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Abstract A hydraulic jump is the rapid transition from
a supercritical to subcritical flow. This transition is char-
acterized by large-scale turbulence and energy dissipation.
Despite the importance of understanding the hydraulic jump
to design hydraulic structures, few studies have aimed on
hydraulic jumps in U-shaped channels. In this paper, the 3D
pattern of hydraulic jumps in U-shaped channels is studied
numerically. The variations of the flow free surface are pre-
dicted using the volume of fluid scheme. Also, the flow field
turbulence is simulated using the standard k − ε and RNG
k − ε turbulence models. According to the numerical mod-
eling results, the standard k − ε turbulence model estimates
the flow characteristics with more accuracy. A comparison
between the laboratory and numerical results shows that the
numerical model simulates the flow field characteristics with
good accuracy. For example, in the hydraulic jump model
with a relative discharge (q = Q/

√
(gD5)) equal to 0.321

and a Froude number (F1) equal to 4.85, the values ofMAPE,
RMSE and R2 are calculated 7.617, 0.022 and 0.989, respec-
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tively. Next, 45 numerical models are simulated in different
hydraulic conditions and some relationships are provided
for calculating the sequent depth (h2/h1), hydraulic length
(L j/h1) and roller length (L r/h1) ratios by analyzing their
results.

Keywords Hydraulic jump ·U-shaped channels ·Numerical
simulation · Flow free surface

List of symbol

Ax , Ay, Az Fractional areas open to flow (−)
CDIS1 Coefficient of production (−)
CDIS2 Coefficient of decay (−)
CDIS3 is coefficient of buoyancy (−)

D U-shaped channel diameter (L)
DiffT Diffusion term (−)
Diffε Diffusion of dissipation (−)

F Fluid volume fraction in a cell (−)
F1 Froude number at upstream of hydraulic

jump (−)
fx , fy, fz Viscous accelerations (−)

Gx ,Gy,Gz Body accelerations (−)
GT Turbulence production due to buoyancy

effects (−)
g Acceleration gravity (LT−2)
kT Turbulence kinetic energy (L2 T−2)
L j Length of hydraulic jump (L)
L r Roller length (L)
p Pressure (ML−1 T−2)

PT Turbulent kinetic energy production (−)
Q Discharge in U-shaped channel (L3 T−1)
q Relative discharge (−)
R Mass source (−)
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t Time (T)
u, v, w Velocity components (LT−1)

u∗ Wall shear velocity (LT−1)
VF Fractional volume open to flow (−)

x , y, z Cartesian coordinate directions (L)
y1 Distance of the cell center from the solid

wall (L)
y+ Non-dimensional parameter (−)
h1 Depth of flow at upstream of hydraulic

jump (L)
h2 Depth of the flow at downstream of

hydraulic jump (L)
μ Water viscosity (ML−1 T−1)
εT Turbulence dissipation rate (L2 T−3)
ν Kinematic viscosity (L2 T−1)
ρ Fluid density (ML−3)

1 Introduction

The rapid transition from a supercritical to subcritical flow is
characterized by large-scale turbulence and energy dissipa-
tion. This transition is called a hydraulic jump. The hydraulic
jump is a type of rapidly varied flows and used for water chlo-
rination in treatment plants and energy dissipation of the flow
and other hydraulic purposes. Generally, a hydraulic jump is
created after control gates, weirs and ogee spillways. Many
experimental, analytical and numerical studies have been car-
ried out on field due to the importance and complex structure
of this phenomenon.

Most of the studies carried out on the hydraulic jump
include the formation of the hydraulic jump in rectangu-
lar channels. Rouse et al. [1], Rao and Rajaratnam [2],
McCorquodale [3], Long et al. [4], Svendsen et al. [5], Liu
and et al. [6] are researchers who investigated the hydraulic
jump characteristics in rectangular channels. In contrast, dif-
ferent studies have been conducted on the hydraulic jump
in non-rectangular channels. Hager [7] studied the hydraulic
jump behavior in a rectangular, horizontal and non-prismatic
channel. Hager and Wanoschek [8] analytically studied the
hydraulic jump characteristics in triangular channels. They
investigated the sequent depth ratio, the roller length and
the jump length for different Froude numbers. Debabeche
et al. [9] experimentally and theoretically studied hydraulic
jumps in triangular channels with central angle of 90◦. They
introduced an analytical relationship for a triangular channel
inflowFroude number. Their relationship predicts the Froude
number as a function of the sequent depth ratio and the chan-
nel slope. Vatankhah and Omid [10] introduced an analytical
method for analyzing the hydraulic jump in horizontal trian-
gular channels. Their solution predicts the sequent depth ratio
using the specific force equation. Rashwan [11] theoretically
studied the hydraulic jump characteristics in a horizontal tri-

angular channel and provided an analytical method based
on the momentum principles. In the next sections, some con-
ducted studies on hydraulic jumps in trapezoidal channels are
reviewed. Wanoschek and Hager [12] by a laboratory study
investigated the hydraulic jump characteristics in trapezoidal
channels. They analyzed the flow free surface changes, the
sequent depth ratio and the velocity field. Afzal and Bushra
[13] investigated the turbulent structure of hydraulic jumps
in trapezoidal channels. They provided a relationship for cal-
culating the hydraulic jump length by assuming the flow as
two dimensional and using the Reynolds equations.

Study of the hydraulic jump in circular channels and
U-shaped channels has been also carried out by some
researchers. Hager [14] performed an analytical and exper-
imental study to analysis the hydraulic jump in U-shaped
and circular channels. Using the momentum equations, he
obtained the sequent depth ratio for various Froude numbers.
He experimentally studied the flow free surface variations,
the roller length and the velocity vectors of the hydraulic
jump in a U-shaped channel. Stahl and Hager [15] by con-
ducting an experimental study measured the sequent depths
of the hydraulic jump in a circular channel for different
Froude numbers. The range of the Froude numbers of their
study was from 1.5 to 6.5. Bushra and Afzal [16], by assum-
ing the flow as two dimensional investigated the turbulent
structure of hydraulic jumps in circular and U-shaped chan-
nels using the Reynolds equations and introduced a method
for predicting the sequent depth ratio of hydraulic jumps.

Ghomri and Riguet [17] carried out an experimental study
on the hydraulic jump in a U-shaped channel with rough
bed. They presented an equation as a function of the rela-
tive roughness and the discharge to estimate the length of
the hydraulic jump on the rough bed. Zhang and Li [18] pre-
sented an analytical solution to calculate the critical depth, the
Froudenumber and the hydraulic jump inU-shaped channels.
Houichi et al. [19] investigated the hydraulic jump character-
istics inU-shaped channels in an experimental and numerical
study using the artificial neural network. They proposed an
equation to compute the relative length of the hydraulic jump
(L j/h1) as follows:

L j

h1
= 113.8 + 967.21q − 485.03h1 + 12.35F1 − 266.29h2

(1)

where L j is the length of the hydraulic jump, h1 is the flow
depth at the upstream of the hydraulic jump, q is the rela-
tive discharge (Q/

√
(gD5)), F1 is the Froude number at the

upstream of the hydraulic jump, h2 is the flow depth at the
downstream of the hydraulic jump.

In recent years, numerical models have been widely used
for simulating the flow field. Also, many numerical stud-
ies have been carried out on hydraulic jumps. Abdel-Gawad
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Fig. 1 Schematic of hydraulic jump in U-shaped channel used in Hager experimental model

and McCorquodale [20] numerically studied the character-
istics of submerged radial hydraulic jumps in submergence
different conditions. They solved the continuous andmomen-
tum equations using the strip integral method. Sakarya and
Tokyay [21] simulated the flow pattern of the hydraulic jump
passing over a positive step in horizontal and rectangular
channels. Zhao et al. [22] simulated the flow field turbulence
of hydraulic jumps in rectangular channels using the standard
k − ε and k − l turbulence models. They simulated the free
surface changes using the volume of fluid scheme. Federico
et al. [23] simulated the hydraulic jump as two dimensional
and using the SPH model. Rostami et al. [24] modeled the
flow field of undular hydraulic jumps using FLOW-3D. They
used theVOFmethod to predict theflow free surface changes.

Numerical simulation techniques have widely been used
in simulating engineering phenomena [25–30]. According
to the literature, despite the importance of understanding the
hydraulic jump to design hydraulic structures, few experi-
mental and analytical studies have aimed on hydraulic jumps
in U-shaped channels. According to the authors’ knowledge,
no study has been carried out on the application of numerical
methods for simulating the flow field in U-shaped channels,
so far. In this study, a numerical study is presented to model
the turbulence of the flow field in U-shaped channels for first
time.

In this study, the flow pattern of hydraulic jumps in
U-shaped channels is simulated using the FLOW-3D soft-
ware. The FLOW-3D model is a valid simulation tool
which provides valuable insights into real flow processes
for design purposes, with particular capabilities for accurate
modeling the turbulent flows and the dynamic free surface
[31].Turbulence of the flow field is simulated using the stan-
dard k − ε and RNG k − ε turbulence models and the flow
free surface changes are simulated using the volume of fluid
(VOF) scheme. The VOF scheme is used in the FLOW-3D
model for predicting the flow free surface. The VOF scheme
consists of three main components: the determination of the
volume of fluid function, a procedure to solve the VOF trans-
port equation and setting the boundary conditions at the free
surface [31].

The main purpose of this study is providing a 3D numeri-
cal model of the flow free surface variationswhen a hydraulic

Table 1 Range of hydraulic parameters used in Hager experimental
model

Parameter Q (m3/s) h1 (m) h2(m) F1 (−)

Range 0.0079–0.0794 0.0265–0.137 0.101–0.339 1.93–8.85

jump occurs in U-shaped channels. To this end, 45 numerical
models are run after model verification and some relation-
ships are provided for determining the sequent depth, jump
length and roller length ratios by analyzing the numerical
model results.

2 Experimental Model

In this study, for verifying the numerical model results the
measurements obtained by Hager [14] are used. Hager’s lab-
oratory model is composed of an open U-shaped channel
with a length of 8m made of aluminum sheet. The U-shaped
channel width is 0.3m, and the bed slope of all Hager’s lab-
oratory models is set equal to 0.003. In Fig. 1, the schematic
of the hydraulic jump in the U-shaped channel of Hager’s
model is illustrated. In this figure, D is the U-shaped channel
width, h1 is the flow depth at the hydraulic jump upstream, h2
is the flow depth at the hydraulic jump downstream, Q is the
discharge in the U-shaped channel, L j is the hydraulic jump
length, and L r is the length of the roller. Generally, the hori-
zontal distance between the h1 and h2 is called the “hydraulic
jump length (L j).” The horizontal distance between the toe
of the hydraulic jump and the end of the roller where the
flow depth is equal to h1 is defined as the roller length (L r).
In Table 1, the range of the hydraulic parameters of Hager’s
experimental model is provided.

3 Methodology

3.1 Governing Equations

In the FLOW-3D model, the Navier–Stokes and continuity
equations are discretized using the finite difference method.
The computational domain is divided into a mesh of rect-
angular cells. All variables (except for velocity values) are
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placed at the center of the computational cells (staggered
grid arrangement). To solve the governing equations, control
volumes are defined around each dependent variable. The
surface fluxes, body forces and surface stresses were com-
puted in terms of surrounding variables. Most terms in the
governing equations are explicitly evaluated. To solve the
flow field of a non-compressible fluid, the continuity and the
Navier Stocks equations are solved as follows [31]:

VF
∂ρ

∂t
+ ∂ (ρuAx )

∂x
+ ∂

(
ρvAy

)

∂y

+∂ (ρwAz)

∂z
= RSOR (2)
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+ 1

VF

(
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∂w

∂y
+ wAz

∂w

∂z

)

= − 1

ρ

∂p

∂z
+ Gz + fz (5)

where (u, v, w), (Ax , Ay, Az), (Gx ,Gy,Gz) and ( fx , fy, fz)
are the velocity components, the fractional area open to the
flow, the gravitational force and accelerations due to the vis-
cosity in the x , y and z directions, respectively. Also, t , ρ, R,
p and VF are the time, the density, the mass source, the pres-
sure and the fractional volume open to the flow, respectively
[31].

In numerical simulations of the flow field, the ability to
predict the flow free surface is very important. One of the
most importantmethods is volume of fluid (VOF)which sim-
ulates the flow field free surface using the interface capturing
method. Thismethodwas suggested byHirt andNichols [32]
for the first time. Hirt and Nichols [32] showed the fluid vol-
ume component in each cell by the parameter F . They stated
that if F = 0, the cell is empty, if F = 1, the cell is filled
with the fluid, and if 0 < F < 1, the cell contains both air

and water phases. In this study, the VOF method is used to
predict the variations of the flow free surface. In this method
for calculating the fluid volume component, the following
equation is calculated:

∂F

∂t
+ 1

VF

(
∂

∂x
(FuAx ) + ∂

∂y
(FvAy)

+ ∂

∂z
(FwAz)

)
= 0.0. (6)

4 Boundary Conditions

The applied boundary conditions are based on the physical
model of Hager’s experimental study. Therefore, the depth
and discharge certain values are used due to the availability
of this data. At the outlet section of the U-shaped channel,
the depth and flow certain values are used. All the solid walls
of the U-shaped channel are defined as the “Wall boundary
conditions.” Also, a symmetry plane is determined at the top
layer of the computation field.

4.1 Computational Domain and Grid Layout

To estimate the accuracy of the numerical model, statistical
indices such as the mean absolute percentage error (MAPE),
the root-mean-square error (RMSE) and the correlation coef-
ficient (R2) are used:

MAPE = 1

n

n∑

i=1

(∣∣(R)(Predicted)i − (R)(Observed)i

∣∣

(R)(Observed)i

)

× 100

(7)
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√
1

n

∑n

i=1

(
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)2 (8)
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n
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i=1 (R)(Predicted)i

∑n
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)2
(
n

∑n
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(
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)2) (
n

∑n
i=1

(
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)2 − ∑n
i=1

(
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)2) (9)

where R(Predicted) and R(Observed) are the experimental and
numerical results, respectively, and n is the number of the
experimental measurements. In this study, a U-shaped chan-
nel is defined with a length of 8m, a height of 0.4m and
a width of 0.3m. The distance from the first cell is chosen
somehow to avoid from calculations below the viscose zone.
For this purpose, the first node is located where the dimen-
sionless parameter y+ which is defined based on Eq. (10) be
>30:
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Table 2 Gridding characteristics, MAPE, RMSE and R2 of flow free
surface changes for model with q of 0.321 and Froude number of 4.85

Meshing Number of cells MAPE RMSE R2

1 550000 9.235 0.031 0.957

2 825000 8.438 0.0271 0.969

3 1190700 7.617 0.022 0.989

4 1423500 7.025 0.0199 0.990

5 1660750 7.023 0.0198 0.990

Gridding chosen for the separation of the flow field is indicated in bold

y+ = y1u∗
v

(10)

where y1 is the first node distance from thewall perpendicular
to it, u∗ is the wall shear stress, and v is the kinematic viscos-
ity of the fluid. The entire computational domain is gridded
by a non-uniform mesh block. In Table 2, the characteristics
of an example gridding used in the simulation of the flow
free surface changes for a model with a relative discharge of
0.454 and the Froude number of 4.85 are provided.

For the coarse mesh (mesh number 1), the MAPE, RMSE
and R2 are estimated 9.235, 0.031 and 0.957, respectively.
Also, for the fine mesh (mesh number 5) the statistics indices
are calculated 7.023, 0.0198 and 0.990, respectively. There-
fore, the error values are decreased with increasing the
number of the computational cells. According to numerical
simulation results, the difference between the results of grid-
dings 3 and 4 is negligible and gridding 3 is chosen for the
separation of the flow field. Therefore, the U-shaped chan-
nel is separated in the x , y and z directions by 350, 54 and

63 cells, respectively. The used gridding in the numerical
simulation is shown in Fig. 2.

5 Turbulence Model

In this study, the standard k − ε and RNG k − ε turbulence
models are used to simulate the flow field turbulence. For
both k − ε and RNG k − ε turbulence models, the turbulent
kinetic energy (kT) and the turbulence dissipation (εT) have
been solved using the following equations [31]:

∂kT
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+ 1
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∂x

+ vAy
∂kT
∂y

+ Az
∂kT
∂z

}
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∂εT

∂t
+ 1

VF

{
uAx

∂εT

∂x
+ vAy R

∂εT

∂y
+ wAz

∂εT

∂z

}

= CDIS1 · εT

kT
(PT + CDIS3 · GT)

+Diffε − CDIS2
ε2T

kT
(12)

where PT is the turbulent kinetic energy formation, GT is the
turbulence formation due to the buoyancy effects, DiffT is the
diffusion term, Diffε is the diffusion of dissipation, CDIS1
is the coefficient of formation, CDIS2 is the coefficient of
decay, and CDIS3 is the coefficient of buoyancy.

The simulation results of the free surface changes for the
standard k − ε and RNG k − ε turbulence models are illus-
trated in Fig. 3. In Table 3, the values of MAPE, RMSE and

Fig. 2 Used gridding in flow field separation
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Fig. 3 Prediction of flow free surface changes for standard k − ε

and RNG k − ε turbulence models a q = 0.166, F1 = 5.3 b
q = 0.321, F1 = 4.85

Table 3 Values of MAPE, RMSE and R2 for standard k − ε and RNG
k − ε turbulence models

Turbulence model MAPE RMSE R2

q = 0.334, F1 = 5.3 Standard k − ε 16.066 0.032 0.975

RNG k − ε 21.393 0.049 0.856

q = 0.454, F1 = 4.85 Standard k − ε 7.617 0.022 0.989

RNG k − ε 14.402 0.039 0.966

R2 turbulence models are shown. For the hydraulic jump
with q = 0.166, F1 = 5.3, the standard k − ε turbulence
model predicts the values of MAPE, RMSE and R2 equal
to 16.066, 0.032 and 0.975, respectively. In contrast, the
RNG k−ε turbulencemodel calculates these values (MAPE,
RMSE and R2) equal to 21.393, 0.049 and 0.856, respec-
tively. As a result, the RNG k − ε turbulence model predicts
the correlation coefficient about 12% less than the standard
k − ε turbulence model. Also, for the hydraulic jump with
q = 0.321, F1 = 4.85 the standard k − ε turbulence model
estimates the MAPE value equal to 7.617 and the values of
RMSE and the correlation coefficient are calculated 0.022
and 0.989, respectively. For this hydraulic jump, these val-
ues (MAPE, RMSE and R2) are estimated by the RNG k−ε

turbulence model 14.402, 0.039 and 0.966, respectively. The
MAPE value for the RNG k − ε turbulence model is almost
1.9 times the standard k− εturbulence model. As shown, the
standard k − ε turbulence model has more accuracy. There-
fore, it is used for predicting the flow field turbulence.

6 Validation

A comparison between the flow free surface variations for
the results of the numerical model validation with the exper-

Fig. 4 Comparison between simulated flow free surface with experi-
mental results a q = 0.063, F1 = 3.3. b q = 0.083, F1 = 4.65. c q =
0.096, F1 = 5.35. d q = 0.115, F1 = 6.6. e Q = 0.128, F1 = 7.15. f
q = 0.166, F1 = 5.3. g q = 0.321, F1 = 4.85
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Table 4 Values of MAPE, RMSE and R2 for different hydraulic jump
models in U-shaped channel

Model MAPE RMSE R2

q = 0.164, F1 = 3.3 9.904 0.008 0.925

q = 0.223, F1 = 4.65 10.497 0.009 0.988

q = 0.258, F1 = 5.35 16.506 0.016 0.936

q = 0.315, F1 = 6.6 12.070 0.015 0.998

q = 0.344, F1 = 7.15 13.093 0.026 0.941

q = 0.334, F1 = 5.3 16.066 0.032 0.975

q = 0.454, F1 = 4.85 7.617 0.022 0.989

imental measurements are shown in Fig. 4. Also, the values
of MAPE, RMSE and R2 for different hydraulic jump mod-
els are provided in Table 4. For the hydraulic jump model
with q = 0.063, F1 = 3.3, the values of MAPE and RMSE
are calculated 9.904 and 0.008, while the correlation coeffi-
cient is obtained 0.925. The values of MAPE, RMSE and R2

for the hydraulic jump model with q = 0.083, F1 = 4.65
are calculated 10.497, 0.009 and 0.988, respectively. Also,
for the hydraulic jump models with q = 0.096, F1 =
5.35 and q = 0.115, F1 = 6.6, the values of MAPE are
predicted 16.506 and 12.070, respectively. RMSE and the
correlation coefficient for the hydraulic jump model with
q = 0.128, F1 = 7.15 are estimated 0.026 and 0.941,
respectively. Furthermore, for the hydraulic jumpmodel with
q = 0.166, F1 = 5.3, the value of R2 is calculated 0.975
and for the model with q = 0.321, F1 = 4.85, this statistical
index is estimated 0.989. Considering the statistical indices
calculated for different hydraulic jump models in U-shaped
channel, the numerical model predicts the flow free surface
changes with good accuracy.

7 Sequent Depth, Length Ratio and Roller Length

In an open channel with a width of D, the effective parame-
ters on the hydraulic jump are: the gravity acceleration (g),
the water density (ρ), the flow depth at the hydraulic jump
upstream (h1), the flow depth at the hydraulic jump down-
stream (h2), the flow discharge (Q) and the water viscosity
(μ). Also, f is the function symbol:

f (g, ρ, h1, h2, Q, D, μ) = 0 (13)

By assuming that the flow viscosity and the density are con-
stant and theFroude number is equal to F1 when the hydraulic
jump occurs, Eq. (13) is written as follows:

f (F1, h2/h1) = 0 (14)

Therefore, the effective parameters on the sequent depth
(h2/h1), hydraulic length (L j/h1) and the roller length
(L r/h1) ratios are:

h2
h1

= f (F1) (15)

L j

h1
,
L r

h1
= f (F1, h2/h1) (16)

Then, 45 hydraulic jump models in U-shaped channels are
simulated in various hydraulic conditions. In each numer-
ical model, the hydraulic jump characteristics such as the
Froude number, the jump length (L j/h1), the roller length
(L r/h1) and the sequent depth (h2/h1) ratios are calculated
and the results are provided in Table 5. In Fig. 5, the com-
parison between the sequent depths and the hydraulic jump
length ratios with Hager’s experimental values are shown.

Table 5 Results of hydraulic
jump characteristics for different
numerical models

F1 L j/h1 L r/h1 h2/h1 F1 L j/h1 L r/h1 h2/h1 F1 L j/h1 L r/h1 h2/h1

4.85 26.315 7.895 4.368 6.45 35.307 18.936 5.929 4.65 27.042 12.953 4.598

5.30 28.846 13.462 4.346 7.40 38.831 21.313 6.631 5.05 28.678 14.096 4.894

3.30 25.714 14.286 3.286 8.45 42.383 23.620 7.406 5.30 29.633 14.748 5.079

4.65 21.428 14.286 3.881 8.85 45.667 26.298 7.702 5.70 32.484 17.022 5.374

5.35 35.294 20.588 5.176 6.90 37.654 20.693 6.261 6.10 34.312 18.343 5.670

6.60 36.363 20.779 5.377 3.30 18.014 5.833 3.601 6.50 36.686 20.173 5.966

7.15 45.454 27.273 6.970 4.65 26.128 12.103 4.598 2.40 14.690 3.595 2.936

5.37 37.083 20.833 4.792 5.35 29.896 14.945 5.116 3.05 18.507 6.529 3.416

3.53 26.667 13.333 4.167 6.60 36.570 19.969 6.039 3.30 19.901 7.590 3.601

6.27 36 24 6.200 7.15 39.351 22.035 6.446 3.80 22.729 9.747 3.970

4.62 26.667 16.667 5.333 2.35 14.132 3.122 2.899 4.15 24.774 11.318 4.229

4.24 22.8577 12.286 4.571 2.75 16.614 5.052 3.194 4.85 28.575 14.191 4.746

3.43 22.500 7.500 3.750 3.15 18.761 6.671 3.490 1.93 12.357 1.869 2.588

5.12 31.429 17.143 4.857 3.65 22.261 9.454 3.859 2.28 14.481 3.514 2.847

5.10 37.143 20 5.714 4.05 23.817 10.521 4.154 2.50 15.925 4.649 3.010
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Fig. 5 Comparison between predicted and observed values of h2/h1
and L j/h1

The MAPE value for the sequent depth ratio is calculated
20.006. Also, the numerical model predicts the values of
RMSE and the correlation coefficient for h2/h1 0.772 and
0.963, respectively. In contrast, for the hydraulic jump length
ratio (L j/h1), the values of MAPE, RMSE and R2 are cal-
culated 16.659, 3.606 and 0.946, respectively. In this study,
the sensitivity of different numerical models is investigated
in terms of the discrepancy ratio (DR). The discrepancy ratio
is introduced as the ratio of the predicted values to the exper-
imental measurements:

DR = (R)(Predicted)/(R)(Observed) (17)

The values of the maximum, minimum and average dis-
crepancy ratios (DR(max),DR(min),DR(ave)) are calculated
for the h2/h1 and L j/h1 values. According to the results,

Fig. 6 Variations of sequent depth, jump length and roller length ratios
versus Froude number

DR(max) for the h2/h1 parameter is calculated 1.444 and
DR(min) and DR(ave) are predicted 1.086 and 1.200, respec-
tively. DR(max), DR(min) andDR(ave) for the L j/h1 parameter
are obtained 1.668, 0.858 and 1.154, respectively. Therefore,
the numerical model predicts the sequent depth ratio and
jump length values with good accuracy.

The changes in the sequent depth (h2/h1), the jump length
(L j/h1) and the roller length (L r/h1) ratios versus the Froude
number of different numericalmodels are illustrated in Fig. 6.
According to this Figure, all three hydraulic parameters,
h2/h1, L j/h1 and L r/h1 increase with increasing the flow
Froude number. As shown, in this study the changes in the
parameters cover the range of Froude numbers from 1.93
to 8.85. In the following, some relationships are provided
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Table 6 Values of MAPE, RMSE and R2 for numerical model and
Houichi et al.’s equation

Equation MAPE RMSE R2

1 1242.576 244.050 0.05

19 16.659 3.606 0.946

for the sequent depth, jump length and roller length ratios
by analyzing the numerical models results using the nonlin-
ear regression. The relationship of the sequent depth ratio in
terms of the Froude number of the hydraulic jump upstream,
the relationship of the hydraulic jump length ratio and the
relationship of the roller length ratio are introduced as a func-
tion of the Froude number and the sequent depth ratio:

h2
h1

= 1.162 + 0.739(F1) (18)

L j

h1
= 0.838 + 2.526 (F1) + 3.545

(
h2
h1

)
(19)

L r

h1
= −7.019 + 1.540 (F1) + 3.301

(
h2
h1

)
(20)

To estimate the length of the hydraulic jump (L j/h1),
Houichi et al. [19] introduced Eq. (1). A comparison of statis-
tical indices results obtained by numerical simulation with
Eq. (1) is shown in Table 6. In addition, the length of the
hydraulic jump is predicted using Eqs. (19) and (1) as illus-
trated in Fig. 7. For the equation developed by Houichi et al,
the correlation coefficient is calculated equal to 0.050 and
also the MAPE, RMSE values are estimated 1242.576 and
244.050%, respectively. Equation (19) predicts the length
of the hydraulic jump, (L j/h1), with more accuracy com-
pared to the equation developed byHouichi et al. TheMAPE,
RMSEand R2 values are computed byEq. (19) 16.659, 3.606
and 0.946%, respectively.

8 Conclusion

Generally, after hydraulic structures such as ogee spill-
ways, control gates and weirs the hydraulic jump occurs.
A hydraulic jump is the rapid transition from a supercritical
to subcritical flow. This transition is characterized by large-
scale turbulence and energy dissipation. The most important
parameters of a hydraulic jump are: the sequent depth, jump
length and roller length ratios. In this study, the 3D pattern of
hydraulic jumps in U-shaped channels was simulated using
the FLOW-3D software. The 3D changes in the flow free sur-
face were predicted using the volume of fluid (VOF)method.
Also, the flow field turbulence was modeled using the stan-
dard k−ε andRNG k−ε turbulencemodels.According to the
numerical model results, the standard k−ε turbulence model

Fig. 7 Comparison of the length of hydraulic jump (L j/h1) for a Eq.
(1), b Eq. (19)

predicted the changes in the flow free surfacewithmore accu-
racy. For the hydraulic jump with q = 0.166, F1 = 5.3,
the standard k − ε turbulence model calculated MAPE and
RMSE 16.066 and 0.032, respectively. In contrast, the RNG
k − ε turbulence model predicted the MAPE and RMSE
values about 1.33 and 1.53 times the standard k − ε tur-
bulence model, respectively. The comparison between the
flow free surface variations of the simulated results with the
experimental measurements showed a good accuracy of the
numerical model. For example, for the hydraulic jumpmodel
with q = 0.063, F1 = 3.3, the values of MAPE and RMSE
and the correlation coefficient were calculated about 9.904,
0.008 and0.925, respectively.Also, the numericalmodel esti-
mated the values of RMSE and the correlation coefficient for
the sequent depth ratio (h2/h1) 0.772 and 0.963, respectively.
According to the modeling results, the average discrepancy
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ratio value for the jump length ratio (L j/h1) was calculated
1.154. The changes in the sequent depth, the hydraulic jump
length and the roller length ratios were studied for a range
of Froude numbers from 1.93 to 8.85 and some relationships
were provided to calculate these parameters. In this paper,
the relationship of the sequent depth ratio is a function of
the flow Froude number and the equations of the hydraulic
jump and the roller length ratios are suggested in terms of
the Froude number and the sequent depth ratio.
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