavelength = 65)

50

- Water surface profile
- Sequent depth
- Jump length
- Bed shear stress

coefficient

Samadi-Boroujeni
et al. [19]

- Rectangular channel
- Smooth and rough beds
- Free jump

CL = 12
CW = 0.40
CH = 0.40

- Six triangular
corrugated
(RH = 2.5)

6.10–13.10

- Water surface profile
- Sequent depth
- Jump length
- Energy loss
- Velocity profiles
- Bed shear stress

coefficient

Ahmed et al. [20]
- Smooth and rough beds
- Rectangular channel
- Submerged jump

CL = 24.50
CW = 0.75
CH = 0.70

- Triangular
corrugated sheet
(RH = 40)

1.68–9.29

- Conjugated and
tailwater depths

- Submerged ratio
- Deficit depth
- Relative jump length
- Jump length
- Relative roller jump

length
- Jump efficiency
- Bed shear stress

coefficient

Nikmehr and
Aminpour [15]

- Horizontal bed with slope
0.002

- Rectangular channel
- Rough bed
- Free jump

CL = 12
CW = 0.25
CH = 0.50

- Trapezoidal blocks
(RH = 2, 3 and 4) 5.01–13.70

- Water surface profile
- Sequent depth
- Jump length
- Roller length
- Velocity

Ghaderi et al. [17]
- Smooth and rough beds
- Rectangular channel
- Free and submerged jump

CL = 4.50
CW = 0.75
CH = 0.70

- Triangular, square
and semi-oval
macroroughnesses
(RH = 40 and
distance of
roughness of I = 40,
80, 120, 160 and 200)

1.70–9.30

- Horizontal velocity
distributions

- Bed shear stress
coefficient

- Sequent depth ratio and
submerged depth ratio

- Jump length
- Energy loss

Present study
Rectangular channel
Smooth and rough beds
Submerged jump

CL = 4.50
CW = 0.75
CH = 0.70

- Triangular
macroroughnesses
(RH = 40 and
distance of
roughness of I = 40,
80, 120, 160 and 200)

1.70–9.30

- Longitudinal profile of
streamlines

- Flow patterns in the
cavity region

- Horizontal velocity
profiles

- Streamwise velocity
distribution

- Bed shear stress
coefficient

- TKE
- Thickness of the inner

layer
- Energy loss

CL1: channel length, CW2: channel width, CH3: channel height, RH4: roughness height.

The major part of the previously discussed investigations are based on laboratory
approaches and investigate how sinusoidal, lozenge, trapezoidal, square, rectangular and
triangular macroroughnesses affect some free and submerged hydraulic jumps characteris-
tics, e.g., conjugate depths, submerged depth, jump length, energy loss and bed shear stress
coefficient. Moreover, with reference to a previous published paper about hydraulic jumps
on different shapes of macroroughness by the authors [17], it was observed that the trian-
gular macroroughnesses have the highest bed shear stress coefficient and energy loss and
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also have the lowest submerged depth, tailwater depth and jump length compared to other
rough shapes, i.e., square and semi-oval, and a smooth bed. Hence, in the present paper,
using the triangular macroroughnesses (for different T/I ratios with a constant roughness
height of T = 4 cm and a distance of triangular roughness of I = 4, 8, 12, 16 and 20 cm),
specific studies such as the flow patterns in the cavity region, turbulent kinetic energy
(TKE) and streamwise velocity distribution are required. Computational fluid dynamics
(CFD) methods arise as an important tool to undertake the modeling process of complex
flows such as the free and submerged hydraulic jumps [21] and the characteristics of a
submerged hydraulic jump can be accurately predicted utilizing CFD simulations [22,23].

The present paper initially presents the main characteristics of a submerged hydraulic
jump, the input parameters for the numerical model and a reference experimental investi-
gation by Ahmed et al. [20], reported for validation purposes. Furthermore, this study will
investigate characteristics such as the longitudinal profile of streamlines, flow patterns in
the cavity region, horizontal velocity profiles, thickness of the inner layer, bed shear stress
coefficient, TKE and energy loss.

2. Submerged Hydraulic Jump

The submerged hydraulic jump happens when the tailwater depth is larger than the
sequent depth of the pre-existing free jump; in this state, the jump moves upstream and
air entrainment reduces [24,25]. Figure 1 presents a schematic view of a hydraulic jump
with effective hydraulic parameters on the triangular macroroughnesses. In this view, d is
the gate opening, T and I are the height and distance of triangular roughness, y1, y2 and
y3, y4 are supercritical, subcritical of the free jump depth and submerged, tailwater of the
submerged jump depth, respectively.
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Figure 1. Definition sketch of a submerged hydraulic jump at triangular macroroughnesses.

According to Figure 1, it is possible to define three regions in the submerged hydraulic
jump: the developing, the developed and the recovering regions [26]. Whilst the developing
region occupies as far as the potential-core zone and involves a supercritical zone with
wall jet properties, the developed region extends throughout the length of the roller of
the horizontal axis (Ljs), where a big counter-clockwise circulating free surface roller
dissipates the hydraulic energy, beyond which the recovering region begins and involves a
subcritical region.
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3. Materials and Methods
3.1. Input Parameters for Numerical Models

Simulations were implemented in the Froude number range of 1.7–9.3, with submer-
gence factors (S) from 0.26 to 0.50, a fixed gate opening (d) of 5 cm, a constant macrorough-
nesses height of 4 cm, and different T/I.

In Table 2, u1 is inlet velocity, g and υ are gravity acceleration and water kinematic
viscosity, respectively. The value of S is calculated by Equation (1) [24]:

S =
y4 − y2

y2
(1)

Table 2. Effective parameters in the numerical model.

Bed Type Q
(l/s)

I
(cm)

T
(cm)

d
(cm)

y1
(cm)

y4
(cm) Fr1= u1/(gy1)0.5 S Re1= (u1y1)/υ

Smooth 30, 45 - - 5 1.62–3.83 9.64–32.10 1.7–9.3 0.26–0.50 39,884–59,825

Triangular macroroughnesses 30, 45 4, 8, 12, 16, 20 4 5 1.62–3.84 6.82–30.08 1.7–9.3 0.21–0.44 39,884–59,825

The subcritical depth of the free jump can be calculated by the Bélanger equation, as
explained by Chow [27]:

y2 =
y1

2

[√
(1 + 8Fr2

1)− 1
]

(2)

3.2. Experimental Model

To confirm the performance and reliability of the present simulations, reference ex-
perimental data by Ahmed et al. [20] are considered as a benchmark solution for some of
the basic parameters of submerged hydraulic jump on smooth bed and macroroughnesses,
including a submerged ratio and tailwater ratio (y3/y1 and y4/y1). For these experiments,
a flume with length, width and depth of 24.5, 0.75 and 0.7 m, respectively, was used (see
Figure 2). The discharge and water depths were evaluated through an ultrasonic flow
meter which was specified at the supply lines and a point-gauge, respectively. A gate with
a horizontal basin was used to develop the required supercritical flow and initial depth
of the hydraulic jumps. Downstream water depth was controlled by a tailgate to form
hydraulic jumps over the rigid bed, and then, the water flowed to the by-pass channel (for
more details, see Ahmed et al. [20]).

Although the length of the experimental flume was 24.5 m, in the present study,
the length of the flume in the numerical runs was set equal to 4.5 m, to decrease the
computational effort decreasing the overall number of the computational cells.

Table 3 shows the main flow variables for the numerical and physical models.
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Table 3. Main flow variables for the numerical and physical models (Ahmed et al. [20]).

Models Bed Type Q (l/s) d (cm) y1 (cm) u1 (m/s) Fr1

Numerical and Physical
Smooth 45 5 1.62–3.83 1.04–3.70 1.7–9.3
T/I = 0.5 45 5 1.61–3.83 1.05–3.71 1.7–9.3

T/I = 0.25 45 5 1.60–3.84 1.04–3.71 1.7–9.3

3.3. CFD Analysis

Generally, the application of computational methods is essential for the prediction
of entrained air in free surface/two-phase flows. The hydraulic jumps are specified by
an extremely turbulent flow zone with a significant amount of entrained air. Therefore,
numerical simulations of two-phase flow involving a hydraulic jump were here performed
with the help of the commercial CFD software FLOW-3D® [16]. The FLOW-3D uses the
finite volume method in a Cartesian, staggered grid to solve the Reynolds’ average Navier–
Stokes (RANS equations. The governing equations are briefly described in tensor notations.
Assuming incompressible fluid, the mass conservation equation is expressed as

∂ui
∂xi

= 0 (3)

The momentum conservation equations (Navier–Stokes equations) are:

ρ
∂ui
∂t

+ ρuj
∂ui
∂xj

= − ∂p
∂xi

+
∂tji

∂xj
(4)

Here, ui and xi are velocity and position vectors, t is the time, p and ρ denotes the
pressure and fluid density and tij refers to the viscous stress tensor, expressed by

tij = 2µsij (5)

where µ is molecular viscosity and sij refers to the strain-rate tensor, defined as

sij =
1
2

(
∂ui
∂xj
−

∂uj

∂xi

)
(6)

Note that sij = sji, so that tji = tij for simple viscous fluids [28]. The FLOW-3D® utilizes
an advanced algorithm for tracking free-surface flows, called volume of fluid (VOF), and is
developed by Hirt and Nichols [29]. The VOF equation is written by the Equation (7):

∂F
∂t

+
1

VF

[
∂(FAxu)

∂x
+

∂(FAyv)
∂y

+
∂(FAzw)

∂z

]
= 0 (7)

Here, F denotes the fraction function. In particular, if a cell is empty, then F = 0, and
if a cell is full, then F = 1 [16,30,31]. The free surface is determined at a position related
to intermediate amounts of F (usually F = 0.5, but another intermediate amount may be
determined by the user).

3.4. Turbulence Model

The Reynolds decomposition is the main tool needed for the extraction of the RANS
equations from the instantaneous Navier–Stokes equations. The Reynolds decomposition
simplifies the Navier–Stokes equations (see Equation (4)) by the separation of the flow
variable (like velocity u) into the mean (time-averaged) component (ū) and the fluctuating
component (u’). Thus, we can replace the Navier–Stokes Equation (4) and obtain the
average Navier-Stokes equations [32]. The obtained equation includes a nonlinear term
that gives rise to turbulence defined as the Reynolds stresses tensor. The Boussinesq
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hypothesis is used to relate the Reynolds stresses tensor (−ρu′iu
′
j) to the mean velocity

gradients using an eddy viscosity by the following equation:

− ρu′iu
′
j = ε

[
1
2

(
∂Ui
∂xj
−

∂Uj

∂xi

)]
− 2

3
kδij (8)

Here, Ui denotes the mean velocity component in a Cartesian coordinate system, xi is
the Cartesian space (i, j, k), εij is the eddy viscosity tensor, δij and k are the Kronecker delta
and the turbulent kinetic energy, respectively [29]. In present study, the desired turbulence
model was RNG k-ε, as suggested in Flow Science, Inc. (New York, NY, USA) [16]. The RNG
k-ε is similar to the standard k-ε model even if it contains some refinements. In particular,
the RNG k-ε turbulence model has an additional term in its ε equation (see successive
Equation (12)) that improves the accuracy for quickly strained and swirling flows and also
have good accuracy based on the results of numerical investigations by Carvalho et al. [33],
Bayon et al. [34], Daneshfaraz et al. [35], Ghaderi and Abbasi [36] and Ghaderi et al. [37,38].
This model was proposed by Yakhot and Orszag [39] and represents a modified version of
the k-ε standard model.

The adopted turbulence scheme is a two-equation model. In particular, the first
equation (Equation (9)), which is called turbulent kinetic energy (k), expresses the energy
in turbulence. The second equation (Equation (10)), which determines the rate of kinetic
energy dissipation, is the turbulent dissipation rate (ε). These equations are presented
as follows:

∂(ρk)
∂t

+
∂(ρkui)

∂xi
=

∂

∂xj
[αkµe f f

∂k
∂xj

] + Gk − GB − ρε−YM + Sk (9)

∂(ρε)

∂t
+

∂(ρεui)

∂xi
=

∂

∂xj
[αεµe f f

∂ε

∂xj
] + C1ε

ε

k
(Gk + C3εGb)− C2ερ

ε2

k
− Rε + Sε (10)

Here, Gk refers to the generation of turbulent kinetic energy caused by the average
velocity gradient, Gb denotes the generation of turbulent kinetic energy caused by buoyancy,
while Sk and Sε are source terms. αk and αε are inverse effective Prandtl numbers for k and
ε, respectively. µeff is the effective viscosity µeff = µ + µt, being the eddy viscosity.

For the above equation [40–42]:

Rε =
Cµρη3(1− η/η0)ε

2

k(1 + βη3)
(11)

µt =
ρCµk2

ε
(12)

The constant values for this model are [39]:
Cµ = 0.0845, C1ε = 1.42, C2ε = 1.68, C3ε = 1.0, σk = 0.7194, σε = 0.7194, η0 = 4.38 and

β = 0.012.

3.5. Boundary Conditions in the Computational Domain

According to Figure 3, the discharge flow rate (Q) equal to the experimental flow exit
discharge as the inlet boundary condition, a pressure (P) corresponding to the tailwater
depth as the downstream boundary condition were set. The lower bottom (Z) and both
boundary lateral sides behave as rigid wall (W). No-slip conditions are expressed as
zero tangential and normal velocities (u = v = w = 0, where u, v and w are the velocities
in the directions x, y and z, respectively) that were used at the wall boundaries. This
boundary condition implies a wall-law velocity profile (the average velocity of turbulent
flow at a certain point is proportional to the logarithm of the distance from that point to
the boundary of the fluid zone) [16]. For the upper boundary, the atmospheric pressure
boundary condition due to the flow to enter and leave the domain as null von Neumann
conditions was imposed to all variables except for pressure, which is set to zero. Symmetry
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(S) was used at the inner boundary conditions as well. Figure 3 shows the boundary
conditions governing the simulations.
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3.6. Computational Grid and Grid Convergence Analysis

In the present study, the spatial domain meshed with the help of a structured rect-
angular hexahedral mesh with two mesh blocks was built. In particular, the above mesh
blocks include a mesh block for the entire spatial domain and a nested mesh block with
refined cells for the area of interest (see Figure 4). By using the Grid Convergence Index
(GCI) (specified for the computed y3/y1 ratio at Fr1 = 4.5 obtained from the numerical
solution), which is a recommended method for evaluating the discretization error, three
various computational meshes were applied to choose the appropriate one [17,34,38,43].
The analysis was performed according to the Richardson extrapolation method [44]. To
investigate the effect of the grid size on the accuracy of the results, three meshes were used
with fine, medium, and coarse cells, containing 1,285,482 and 2,908,596, and 4,624,586 cells,
respectively. Table 4 shows some characteristics of the computational grids.

The fine-grid convergence index is expressed as [43]

GCI f ine
32 =

1.25|E32|
rp

32 − 1
(13)

Here, E32 = (fs2 − fs3)/fs2 refers to the relative error between the medium and fine
grids, fs2 and fs3 are medium and fine grid solutions for y3/y1, respectively, and K denotes
the local order of accuracy. For the three-grid solutions, K is presented as follows:

K =
1

ln r32
ln

(rp
32 − 1)e21

(rp
21 − 1)e32

(14)

where e21 = fs2 − fs1, e32 = fs3 − fs2 and r21 = G2/G1 are the grid refinement factor between
the medium and coarse grids, and r32 = G3/G2 is the grid refinement factor between the
fine and medium grids. The value of fs1 represents the coarse grid solution and G1, G2 and
G3 are the abbreviations of grids. For the three-grid comparisons, G3 < G2 < G1. Table 5
summarizes the numerical results of the mesh convergence analysis in the present study.
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According to this table, the amounts of GCI21 and GCI32 are the relative change from
medium to coarse and from coarse to medium mesh, respectively.
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Table 4. Characteristics of the computational grids.

Mesh Nested Block Cell Size (cm) Containing Block Cell Size (cm)

1 0.55 1.10
2 0.65 1.30
3 0.85 1.70

Table 5. The numerical results of mesh convergence analysis.

Parameters Amounts

fs1 (-) 7.15
fs2 (-) 6.88
fs3 (-) 6.19
K (-) 5.61

E32 (%) 10.02
E21 (%) 3.77

GCI21 (%) 3.03
GCI32 (%) 3.57

GCI32/rp GCI21 0.98

Since the GCI amount for the finer grid (GCI21) is small compared to the coarser grid
(GCI32), it can be seen that the grid-independent solution is almost obtained and no further
mesh modification is required. The computed value of GCI32/rpGCI21 close to 1 indicates
that the solution is within the asymptotic range of convergence. As a result, the cell size
was decreased from 0.65 to 0.55 cm and the mesh including a containing block with a cell
size of 1.3 cm and a nested block of 0.65 cm was selected (see Figure 4).
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To compute the allowed time-step size, a stability criterion similar to the Courant
number was adopted [37]. During the repeat, the time-step size was checked by the
stability and convergence criteria, which cause time steps between 0.001 and 0.0016 s. The
steady state convergence of the solutions during the simulations was controlled through
monitoring the flow discharge changes at the inlet and outlet boundaries conditions.
Figure 5 shows that t = 16 s is suitable to reach a near steady state for the adopted two
discharges, i.e., Q = 0.03 and 0.045 m3/s. The computational time for the simulations was
between 14 and 18 h using a personal computer with eight cores of a CPU (Intel Core
i7–7700K @ 4.20 GHz and 16 GB RAM).
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4. Results and Discussions
4.1. Validity of the Numerical Model Results

Figure 6 shows some significant time instants of the snapshots of the flow evolution
of a numerical simulation of the submerged hydraulic jump on the smooth bed. The
surface eddy is formed above the wall jet because of the flow near the bed. The free surface
level gradually changes due to the increasing inlet velocity. The depressed water surface
elevation at the end of the gate is created by the surface eddy. The stable hydraulic jump
was obtained at around t = 16 s. In this time, the water surface variations behind the gate
are stable with small fluctuations.
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Figure 6. The evolutionary process of a submerged hydraulic jump on the smooth bed—Q = 0.03 m3/s.

To check the accuracy of the FLOW-3D software, comparisons between numerical and
experimental results were performed. Basic parameters including the submerged ratio and
tailwater ratio (y3/y1 and y4/y1) of a submerged hydraulic jump on a smooth bed and with
triangular macroroughnesses with T/I = 0.25 and 0.5 were extracted from the numerical
simulations and plotted as shown in Figure 7. From the graphs, a strong agreement can be
observed between numerical and experimental results by Ahmed et al. [20] as a function
of Fr1. The overall maximum error and mean value of relative error are 8.41 and 4.83%,
respectively, which confirms the capability of the numerical model to predict the main
properties of a submerged hydraulic jump in terms of water depths.
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4.2. Longitudinal Profile of Streamlines

Figure 8 illustrates the longitudinal profile of the velocity vectors passing under the
sluice gate for the smooth bed and in the presence of triangular macroroughnesses in
a submerged hydraulic jump condition. The simulations indicate that, in the smooth
bed, the hydraulic jump includes two main regions: a supercritical flow area in the de-
veloped region, where it has a big counter-clockwise circulation in the free surface roller
and dissipates the hydraulic energy, and a subcritical flow area with developing open
channel flow characteristics (see Figure 8A). It can also be seen that the flow pattern in the
sluice gate with a triangular macroroughness in the developed and developing regions
is the same in comparison to the smooth bed. In addition, triangular macroroughnesses
have formed another clockwise eddy flow in the cavity region between the roughnesses
(see Figure 8B).

The flow patterns in the cavity region between the triangular elements, considering
the distances between the roughnesses, can be generally classified as skimming flow, wake
interference and isolated roughness flow [45]. When the distances between the triangular
macroroughnesses are relatively closely spaced (e.g., T/I = 1, 0.5 and 0.33), a clockwise eddy
in the cavity occurs, where the magnitude of velocity is much smaller than the mean flow
velocity in outside the cavity (see Figure 9). In the cavity region, the local mean velocity
is about 10% of the mean flow velocity. In skimming flow in the cavity region, there is
no significant interaction between the cavity flow and the overlying flow, and the friction
coefficient is negative. This is due to the presence of a single recirculation vortex in the
current case, as also noticed by [46]. The cavity may be regarded as a dead zone of fluid.
With the increasing distance between triangular macroroughnesses (e.g., T/I = 0.25), two
eddies of different sizes formed in the cavity region. With one at the upstream and the
other at the downstream corners, they interact with each other, as shown in Figure 9. In
this situation, the incipient secondary vortices, placed at the upstream corner of the cavity
region, mark the beginning of the wake interference flow. Changing the flow pattern in the
cavity region from skimming to wake interference flow, an increase in local mean velocity
from 39 to 50% of the mean flow velocity appears. In wake interference flow regimes,
the vortex was unable to fill the whole cavity and started to act as a three-dimensional
vortex liable to be ejected into the main flow. When the triangular macroroughnesses are
well apart (e.g., T/I = 0.2), isolated roughness flow occurs where a small eddy formed
near the bed and the upstream vortex acts independently of the downstream vortex inside
the cavity.
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4.3. Velocity Profiles

In this section, the velocity profile distributions obtained by measuring the flow
velocity at different flow depths and sections on both smooth bed and triangular macro-
roughnesses were analyzed. The results of the present numerical simulations show that
the velocity profile distributions reflect the structure of the wall jet. Hence, with increasing
distance x from the beginning of the submerged hydraulic jump, the maximum velocity
and the boundary layer growth decrease. To compare the velocity profile distributions
in various sections within the jump, δ is the value of y at which the maximum veloc-
ity (umax) and the length scale (b) occur, which is the value of y at which u = 0.5umax and
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∂u/∂y < 0 [10,47] (see Figure 10). Figure 11 shows the typical velocity profiles of submerged
jump on the smooth bed and triangular macroroughnesses for T/I = 1 and 0.5, respectively.
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Figure 11. Typical horizontal velocity profiles in a submerged hydraulic jump on smooth bed and triangular macroroughnesses.

From the results in Figure 11, as expected, due to the contracted jet below the gate and
the flow, velocities decrease at the upper section of the gate opening, since the magnitude
of the mean horizontal flow velocity is bigger near the gate. Over time, reverse flow effects



Water 2021, 13, 674 16 of 24

increase near the gate and then start to decrease, showing the existence of a stagnation
zone on the free surface. The observations also state that the recirculation region occurs
near the gate and the negative velocity in the center of the developed region is higher
than near the sluice gate. The mean streamwise velocity on the free surface becomes
positive in the recovering region. This description is true for both types of beds. For
triangular macroroughnesses, as expected, the flow velocity near the bed strongly reduces
and becomes negative between two triangles. This is due to a clockwise recirculation zone
that exists the space between two macroroughnesses (see Figure 8). Despite a clockwise
recirculation, the length of the submerged jump, the submerged depth, and the tailwater
depth decrease by about 19.68, 20.87 and 23.34% as a mean, respectively. In Figure 12, the
velocity distributions are presented at three sections during the submerged hydraulic jump.
These sections are the same for each arrangement of roughness and were measured on top
of the roughness elements, i.e., y = 0. The values of x and Ljs-s represent the distance from
the sluice gate and hydraulic jump length from the smooth bed, respectively.
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When the distance between the triangular macroroughnesses is long enough, the
velocity distribution has recovered by the time that the flow arrives at the next rough-
ness. However, in the short distance, the flow arrives at the next roughness without
adequate recovery of the velocity distribution. Hence, with decreasing distance between
the macroroughnesses, the rate of increase in the frictional coefficient decreases. As shown
in Figure 13, the main velocity in the downstream of each macroroughnesses is low and
usually negative. Then, it gradually increases further downstream while the main velocity
increases markedly in the region upstream of the macroroughnesses. By comparing the
distance between the macroroughnesses, the main velocity at T/I = 0.25 is bigger than
T/I = 0.50, despite the inlet Froude number (Fr1) being the same. The reason can be ex-
plained by the fact that the mean velocity cannot be fully developed in a shorter distance
between macroroughnesses.
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It can be observed from Figure 13 that in the developed region with triangular macror-
oughnesses, the size of the recirculating zone reduces and does not reach the sluice gate
due to the interaction with the vortex of the vertical axis. On the opposite, the region
occupied by the forward velocity increases close to the sluice gate and decreases the back-
ward velocity in the middle of the recirculating zone. Figure 14 presents a consolidated
plot of all the data simulation for the horizontal velocity distribution in the submerged
hydraulic jump given by the ratio of y/b versus u/umax. The simulations are compared
with the classical jet wall and the data from experiments on submerged and free hydraulic
jumps conducted by Pourabdollah et al. [48] and Ead and Rajaratnam [10], respectively.
It is observed that the velocity profiles in the forward flow are similar for all the Froude
numbers and the change in distance between the macroroughnesses. However, they are
somewhat different from the profile for the classical jet wall, which is a plane turbulent
jet wall growing in a large ambient [49,50]. Additionally, the maximum flow velocity of
the submerged hydraulic jump occurred at a less depth compared to a previous study
on a free hydraulic jump conducted by Ead and Rajaratnam [10]. Increasing the distance
between the macroroughnesses will reduce the position of maximum velocity, indicating
the reduction in the thickness of the inner layer (δ) of the horizontal velocity distribution.
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The spatial variation of values (umax/u1) and (δ⁄y1) in submerged jumps over smooth
bed and macroroughnesses are illustrated in Figure 15. In this figure, X represents the
distance related to start of the hydraulic jump. The results are compared with the data
reported by Ghaderi et al. [17] and Abbaspour et al. [12] in free jumps on a rough bed,
Shekari et al. [51] and Pourabdollah et al. [48] in submerged jumps on a smooth bed. In
the macroroughnesses, the maximum flow velocity before the jump is more than in the
smooth bed. However, after the jump, these values are higher in the smooth bed for the
submerged jump. By increasing the distance between the roughnesses, the maximum flow
velocity is increased. In the macroroughnesses, the ratio (umax/u1) at a specified X in the
submerged jump is higher than in the free jump. This finding agrees with a previous study
by Pourabdollah et al. [48]. For both types of bed (smooth bed and macroroughnesses),
the maximum velocity distance from the bed is decreased due to the increasing depth and
eddy flow. The results of the present study are in good agreement with the data reported
by Abbaspour et al. [12] and Pourabdollah et al. [48].
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4.4. Bed Shear Stress

The application of the macroroughnesses is to increase the bed shear stress [10].
The bed shear stress coefficient (ε) is calculated as shown in Equation (15) (from
Rajaratnam [24]):

ε =
Fτ

0.5γby2
1

(15)

where γ is the specific weight of water, Fτ is shear force per unit width. This quantity can
be obtained using Equation (16):

Fτ = (P1 − P2) + (M1 −M2) (16)

Here, P1, P2, M1 and M2 are the pressure and momentum before and after the
jump, respectively [52]. The bed shear stress coefficient (ε) for the hydraulic jump on
the smooth bed and macroroughnesses was calculated on the basis of the following
equations, respectively [10]:

ε = 0.16Fr2
1 − 0.8Fr1 + 1 (17)

ε = (Fr1 − 1)2 (18)

The value of (ε) was obtained by Equation (15) and it was plotted against the inlet
Froude number (Fr1) in Figure 16. The results of this study were compared with prior
research data by Ahmed et al. [20] and their experimental data.
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According to Figure 16, increasing the inlet Froude number (Fr1), the shear stress
coefficient (ε) increases. The value of ε of the submerged jump on the triangular macro-
roughnesses is greater than the one obtained for smooth bed. With the increasing dis-
tance of roughness elements, the highest and lowest shear stress occurs at T/I = 0.50 and
0.20, respectively, in comparison to other ratios. It can be stated that there was a gener-
ally good agreement between the simulations of this study and the results reported by
Ahmed et al. [20]. In general, based on the results drawn from the present study, the
following equation for the bed shear stress coefficient on the triangular macroroughnesses
was obtained:

ε = 0.523Fr1.605
1 → (R2 = 0.957) (19)
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4.5. Turbulent Kinetic Energy (TKE) and Energy Loss

The turbulent kinetic energy (TKE) is a function of the average velocity values in
the three directions (x, y, z) and is an important index to reflect the energy loss between
two sections of the flow. TKE is characterized by measuring the root-mean-square of
the velocity fluctuations [1]. Considering the continuous values of velocities in the flow
direction (u1, u2, u3, . . . , un), the value of the root mean square velocity, urms, is obtained as

urms =
√

1/n(u2
1 + u2

2 + u2
3 + . . . + u2

n) (20)

Then, TKE is calculated as

TKE = 1/2(u2
rms + v2

rms + w2
rms) (21)

When the energy loss is fierce (or insufficient) for turbulent flow, the values of TKE
would increase up (or decrease down). The longitudinal sections are adopted to describe
the TKE variation. As shown in Figure 17A, the turbulence region on a smooth bed is
created with the distance from a sluice gate and occurs near free surface roller area, thus
resulting in hysteretic energy loss and a wide sweep region on the length of the smooth
bed. Whereas on the triangular macroroughnesses, the region of turbulence begins near a
sluice gate with greater intensity and a limited sweep region that is the result of a counter-
clockwise circulating in free surface roller and clockwise eddy flow in the space between
the roughness. By increasing the distance between the roughnesses, the intensity of the
turbulence region is reduced.

Observe also from Figure 17A,B that the peak of the TKE increases in elevation as Y
decreases from the centerline of the channel (Y/2); indeed, the overall values of TKE close
to the wall (Y/6) are smaller than in the centerline section (Y/2). This is essentially due to
the separated boundary-layer from the returning flow near the free surface, which is the
effect in the intensity of TKE and discussed by de Dios et al. [53]. The energy loss through
the submerged hydraulic jump (EL) is equal to the difference between the specific energy
before and after the submerged jump (E3 − E4):

EL
E3

=
E3 − E4

E3
=

(y3 + V2
3 /2g)− (y4 + V2

4 /2g)
(y3 + V2

3 /2g)
(22)

where y3 and y4 are the submerged and tailwater depths in the submerged jump, and V3
and V4 are the flow velocities before and after the submerged jump, respectively [48]. In
Figure 18, the relative energy loss (EL/E3) was plotted against the inlet Froude numbers
(Fr1) for smooth bed and various types of triangular macroroughnesses.

Figure 18 illustrates that EL/E3 increases with the increasing inlet Froude number (Fr1).
The results stated that, for the same Froude number, the energy loss through the jump on a
triangular macroroughnesses with different ratio was greater than the smooth bed. The
highest EL/E3 occurs for T/I = 0.50 in the submerged jump compared to the values of T/I. The
reason for this, with increasing roughness distance, is due to the fact that the vortices created
between the roughness decreases and become closer to the smooth bed. The results of this
study compared with the results of Pourabdollah et al. [48], showing a good agreement
between numerical simulations and experimental results. The following equation allows
for the prediction of the relative energy loss with a good correlation coefficient:

EL
E3

= −0.006Fr2
1 + 0.122Fr1 − 0.078→ R2 = 0.996 (23)
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5. Conclusions

The present paper presented and discussed the characteristics of submerged hydraulic
jump including the longitudinal profile of streamlines, flow patterns in the cavity region,
horizontal velocity profiles, streamwise velocity distribution, thickness of the inner layer,
bed shear stress coefficient, turbulent kinetic energy (TKE) and energy loss over triangular
macroroughnesses. These characteristics were numerically investigated using the FLOW-
3D® model. The volume of fluid (VOF) method to simulate free surface and the turbulence
RNG k-ε model are implemented. To validate the present model, comparisons between
numerical simulations and experimental results were performed for the smooth bed and
triangular macroroughnesses. The following results of the present study can be drawn:

• The flow patterns in the triangular macroroughnesses in the developed and de-
veloping regions are the same with smaller areas in comparison with the smooth
bed in submerged hydraulic jump conditions. The triangular macroroughnesses
lead to the formation of another clockwise eddy flow in the cavity region between
the macroroughnesses.

• For distances equal to T/I = 1, 0.5 and 0.33, the velocity vector distribution displays
a clockwise eddy in the cavity region, where the magnitude of velocity is much
smaller than the mean flow velocity. Increasing the distance between triangular
macroroughnesses (T/I = 0.25 and 0.2), two eddies of different sizes are formed in the
cavity region.

• When the distance between the triangular macroroughnesses is long enough, the ve-
locity distribution has recovered by the time that the flow arrives at the next roughness.
However, in the short distance, the flow arrives at the next roughness without ade-
quate recovery of the velocity distribution. Hence, with decreasing distance between
macroroughnesses, the rate of increase in the frictional coefficient decreases.

• In the triangular macroroughnesses, the maximum velocity at a specified section in the
submerged jump leads to higher values than the free jump. In addition, for both types
of bed (smooth and rough) in the submerged jump, the maximum velocity distance
from the bed is decreased due to increasing depth and eddy flow. In the submerged
jump, the boundary layer thickness is less than the free jump.

• The turbulence region on the smooth bed is created with the distance from the gate and
occurs near free surface roller area, whereas on the macroroughnesses, the turbulence
begins near a gate with greater intensity and limited sweep region that is the result of
a counterclockwise circulating in free surface roller and clockwise eddy flow in the
space between the macroroughnesses.

• The bed shear stress coefficient and energy loss of the submerged jump on the trian-
gular macroroughnesses is larger than that found on the smooth bed that increased
with the increase in inlet Froude numbers. The highest and lowest bed shear stress
coefficient and energy loss occur in T/I = 0.50 and 0.20 with the increasing distance of
roughness elements compared to a smooth bed.

• The reduction in the length of the jump and the submerged and tailwater depths given
by the presence of triangular macroroughnesses with near-roughness elements can be
used in the design of stilling basins with a resulting decrease in their size, i.e., length
and height.

Generally, CFD models are fairly well able to simulate predictions of properties of
submerged jump, considering various hydraulic conditions and geometrical arrangements.
Flow patterns in the cavity region, streamwise and horizontal velocity distribution, bed
shear stress coefficient, TKE and the energy loss of hydraulic jump can be simulated with a
numerical method. However, the study of the macroroughnesses dimension and various
arrangements on the alteration of the flow field and cavity flow as a future work remains
an issue to be faced.
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